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ABSTRACT

Psychophysical methods have been applied to the following four
asbects of the McCollough effect with a view to the elucidation of its
mechanism and its locus:

(1) time course of build-up and deca} '

(2) association of colour with scale of pattern

(3) Interocular relations

(4) angular distribution function,

1. At normal light ]evels decay of the McCollough effect typically
follows a power law with exponent = i %.. Its growth follows a similar
power law with exponent + %.. !n darkness decay is arrested. After a
perfod In the dark thecoumé of decay [s similar to that immediately
following exposure to the indﬁcing stimuli, Unpatterned light is as
effective as randomly patterned light in producing decay, but decay
proceeds particularly rapidly during exposure to achromatic gratings at
the same orientations as the inducing gratings.

2. A large pattern-contingent chromatic aftereffect can be induced and
detected using stimull which contain Bo straight oriented edges but which
differ only in magnification or texture. |

3, Although the McCollough effect transfers to a barely detectable
degree to a covered or steadily illuminated eye, pattern-contingent
chromatic aftereffects can be induced dichoptically, and can also have a
specifically binocular component. The former are visible when each eye
ls tested separately, and are opposite in tﬁe two eyes, (''normal' in the
eye exposed to coloured unpatte~ned flelds, and "anomalous' in the eye
exposed to achromatlc pattgrns). The latter shows up as a difference

between the strengths of cffects seen monocularly and binocularly., This



difference Is positIQe or negative according as the McCollough stimuli
concurred or conflicted in the two eyes during induction of the effects.
L, The orientation contingent aftereffects induced by a single coloured
grating have a Gaussfian angular distribution function with points of
inflection 42° apart and are of the complementary hue only. No signs of
"opponent processing' of orthogonal orientations have been found. The
nett aftereffect induced by successive exposﬁres to two or more coloured
gratings Is the llnear sum of the effects of the individual gratings.

It Is suggested that these effects are best explained in terms of

synaptic modification rather than fatigue of ''edge-detectors'',
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CHAPTER 1 . CONTINGENT AFTEREFFECTS

1.1 Introduction

Over the past 40 years a group of new visual aftereffects have been
discovered (see ;?ble 1) whose existence strongly suggegts that several
parameters of our visual experience - among them colour, pattern and
motion - are processed by the human visual system to some extent in
combination. (

Up to the mid-sixtles, studies of the 'simple' negative aftereffects
induced by exposure for a minute or two to coloured stimuli (or to
moving, tilted, or periodic ones) had not indicated that more than one
parameter was involved in each aftereffect. Thus the colour (or motion,
ti1t or spacing) of the Inducing stimulus - todether simply with its
intensity and duratlon - appeared to determine the hue (or 11lusory
motion, etc) seen as an aftereffect. But it has since b;come evident
that after exposure to some pairs of the above parameters présented in
conjunctiﬁn; the strength of one o; both of the two after effects inducedv
depends‘upbn the extent to which the second parameter Is present in the
testrsftuation. Thus, when one has looked for a few minutes at a red
field patterﬁed with dots or bars of a uniform size and spacing, whilst
all white surfaces afterwards appear tinged with green, those patterned -
with dots and bars of about the dimensions viewed during induction of
the after effect appear greenest of all, The existence of a contingent
aftereffect is most convincingly demonstrated if the aftereffect can be
shown not merely to alter in strength, but actually to reverse in hue
(or motion, tilt etc,) according simply to which test pattern Is looked
at.

Such a condition can be achieved By a fairly lengthy exposu}e to



table 1:

SOME CONTINGENT AFTER-EFFECTS

T indicates the parameter altered

orientation

§ direction
of motion
stereoscopic

3 O
W b
B =
in the test situation. B2 ) Duration
E2 3
GIBSON 1933 several hours
McCOLLOUGH 1965 2~3 days
(mentioned
STROMEYER by Harris 2 days
] 1970
HEPLER 1968 20 hours
HELD AND SHATTUCK 1971 25 hours
spatial
VIRSU AND HAAPASALO 1973 frequency -
a-e
FAVREAU, EMERSON, CORBALLIS 1972 Zotion 26 hours
MAYHEW AND ANSTIS 1972 a~e L.
: motion :
MAYHEW AND ANSTIS 1972 ame 10 minutes (VM)
_ . ‘I motion
WALKER 1972 T s 7 hours (W)
motion - '
MAYHEW 1973 T | ave 7 hours (VM)
1973 '
V. MACKAY App;;dix
tile
WYATT 1974 e | T -
ANSTIS AND HARRIS 1974 “:f:‘.’“ T S ~ 40 minutes




two stimuli, presented alternately for a few seconds apiece in the same
part of the visual field (fixation being unnecessary). Resuming the
above example, if one wished to test whether after-effect hue can be
contingent upon pattern magnification, a finely textured pattern and a
coarser magnification of itself would be presented in red and green
light respectively as the two stimuli. As a routine check, the pairing
of texture and colour would be reversed upon another occasion under
otherwise ldentical conditions and the aftereffect hues seen on coarse
and flne test patterns again examined, Only if the aftereffects took
approximately equal .and opposite values on the two occasions could it be
presumed that there was not some other process or bias producing the
pattern-contingent change in aftereffect.

A general historical arrangement of the literature to about 1372
will be followed, withthe aftereffects  dlvided for clarity into two
principal groups, those induced by stationary patterns and those Induced
by moving patterns. Brief references to microelectrode work on 'feature
detectors! are included because of the notable influence which the
findings have exerted on the discovery as well as the interpretation of
the contingent aftereffects. |

Apart from assuming that these effects share sufficiently strongly in
several family likenesses for it to be appropriate to consider them side
by side as In some sense a group, | have tried not to foreclose prematurely
the question as to what mechanisms are responsible for these effects. In
the next two chapters the experimental data which | have felt to be most

significant are therefore repqrted as far as possible, without interpretation.



1.2 The prism aftereffect or 'Phantom' frlgges*

The first indication from visual aftereffects of a degree of pairing
of the processing of two parameters, = viz the polarity of the intensity
step at an edge and the colour at the edge - came by chance from an |
experiment of J.J. Gibson's in 1931 (J.J. Gibson 1933, footnote 4) which
was so frultful In a number of ways that it is perhaps worth describing
somewhat fully. |In order to study the effect 'on auditory and
kinaesthetic space habits resulting from a 15° shift of the visual fleld"
Gibson's student Miss Janet Goldstein for several days wore glass prisms
before both eyes with theirvangle edges vertical and to the right. The
prisms were unachromatised so simple refraction made all non-horizontal
lntensity-steps appear to the wearer to be fringed by half the colours of
the ratnbow - the yellow to red colours on the right of every dark area,
and the green to violet on Its left. After 3 days of wearing the prisms
Miss Goldstein reported that '‘this phenomenon... was less marked".**
Much more astonishingly, when she finally on the fourth day removed the
prism goggles she stated that '""the colored bands were now seen with
renewed vividness but that the effect was reversed, red now being on the

‘left'and blue on the right. The phenomenon perslsﬁed for several hours''.
This is the first reported example of what Is now called a contingent
aftereffect, the hue perceived being contingent In this caﬁe‘upon the

_presence and polarity of the intensity step at each dark/light boundary.

*The term 'fringe' has been applied to both the real edgings of refracted
light .in a spread of adjacent colours produced by the prisms and to the
{1lusory edgings seen as an aftereffect; no reference to diffraction

fringes is intended.) :

%*%xThls was also observed by McFarland (1883) who says that after-''a few
weeks'' of wearjng 7° prisms ‘chromatism disappeared", ~



Although it Is a negative aftereffect, the fact that both aftereffect
hues = and nelther = can be seen sequentlally in the very same region of
the subject's visual fleld according as various contrast edges and plain
areas fall in that region means, as GISson said, that ''explanation
cannot be made in terms of ordinary negative after-images''.

It was not until 1947, when lvo Kohler (1951, 1964) enthusiastically
rediscoveredthis effect, that further properties of the illusory fringes
were described and explanations for them sought. Kohler had been wearing
prism goggles In an experiment similar to Gibson's for twelve days when
he first removed the goggles and so noticed the aftereffect fringes:-
"ngwas as if the obseryer'had developed the power of breaking white light
into Its components' = where the window frame met the night sky he saw a
''yellowish red stripe'' on the one edge and '"bluish violet! on the other.
§ince "no known physiological or psychological factor' could produce such
an effect he thought it possible that his eye lenses had become prism
shaped during the 2 weeks of wearing goggles. So he used (1951, pp26,50)
monochromatic (sodium) light to view contrast edges: further splitting of
this by refraction is not possible, yet still he saw '"In the region of
every brightness difference... with or without goggles, the same coloured
edges that (he) would have seen by daylight without the gogélés”. This
left no doubﬁ that the mechanism qf these ''subjective phantoms'' must be
sought within the nervous system.

Experiments by others besides Kohler over the following 20 years have
brought out the following prominent duantitative properties of the
'phantom fringes' which are suggestive as to the nature and site of this

modifications~-

*Kohler's writings and those of Hajos are transiated from the German.



1.2.1 The Phantom fringe or prism aftereffect is a negative aftereffect.

1.2.2 It Is very stable and is immediately visible on every dark/light
‘boundéry (except those exactly perpendicular to the line of the prism
edge) (Kohler 1951, pp51,53). Whereas ordinary Hering afterimages fade,
reappear and reverse with short time constants when ona blinks, shifts
ones gaze or turns the light on and off, Kohler describes the phantom
fringes as doing none of these things, and as "d!stlnguishéd by a quite

exceptional stability'.

1.2.3 Its time constant for reaching saturation is very long, being of
the order oflhours or possibly days as against the seconds or minutes
which are typical of the many other visual negative aftereffects in which
the motor system plays no part (see Table 2). When the wearing of 20
dioptre prisms was interrupted for an hour daily to determine the strength
of the phantom fringes in terms of the real prism dispersion required to
eancel! them, iﬁ was found (in 6 subjectsj that the aftereffect took over
half a day of logarithmic growth to reach half its saturation strength,
and about 10 days to attain the saturation level (Hay, Pick and Rosser,
1963). Hajos and Ritter (1965) in similar experiments (using in some
runs one eye;and in others prisms producing opﬁoslte effects in the two
eyes) obtained similar results:~ over half the growth within the first
day and saturation after 7-10 days. Prisms with 6.7 minutes of dispersion
led to saturation values of about 5 minutes of arc. Kohler made no
measurements of thé growth of the effects generated by his 15° prisms, but
judging from his account of the aftereffects' power to render the real
fringes totally invisible:at first only by very dim illumination, but later
at a black and white movie, it seems to havg been still growing be tween

the 16th and 50th days of continuous prism weéring. The inducing stimulus



Table 2.

Aftereffect

(ordinary)
chromatic a-e

positive after-images

the “complementary®
image

a figural aftereffect
in which a short black
line repels a similar
parallei line

curvature

tilt aftereffect

large tilt effect
learned only during

walking

reduction in visibility
of grating

reduction of evoked
potential by viewing
grating

v
spatial frequency
shift

aftereffect of seen
motion

"phantom® fringe
or prism a-e

McCollough effect

Time to reach saturation strength

5 min (using 8mlm)
(for induction)

4 sec (using 2x10" Td for
induction)

15

- 20 sec
20 sec

1 min: 20 sec to i strength

10

90
>4

min but most of growth by 45

sec
min; 1 min to i strength

1}° tilt after 45-100 sec.

20
3i°

tilt after 18 msec
tilt after 20 sec

- 2 hours

above 48 min

5 sec (using frequency of seeing

as
60

measure)
sec (using threshold measure)

about 30 min

80

8 -

- 100 sec.

14 days

30-90 min

Some Properties of several

Source of data

own observation

Padgham 1957»
1968

Purkinje 1823
Wilson 1960

Hammer 1949

Gibson 1933

lkeda and Obonai 1957

Gibson and Radner 1937
Sekuler and Littlejohn 1974
Campbell and Maffei 1971

Mikaelian and Held 1964
Ebenholtz 1966

Redding 1975

Gil insky 1968

Blakemore and Campbell 1969b

Meccacci and Spinelli 1976

Blakemore, Nachmias and
Suttcn 1970

Holland 1957

Hay, Pick and Rosser 1963

Hajos and Ritter 1965

Stromeyer 1971
Riggs, White and Eimas 1974

Time to disappear

80 min (following 10 min induction)

140 sec r
up to 7 n,in (x10 L)

briefer than induction
6 sec (at 1 log ft L)

90 sec: 1 life 30 sec following 2

min induction

>60 sec following 5 min induction
3 days following 12 days induction
exponential decay from a single

initial strength.

Half 1lfe Induction time
2 sec 1 sec
4 sec i “n

12 sec 1 min

24 sec 5 rain

5 min following 10 min induction

56 min following 48 min induction

i life 12 min

H sec following 5 see Induction
6q il

s » 1
u cn -
" 30-qo m*n "

? hib

20 min followin% go-%o min induction

more than 8 min following 6 min

induction

160 min following 30 min induction

8-18 sec following 15 sec induction

22 " " 2 min

4 min %‘ohowina 5 mm induction
y

4-12 days following 14-50 days
induction

Ii - 7 days following 10-20 m,n

induction

after effects of viewing colour and/or pattern

Source of data

Own observation

Padgham 1957, 1968
Norma Miller, 1966

Purkinje 1823
Wilson 1960

Hammer 1949

Bales and Follansbee 1935
Hajos and Ritter 1965

lkeda, Hisako and Obonai 1953

Vernon 193**

Redding 1975

Blakemore and Campbell 1969b

Heggellund and Hohmann 1976
Meccacci and Spinelli 1976

Meccacci™ and’ Spinelfi 1976

Blakemo”~, Nachmias and Sutton 1970

Holland 1957
Hoi land 1965

Taylor 1963a

Hay, Pick and Rosser 1963
Hajos and Ritter 1965
Kohler 1951

Riggs, White and Eimas 1974
MacKay and MacKay 1975

Interocular Transfer

Without effect in other eye
Not without effect in other eye

*

Stronger with binocular
stimulation.

Some important aspects of the
effect are absent using
dichoptic stimulation by
pattern and noise fields

56%

100%

(colour specificity lost |In
transfer)

65%

62%

67%

70%

52% - 76%
(depending on input to non-
exposed eye)

none

none

Source of data

1 Crook 1930
Bocci 1896

Wilson 11960

MacKay 1978

Gibson 1933

Campbell and Maffei 1971

(Lovegrove and Over 1S73

Ebenholtz 1966

Blakemore and Campbell 1969b

Blakemore, Nachmias and Sutton 1970

Holland 1957

! Lehmkuhle and Fox 1976

Hajos and Ritter 1965

McCollough 1965
Stromeyer 1°72b
Murch 1972

Angular distribution of effect

a-e is principally seen running
at 60-120° to the stimulus
lines. No meridional
differences

a-e at all orientations of
curve

Largest effect when test lines
at 8° to inducing lines.
Strong (50%) secondary maximum
at about 80° to inducing
stimulus.

No meridional differences

No effect beyond 35°
falls to i1 strength at 67°
No meridional differences

No effect beyond 35°
i strength at 6£°

no effect on duration in
perpendicular direction

no effect at perpendicular
orientation
i width 35~60°

no obvious meridional
differences

a-e falls to i strength at 22°

Source of data

Purkinje 1823
MacKay 1957

Gibson 1933

Gibson and Radner 1937
Campbell and Maffei 1971

Mitchell and Muir 1976

Blakemore and Nachmias 1971
Gil Insky and Mayo 1971

Hlrsch, Schneider and Vitiello 1974

Blakemore, Nachmias and Sutton
1971

Wohlgemuth 1911

Kohler 1951

own observations

Fidel 1 1970

Hajos 1970
MacKay and MacKay 1977

Spatial frequency dependence

peaks at
degree

.05 c/cycle i.e. .35 cycles/

a-e independent of test spatial

frequency

maximum effect when test matches
adapting frequency and for 3-14
cycles/degree.

bandwidth 1 octave

no effect 2 octaves away from

inducing spatial frequencies

18 cycles/degree more effective than
9 cycles/degree

maximum when test matches
adapting frequency, strongest
at 1 cycle/degree

maximum when test matches adapting

frequency and for 5“10 cycles/
degree

Source of data

Wilson 1960

Parker 1972
Campbell and Maffei 1971

Blakemore and Campbell 1969b

Blakemore, Nachmias and Sutton
1970

Wohlgemuth 1911

Stromeyer, Lange and Ganz 1973

Stromeyer 1972
Lovegrove and Over 1972




provided by the normal environment may be far from optimal in the
luminance, quantity and orientations of the contrast borders it provides,
| have found, however, that a well-lit* black and white grating viewed
through 20° prisms wi;h stationary head for 2 hours resulted only in a
faintly visible aftereffect which bore no comparison with Kohler's
account (on day 16) of ‘'colours as of costly stained glass = by
fluorescent illumination'. There seems little doubt then, that as the
above literature indicates, the time constant for the growth of the

prism aftereffect is several hours,

1.2.4 1ts time constant of decay is also long. Janet Goldstein

(J.J. Gibson, 1933) found that following 45 waking hours of wearing the
prism goggles the aftereffect lasted ''several hours'. Hay, Pick and
Rosser (1963) after ten days of prism wearing found that 4/5 of the decay
occurred during the first day but that the effect was still measurable
for up to b days. Hajos and Ritter's graphs tell a similar story.
Kohler, on day 17, mentions that he'can “"sleep all night without (the
fringes) disappearing' and when he terminated the prism wearing after 50

days found that the phantom fringes took 12 days to fall to the 'barely

visible' level.

1.2.5 The effect Is dependent upon test contrast. The phantom frfnges
are not seen if there is no luminance step between adjacent differently
coloured areas (Kohler, p53). The strength of the fringes is directly

proportional to the luminance ratio of the test boundary. This was

* 86 cd/m2 . whita stripes



inferred by Hay, Pick and Rosser (1963) from their finding that their
subjects chose the same prism to cancel their phantom fringes for all
luminance ratios of two uniformly illuminated half fields. Since the
strength of the real fringes produced by the cancelling prism Is
proportional to the relative lumfnance of the two flields, it Is deduced
that an effect which exactly keeps step with them must also be so. Hajos

and Ritter (1965) have confirmed the finding.

1.2.6 Dependence upon test luminance. Kohler repeatedly remarks that
the fringes seen without the goggles were the more 'colourful and definite,
the dimmer the test situation'., At scotopic light levels, however, they

were not visible (Kohler 1951; Hay, Pick and Rosser, 1963, see 24.7)

1.2.7 The effect Is monocular. When subjects wore a prism in front of
one eye and an occluder on the other for 13 days, two other effects
produced by the prisms = viz curvature of straight lines and a change of
eye-hand coordination - transferred strongly to the occluded eye, §ut the
phantom fringes did not (Hajos and Ritter 1965). When prisms were worn
in front of both eyes but with thelr angles pointing opposite ways, the
phantom fringes measured after 8-14 days were oppositely coloured in the
two eyes and as stroﬁg on the saﬁe testrf!eld as ﬁhey had been foflowiﬁg

monocular induction (Hajos and thter: 1965).
1.2.8 The fringes can be seen at up to 30° from the fovea (Kohler, 1951).

1.2.9 Finally a curlous 6bsérvation of Kohler's (p53) should not be
omitted though it perhaps teils more about ordinary chromatic 5fterimages
than about phantom fringes. He says that fixation (presumably without his
" prisms) produced shortlived Hering negative after images as if the contrast

edges observed had ''really been coloured" (Kohler, 1951).
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1.3 Explanations of the Phantom fringes

Explanations of the above effects have been offered in various
widely differing, though not necessarily conflicting, terms. Kohler
(1951, 1962) made the practical point that the aftereffect would, on
average render invisible any fairly permanent chromatic aberrations
generated by the eye and by spectacles. Gibson (1968) includes this
effect among the negative aftereffects Whlch he saw as evidence that a
process of 'normalisation' operates along many perceptual dimenslons.
His persuasive thesis (1937, 1968) was that our perceptual systems are
not preset as to thelr working range, but adjust and update, deriving
thelr ongoing norms for qualities like 'whiteness', 'straightness' from
the average of signals recently received from the environment*. Attentlon
has been drawn to the memory=-like durations of this and other contingent
effects, and the ldea‘explored that the now numerous family of contingent
aftereffects are learned associatlons (e.g. 'unconscious learning' Kohler,
1951; Murch, 1976; Mayhew and Anstis, 1972). In 1965 Celeste MéColLough
(see below) suggeste& a mechanism for the effect in ﬁerms of the properties
of single nerve cells, and It Is this type of physiological approach which

has held the centre of therstage ever since,

1.4 The ‘edge-detector' explanation of phantom fringes

The fatiguing of single units had already been advanced (Barlow and
Hi1l1, 1963b) as an explanation for another negative perceptual aftereffect -
the waterfall effect. Barlow and Hill (1963a) had observed that when a

black and white random pattern was moved continuously In one direction in

D.P. Andrews (1964) is a source for further theoretical work of a
similar kind, in particular that of H. Helson (1938-1948),
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front of a rabbit's eye, those ganglion cells in its retina wh!ch
responded to this direction of movement were rendered less responsive by
the prolonged stimulation and reméined temporarily (for -2 min) less
active than normal even When stimulation ceased; whereas neighbouring
motion=sensitive cells which had been unresponsive to the stimulus while
it moved in that particular direction, malntained a steady level of
'resting discharge' totally unaffected by the movement or cessation of
movement of the stimulus. Barlow and Hill (1963b) suggested that the
perceptual effects in humans might be accounted for in terms of the
resulting temporary imbalance of actlvity in the population of movement
sensitive cells,

Hubel and Wiesel's discovery (1962) of cells In the cat cortex
sensitive to the polarity and orientation of a dark/1ight border led
McCollough (1965b) to propose a similar selective adaptation to account
for the phéntom fringes. Her explanation involves the two assumptlions
that ''edge detector' systems in humans have some degree of spectral
selectivity, and are '"adaptable'', ""Neurophysiological work shows that
_edge-detector systems are orientation= specific. a vertical boundary with
. the light side to the right is detected by one system while another
vertical boundary with the light side to the left is detected by another.
It seems not unlikely that the phantoms are to be explained by the
adaptatlon of one system to yellow, the other system to blue'". Hubel and
Wiesel had not at thls stage investlgated the colour sensitivity of the
cortical cells they described (as they were working on the cat which has
poor colour vision)., But colour opponent cells (without orientational
properties) were becoming known in both LGN (De Valois, Jacobs and Jones,
1963; Wiesel and Hubel, 1966) and cortex (Motokawa, Tiara and Okuda, 1962)
of the rhesus monkey, and later a modest proportion were found in its

striate cortex having both orientational and chromatic preferences:~ 12/177
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complex, largely extra-foveal cells, Hubel and Wiesel, 1968; 12/122
colour opponent cells, Dow and Gouras, 1973; 30% of 73 cells having

'  colour preferences, Bertulis, Guld and Lennox=-Buchtal, 1977? McCollough's
assumption that cells might exist in humans sensitive to both orientatlon
and colour therefore seemed well within the possibilities, The strong
monocularity of the phantom fringes presented something of a problem,

for few of the orientationally sensitlve cells described in the cat and
monkey corti:es were exclusively monocular (e.g. Dow and Gouras, 1973 and
Hubel and Wiesel, 1962, who state that of 233 cells 84% were to some
extent influenced by inputs from the two eyes). McCol}ough therefore
presumed'tﬁat the edge detectors Involved In the phantom fringes (and in
the McCollough effect) "must be located below the convergence of inputs
from the twb eyes'!,

The sharpness of the angular tuning of the cells described by Hubel
and Wiesel (1962) led McCollough to propose a new inducing stimulus, which
though of a similar form to the prism fringes, proved conspicuously more
effective In generating an after effect. Since ""edge~detector systems“
differ not only In polarity but are also highly sensitive to preferred
angle of tilt of the border, she reasoned that it should be posslble to
demonstrate dlfferentnal adaptation of horlzontal and vertical ''edge-

detector mechanisms'!,

1.5 Colour contingent upon orientation: The McCollough effect,
McCollough (1965b) accordingly tried the experiment of edging contrast
borders (of both polarities) at two widely separated orientations with
alfferent colours: subjects viewed - without fixation - an alternation on a
projection screen of a vertical orange and black grating with an otherwise

identical horizontal blue and black grating (each slide was presented for

*Zekl, however, (personal communication March 1976) has emphasised that he
has never found an orientationally sensitive cell with colour opponent
properties = in the sense of giving an'on'response to one range of
wavelengths and an'off‘response to another,
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5 sec. followed by 1 sec. of darkness). After as little as 2-5 min,
subjects shown a white test card on which black horizontal and vertical
lines had been.ruied in two separate areas, reported a “blue-green'
coloration of the area with vertical lines and 'orange' on the region

with the vertical lines, "Althoﬁgh the colors are not as saturated as
ordinary negativé after~images, the two halves are'clearly of different
hue'' “When either the head or the test field was turned through 90° the
colors changed'places”, and when the pattern was in an oblique position

at 45° "all color disabpeared". Thus though the same area of the subject's
retina had presumably been equally exposed to two complementary colours,

a negétive aftereffect had developed, contingent upon the presence and
orientation (relative to the head.sr more probably;the retina, Ellis,
1976), of the tégt gratings. McCollough's control experiment in which the -
stripes were omitted from the coloured inducing slides produced no
chromat{c aftereffect.

Feeling that this new effect, though so much more rapidly induced,
was allied to the phantom fringes, McCollough checked that like them her
effect (1) was clearly visible by monochromatic light, (2) became stronger
with a longer induction period, (3)‘was slow in disappearing, "'persisting
for an hburror moré” after a ”few minhtes“ exposure, (4) did not show
interocular transfer after 2-& min exposure of one eye, and could be
simultaneously induced of opposnte hues in the two eyes for the same test
pattern orientation by presentlng opposite pairings of orientatlon and
colour to the two eyes during induction. She concludes that "these
obgervét}ons:strengthen the supposition that chromatic fringe adaptation...
Is e*plainable as colour adaptation of oppositely orlented...edge-

detector systems''.

Over the succeeding ten years, although further properties of
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the McCollough effect have been studied, very little has emerged either
‘to strengthen or dismiss this tentative equation of the origins of the
McCollough and prism aftereffects. Asitable 2 shows, thelr angular
spread functions are both broad, and the forms of their time courses for
decay not dissimilar; only*between the Induction times they take to reach
hal f strength is there a.notable difference (15 min and 6 hours resp.).
This may be because a maximally efficient "prism" stimulus has not yet
been devised. 1t Is perhaps also a difference to be expected if the
types of cell described by Hubel and Wiesel (1962) are indeed
involved in the two aftereffects, for the McCollough stimulus of gratings
will affect the bar sensitive cells in addition to the edge sensitive
ones. Alternatlvefy it may indicate that the spatially repetitive aspect
of the McCollough stimulus {s more important than the orientational part(7.1)
Several further properties of the McCollough effect are summarised
below. Some other properties are dealt with in chapéer 2 in greater

detail and also in the rest of this thesis.

1.5.1 The McCollough Effect: inducing stimuli and test variables

1;5.1.] Timing of stimulus presentation. McCollough used alternate brief

(5 sec) equal presentations of two gratings in complementary colours in
order to emphasise that simple chromatic aftereffects‘were not responsible
for hér afteréffect. The conditions she chose are in fact about optimal
for préﬁucing an effect (Keith White, unpublished thesis 1976b), but
rhythmical alternation of two stimuli is not essential, Continuous
unfixated viewing of a singlé coloured grating (Stromeyer, 1969; Hajos,
1970), or of a 'rainstorm' of red and green slits at two orientations on

a black gfound (VM unpub.) also give good aftereffects, Gratihgs flashed
repeatedly even at extremely short durations (loecd at 60 usec, Stromeyer
and Dawson 1974) produce an aftereffect but stabl]ised images of the

*see also 2.4.8 on visibility at scotopic levels of illumination
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coloured gratings do not (Leppman and Piggins, 1973).

1.5.1.2 The colours which can induce McCollough aftereffects are not
limited to‘any part of the visual range, though reddish and greenish
stimuli produce detectable aftereffects most rapidly (Stromeyer, 1969,
1972a; Hajos, 1967). Aftereffects have been reported on test fields
like McCollough's, following exposures to pairs of gratings whose non-
black stripes were blue and orange (Corning 5=56, 2-73 resp. and Wratten
kha, 25 resp., McCollough 1965), red and green (Hajos, 1967), yellow 588
nm and green 547 nm, blue 440 nm and green 547 nm (Hajos, 1970), red and
yellow (McCollough and Clark, unpub. quoted by Hirsch and Murch, 1972)
and even red and whité, or green and white (Murch and Hirsch, 1972),

A single black and white grating viewed alternately with an
unpatterned coloured field also gives an aftereffect, but of the same hue
as the coloured Inducing fleld - as iIf induced by the simple negative
aftereffect (see Section.2.9.6 , Murch and Hirsch, 1972). Yhen the interval
between presentation of the patterned and goloured stimull is lengthened
to 50sec this aftereffect Is much reduced in strength.

lf; following Induction of an aftereffect by means of red and green
orthogonal grétlhgs, the'gratlhgs are both turned through 90° and a second
McCollough expoéure presented, the aftereffect is rapidly reduced,passes

through neutral and reverses (Hajos, 1967).

1.5.1 .3 Contrast. Inducing gratings in which the non-coloured stripes
are not black but grey of the same luminance as the coloured stripes
‘produce no aftereffects. Gratings with white and coloured stripes
produce aftereffects of the same hues as black and coloured gratings but

much weaker (Harris and Barkow, 1969).
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1.5.1.4 Continuous contours. |t Is not essential that the contours of test

or inducing stimuli should be continuous straight edges; 'stripes' made
up of rows of circular 40' diam discs on a black ground proved only 15%
less effective . a- ‘ - stimulus than gratings. The discs were 0-2°
and 1.5° apart in two directions'at right angles (Hajos, 1967). Nor are
crisp contours required: the test gratings may be blurred (Harris and
" Gibson 1968bl7or serrated . at 45° with 1/5° steps (May and Matteson,

1976) without much loss of the coloured effects.

1.5.1.5 Retinal specificity. Opposite aftereffects were induced

M'simul taneously in adjacent retinal regions" (to left and right of a
fixation point) by presenting opposite pairings of colour and orientation

of the gratings in the two reglions of the visual field (Harris 1969)

1.5.1.6 Angular dependence of the effect. The angular spread of the

aftereffect is broad: the pink aftereffect seen upon a single vertical
achromatic‘gratjng after viewing a vertical green and black grating fell
to about half strength when the test grating was turned to 22° to the
vertical (Hajos, 1970)., When a pair of coloured Inducing gratings are
used it Is not necessary that they should be at right angles to each
other, effects, though weaker, were obtained down to angles of 20° between
the inducing (and test) gratings (Fidell, 1970). Nor is it necessary
that inducing gratings should be horizontal and vertical: aftereffects of
roughly similar strength were obtained with inducing and test gratings

turned through 45° (F'dGII,.|97°)-

1.5.1.7 Pattern spacing. The use of uniformly spaced parallel lines to

induce and test for a McCollougn effect introduced an ingredlent in this

-
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aftereffect which had not been noticeably*-present in the prism aftereffect.
There is, in the McCollough effect, an association not only of colour and
orientation but also of colour and some aspect of the pattern subtense or
spacing. An audience (Harris, 1970) seated at various distances from the
projection screen during presentation of the coloured gratings were invited
to view test gratings of the same spacing while walking about the room.
They found that the aftereffect hues altered in Intenslty with distance
from the screen and were strongest for each person when he returned to his
original place. Using ''coarse, medium and fine' gratings all viewed from
one distance,Teft and Clarke (1968) also concluded that the strongest
effects were obtained when induction and test gratings were of the same
spacing.' The remarkable feature of both these experiments is that the more
dIStanf or finer grained test grating, though it provides a greater number
of sultably oriented stimuli on a given part of the retina, nevertheless
produces'é smaller chromatic effect than the test grating whose spacing

matches that of the lInducing grating.

1.6 Colour contingent upon grating spacing

The spatial aspect of the McCollough effect raised the question as to
whether a chromatic aftereffect could be induced in which the illusory hue
of achrométic gratings.would be contingentvupon the texture of the test
grating. Stromeyer was the first (Harris, 1970, mentions a personal
communicatioh of 1969) to demonstrate such an effect. ''After prolonged
adaptation to wide red stripes and narrow green ones (both vertical),

subjects saw differently coloured aftereffects on wide and narrow test

Stromeyer, Lang= and Ganz (1973) have since reported spatlal frequency -
sensitivity,with a maximum at 1 c/d,in a chromatic aftereffect
contingent upon the polarity of contrast of a venetian=blind, like
pattern with a saw tooth luminance profile.
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stripes "=%green on wide and pink on narrow'.

Like the McCollough effect this chromatic aftereffect contingent on
grating spacing Is long lasting and does not show Interocular transfer
(VM unpub.) Reports as to its angular spread were conflfcting; Leppman's
(1973) subjects reported that “tﬁe aftereffect strengths were similar' on
test fields oriented parallel to and perpendicular to the two vertical
Inducing gratings, whereas Lovegrove and Over (1972 footnote 9) said that
"'colour aftereffects could not be generated under these (perpendicular
testing) conditions'',

In accord with the experiments of Harris (1970) and of Teft and Clark
(1968)  (mentioned above) on the McCollough effect, the chromatic
aftereffect contingent upon the spacing of vertical gratings was found to
look strongest on test gratings whose spacing matched that of the ihduclng
grating (Stromeyer 1972b) or gratings (Lovegrove and Over, 1972) for

~grating spaclhgs of 1-20c/degree. The largest effects were generated, in
a glven time, by red and by green gratings of about 5-10c/degree. The
observed fall-off of the effect below 5/degree is probably exaggerated by
the fact that the total number of contrast edges presented to the subject
in the broadly striped portions of the test field was small (only six
stripes at 1 cycle/degree for both the above papers). The tuning curve s
similar for all inducing spatial frequencies from 1-20c/degree, being
symmetrica] about the maximum on a logarithmic scale and Broad with a
total width of about 1-2 octaves at half strength (Stromeyer, 1972b;
Lovegrove and Over, 1972; Breitmeyer and Cooper, 1972).

With test gratings at various distances in a lighted room so that
'size constancy! could operate, Harris (1970 1971) concluded that the
aftereffect strength depended upon the retinal angular subtense rather than

upon the perceived width of the stripes. Stromeyer (1972b) has, however



19

made the interesting obseﬁyatlon that two test gratings which are
Identical in all respects can take on different hues appropriate to the
fllusory spacings Induced by viewing a Blakemore and Sutton figure of
appropriate dimensions. When the subject had previously been binocularly
exposed for 15 min to red and green vertlcal gratfng§ of a broader and a
narrower spacing, this chromatic effect wa$ seen only by the eye which
had viewed Blakemore and Sutton's Inducing figure and did not transfer
though of course the spatial frequency shift did. Stromeyer thinks this
lack of transfer may indicate that .the site of the McCollough effect

precedes the site of the interocular transfer of the spatial frequency

shift.

j.? The relation of the spacing-contingent chromatic aftereffect to

achromatic effects involving spatial frequency

At about the time of Stromeyer's discovery of the above chromatic
aftereffect ?ontingent upon grating spacing, other workers were finding
that spacing was an intersting variable in both psychophysical (Pantle
and Sekuler, 1968; Campbell and Robson, 1968; Blakemore and Campbell,
1969a,b) and in single unit experiments (Campbell, Cooper and Enroth-
Cugell, 1969), In each caée using’achromatlc gratings, It was suggested
{by Breitmeyer and Cooper, 1972vand Lovegrove and Over, 1972) that the
same "spatial freq;ency analysers“ were being adapted by both the
caromatic and thé achromatic exposures. The bandwidths yielded by the
psychophysical experiments were certaihly similar, There were even signs
In the chromatic experiments of the "lowest spatial frequency channel" at
3 cycles pef degree which had already been encountered in‘the achromatic
masking experiments of Blakemore and éampbell (1969a,b). Though thisr

last feature may be largely an artefact of the narrow (1.5°) test fields
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and consequent small number of grating cycles used in these experiments
(cf. Tolhurst 1973 and Stromeyer 1972b), 1t could stil] be contended that
under rather similar experimental conditions,similar spatial frequency
characteristics were obtained from the achromatic and chromatic studies,
The diversity, however, which was rapidly apparent In the time
constants and other properties of various aftereffects Involving gratings
(see table 2 for summary) made it clear by 1973 that they could not all be
evidences of the same adaptation of the very same 'detectors'. Two
demonstrations involving the spatial frequency shift pointed up its
distinctness from chromatic aftereffects. The first concerns interocular
transfer and the second colour specificity, Murch (1972) presented
Blakemore and Sutton's inducing figure alternately vertically and
horizontally in red and green 1ight respectively to one eye for a total
of 16 min and found that though the spatial frequency shift transfemed to
the other eye the chromatic effects contingent upon orientatlon were seen
only by the exposed eye. Two possible explanations were advanced for this,
and for the similar situations in tilt a;e and motlon a-e where coloyr
Information does not transfer (Over, Long and Lovegrove, 1973; Over and
Lovegrove; 1972):(a) that "binocularl* driven spatial detectors are
Insensitive to colour", (Over, Long and Lovegrove, 1972; Coltheart, 1971)
and (b) ‘that “the McCollough effect arises as a result of adaptatlon of
opponent process color receptors located in the LGN which feed Into
orientation-sensltlve units in the cortex" (Murch, 1972). The first of
these explanations takes it for granted that the 'detectors' in the
monocular pathway are colour sensitive, but a qualitative demonstratlon
by Vlrsu and Haapasalo (1973) cast doubt on whether this was so for the

monocular mechanism involved in the spatial frequency shlft; following a
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I5 min presentation of Blakemore and Sutton's inducing stimulus in red
light, the spatial frequency shift was observed on red, green and blue
test gratings and '"was not notlceably weaker on any colour of test
gratings'. The colour filters used had not been so selected as to
exclte particular colour channels exclusively, but Drs Campbell and
Cavonius are réferred to as having made (unpublished) observations of the
spatial frequency shift even "when the effects of adaptation and test
gratings are restricted to different = mechanisms."

In summary, the relation between the processing of achromatic and
coloured gratings Is not so simple as was at first anticipated and it
seems unlikely that the same colour-coded orientation and spatial frequency

sensitive‘units can be responsible for all the effects observed.

1.8 'Spatial frequency'or some other function of pattern spacing 7

A one-dimensional grating with a sinusoidal luminance profile Is a
particularly simple pattern to specify mathematically, The idea that the
visual system also treats It as basic, and performs spatial Fourier
analyses of the Incoming two-dimensional patterns of light In a fashion
analogous to the ear's supposed time analysis of air pressure patterns
‘has been proposed (Blakémore and Campbell, 1969b;781akemore'and Nachmias,
1971) and has been influential. It has come under fire, however, on
varlods groun&s, largely concerned with the fact that Fourfer analysis
presupposes linear addition whereas the reSponse of the eye's receptors
to lncreaslng intensity is logarithmic (Maudarbocus and Ruddock, 1973 b;
Burton, 19733 Henning, Hertz and Broadbent, 1975; Fiorentini, Sireteany
and Spinelli, 1976). Nevertheless, though spatial frequency may not be
Ehe commodity which the nervous éystem proceSées, the exfstence of the

spatial frequency shift (Blakemore and Sutton, 1963), simultaneous spatial
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frequency contrast (MacKay, 1973) and the chromatic aftereffect contingent
' upon pattern spacing show that some aspect of the coarseness, textufe
density or- 'blob' size of a repetitive pattern is. Indeed it had been
emphasised by J.J. Gibson (1950)»many years before that texture density

Is one of the most basic features of the visual array around us, by means
of which we apprehend the angle which surfaces make to our line of sight
and detect our own motion In the world as well as the relative motions of
other objects.

Experiments have been performed on the McCollough effect (Uhlarik
and Osgood, 1974) and on the spatial frequency shift (Burton, Nagshineh
énd Rud&ock, 1977) to determine in each case whether it Is the spatial
frequency, the width of the black bars or the width of the white bars
Whlch determines the aftereffect strength. Both conclude that thelr
results cannot be explained in terms purely of spatial frequency,

For the experiment on the McCollough effect, a set of gratings having
.varlous ratios of the widths of the black to the coloured or white bars
was employed both In Inducing and in testing the aftereffects, After a
12 minute McCollough exposure to red and green vertical and horizontal
gratings of a partlcular ratio, the'subject was shown a lgrge monéage of
abutting achromatic gratings having various widths of either the black or
the white b;rs and was asked to select those on which he saw the strongest
Hues. The performance of the experiment by Uhlarik and Osgood (L?7h) is
open to criticism on a number of scores, In particular the needlessly
small extent (4°x6°) of the .inducing fleld relative both to the widths
(5/6°) of the broadest bars and the test field (about 10°x25°),
Nevertheless It does seem clear from their results that a pattern and its

photographic negative are not treated as equivalent by the McCollough
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mechanism although they have identical spatial frequencies. The authors!
conclusion is that the width of the black bars matters but not that of the

white.

1.9 A one to one correspondence between aftereffects and single cortical

cells?

When Hubel and Wiesel in 1968 found a small number of '‘complex' cells
sensitive to both orientation and colour, McCollough's prediction, that
units with such properties might exist, seemed nicely fulfilled. Whether
such cells have the monocularity and the long recovery times appropriate
to the McCollough effect has not been determined. Nevertheless the
attractive simplicity of this possible link between neurophysiology and
perception caught the imagination and acted as a spur to further
investigations., Taking as starting point the reports of cells sensitive
to other 'features' of the visual world such as curvature (Lettvin,
Maturana, McCulloch and Pitts, 1959), direction of motion (Lettvin et al,
1959; Barlow and Hill, 1963a) and the width (Hubel and Wiesel, 1962) and
length (Hubel énd Wiesel;_i968) of bar stimuli, the eager hunt was on for
further percéptual phenomena which might correspond to adaptation of other

colour=coded Wfeature detectors’. Harris (1968) 1ists a flutter of

doctoral theses and personal communications in 1966-8: Mary Viola was
uAable to produce a ‘curvature effect', Celeste McCollough (1967) produced
*5 motion effect', .Sorenson (1967) found a line 'spacing effect', and
Linda Fidell (1968) tried without success to produce a 'line length'
effect. (It should be mentloned that curvature has since been
relnvestlgated and though positive results were claimed by Riggs 1973 and
White and Riggs 1974, negative ones were repbrfed by Stromeyer and Rliggs,
1974; MacKay and MacKay, 197L; and Sigel and Nachmias, 1975 under more

tightly controlled conditions;see ch3.2.7 ). This degree of success In
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pairing off cells and aftefeffects was encouraging - but‘it also began

to suggest that If such cells are 'pre-set! in thelr sensitivities a
rather large number of cells must be allocated to each area of the retina
to cover combined sensitivities in so many dimenslions.

Harris and Gibson (1968a,b) and Harris (1972) suggested that neural
machinery much cruder than the highly fastidious cortical cells, could
adequately and much more etonomically.explain the observed contingent
aftereffects. The minimal requirement (Gibson and Harris, 1968) is a
population of fatiguable units, each with inputs from a pair of non-
coincident aréas of the retina and having some variation of wavelength
sensitivity among the total population. This ''dipole' theory still hangs
on the adaptation - or fatiguing of single unlts,bbut It does permit the
site of these units to be peripheral to the more sophisticated later
stages of pattern and motlon analysis. On such a theory the several
respects in which the propertlies of contingent aftereffects differ from
those of‘cortlcal cells fall fnto place. Unlike cortical cells the
McCollough effect is insensitive to small scale pattern detail and depends
rather ﬁpon overall orientation or spacing (May and Matteson, 1976). It
is, however, sensitive to pattern contrast. Though there are known to be
cortical cells sensitive to complex features such as curvature and line
length, it is significant, Harris and Gibson suggest, that corresponding

contingent aftereffects have not been found.

The bluntness of the mechanism which is revealed by adaptation compared
with that revealed by straightforward perceptlon Is remarked on also,
(though without similar conclusion) by Blakemore, Nachmias and Sutton
1970; '"1t'* (the hypothesis that there Is In humans a lowest spatial
frequency channel at 3 cycles per degree)'ls a very perplexing hypothesis
because one can clearly detect... and easily discriminate... patterns far
below 3 cycles per degree.' ‘
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As the number of known contingent aftereffects has swelled over the
past ten years and their long durations have been appreclated a growing
number of others besides Gibson and Harris have expressed dissatisfactlon
with the notion that each new aftereffect Is evidence of the fatigue of
yet another double or (treble) duty feature detecting cell (e.g. Mayhew
and Anstls 1972; Murch 1972; Favreau 1976b);but for many years theirs was

a lone and unfashionable voice.

1.10 Apparent orientation contingent upon colour

In 1971 Held and Shattuck reported an aftereffect which may be a
convérse of McCollough's, Following a 10 min . ' McCollough~
style exposure to an alternation of a red and a green (Wratten 55,26)
grating tllted respectively at 10° to left and to right of the vertical,

a vertical grating whose upper and lower halves were it by red and by
green light resp, appeared bent by about 4°, the angle pointing towards
the lefts that s, the apparent orientation of a grating was very slightly
different according as it was 1it by red and by green light., This very

- small effect was measured by showing subjects a set of 9 gratings which
were genuinely ‘kneed' along the horizontal dividing line between red ;nd
green by angles of from 1.5° to the left to 1.5° to the right and asking
them to report of each gratlng whether 1t appeared to point‘left or right;
the test slides were presented for 2 sec apiece 10 times in Increasing and
decreasiﬁg order. The angle which a subject judged left-pointing uﬁbn 50%
of trials was taken to be perceived as stralght; this angle ranged from
10'-64" in 10 subjects, the'average being 30.7'. Transfer to an unexposed
eye was less than 1Y, ‘Opposite effects can be simultaneously induced in
the two eyes at the same strength (given the same exposure time) as tHe

binocularly Induced effects (Shattuck and Held, 1975; Kavadellas and Held,
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1977). Such opposite effects can be employed as a way of rendering the
very small deviations from straightness visible, for,being opposite, they
lead to the test fleld's seeming to be folded along Its mid)ine and
incllined towards or away from the observer in the third (depth) dimension.
Held and Shattuck's last paragraph asks “are the channels demonstrated
by our results the same as those responsible for the McCollough effect?
We suspect so, but the definitive answer must come from parallels establtsﬁed
by further Investigation of both phenomena". The fruits of later
reseafches by Held's group are summarised below. If they are compared with
the corresponding data on the tilt aftereffect and the McCollough effect
In table 2 It will be seen that whilst it resembles the McCollough effect
In all but one respect (spatial frequency dependence), its sole resemblance
to the tilt aftereffect fs in the angle to the vertical at which the
Inducing gratingsproduce the largest aftereffect. (This angle Is about 11°
for the tilt eféect,‘GIbson 1933; Campbell and Maffel, 1971).

Propertles of Held and Shattuck's effect;

1.10.1 Growth., The effect continues growing with prolonged inducing

periods for over an hour (Kavadellas and Held, 1977).

1.10.2 Time to Decay. Though Held and Shattuck 1971 report that 24 hours

later the effect was not statistically significant,Held (personal
communfcation, 1977} writes that "a 20 min inducing period will produce a

discernible aftereffect for at least 24 hours later",

1.10.3 Monocularity. It does not transfer to an unexposed eye. (The

otherwise extreme contrast between this aftereffect and the 100% transfer
of the tllt effect Is tempered by the fact that the tilt aftereffect loses

colour specificity In transfer; Lovegrove and Over, 1973).
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1.10.4 Angular dependencies. Held and Shattuck's effect peaks for

Inclinations of the Inducing gratings of 11-15° to.the zero position.

No "indirect effect" Is generated by inducing gratings approximately
perpendlcular to the test grating (Held and Shattuck, 1971). (For the
tilt aftereffect the secondary maximum at the perpendicular orientation
Is of about half the strength of the principal one.) Held and Shattuck's
effect Is inducible at 45° to the vertical (Held, 1973) and s then only
‘2'542 " less strong than when induced near the vertical. This

points to a site for the effect where azimuthal differences are small.

1.10.5  Spatial frequency dependence. Held and Shattuck's effect is

strongest when test and inducing gratings match in spacing,and increases
with increasing fineness of the gratings up to 16 cycles per degree (Held,

1973).  (In this last respect it differs from both t]lt aftereffect and

. McCollough effect.)

1.11 Spacing contingent upon colour

Alternate exposure to a wide red vertical grétlng and a narrow green
‘one as described in section 1:6 sfmultaneously induces two aftereffects
which are éhe Inverse of eéchrother. In addition to the chromatic a-e's
visible én achromatic.veftical gratings, fhere Is an épparent difference in
grating spacing,visible on a single vertical grating of intermediate
spatial frequency,when its upper and lower halvesbare lllumlhated by red
| and by green light (Virsu and Haapasalo, 1973, and also Wyatf, 1974).
The gratingé used by Virsu and Haapasalo wererof 7 and 2.5 cycles per
| degreevfor Induction,and 4 cycles per degree for testing, After 15 min
of Inducing exposure, 7 out of 8 subjects reéorted that the density of the
bars in the blpaftite test appeared greater in the half field wh95e colour

. had, during induction, been palred with the wider grating spacing. As a



28

function of the spatial frequencies used in induction and testing
| Haapasalo (1973) reports that the a-e strength ‘'appeared to follow a
course similar to that of the effect of Blakemore and Sutton'', It should,
however, be noted that the inducing situation differed from that of
Blakemore and Sutton in that the.whole region of the visual field to be
exposed to the test gratings was exposed egually to both
widths of cclou}ed grating. As a function of inducing time the effect
showed similarity with the McCollough effect, for It "became stronger when
the adapting time was increased from 15 to 30 min '

Several contingent aftereffects involving moving patterns, both
coloured and black and white, were discovered before the next two effects,

but they are placed here to complete the section on stationary patterns.

1.12 A tilt aftereffect contingent upon spatial frequency and a spatial

frequency shift contingent upon tilt

in 1974 Wyatt reported that after 30 min of alternate viewing, for10-15
sec aplece, of a fine and a broad achromatic grating tilted respectively
15° clockwisé and 15° anticlockwise from the vertical, the following two
aftereffects were obtained#o Firstly a bipartite test figure, consisting
of two vertical achromafic gratings, fine in the upper half field and
broad Lelow,appeared kneed to the right (to 5 out of 9 subjects). Secondly,
a grating genuinely kneed to the left and of a sfngle spacing throughout
intermediate between those of the two inducing gratings, appeared (to 5
out of 8 subjects) kneed still, but more broadly spaced in its upper than
in its lower half. The dependence of the above tilt aftereffect upon test
spatial frequency was explored by Wyatt. After exposure to gratings of 3.2
and 6.4 cycles per degree, two subjects set to apparent vertical each of a
set of 7 gratings covering the range 1.6=12.8 cycles per degree. °

*This is Wyatt's experiment |, The fine grating was of 3.4-5.6 cycles/
degree, the broad had double this spacing.
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The tilts to either side of vertical- were largest for gratings
of the two spatlal frequencies used during adaptation, the difference
between the peak tilts being 1-3°,

Only'below about 2 cycles per degree (and at the cross over point at

about 4 cycles per degree) were their settings unaffected by the adaptatlon.

1.13 A ”dohbly contingent' aftereffect

Wyatt (1974) next proceeded”to induce two aftereffects In tandem. A
30 min exposure to a fine green vertical grating alternated with a broad
red vertical one, induced the chromatic a-e contingent upon spacing (of
section 1.6). This was followed By a 30 min exposure to tilted achromatic
gratings as described In the previous section, 'fine' and 'broad retaining the
same yalueswthroughout both these exposures, When the kneed test grating of
Intermediate spatial frequency was then Inspected, 4 of 8 subjects
reported not only the spatial frequency illusion described' In the preceding
sectlon, but also pale chromatic negative aftereffects appropriate to these
illusorylspaclngé. |

Wyatt.offers two alternative explanations of this doubly contingent
effect. He admitsrthat his experiments do not permit one to decide between
them, but is himself attracted by the economy of supposing that tuning
occurs along several dimensions of a single visual information channel.
The second possibility is that the distorted output from one biassed system

is fed as input to the next system,

1.14 Colour contingent upon mot fon

Although Norva Hepler (1968) credits both Celeste McCollough and
Charles Stromeyer with having made unpublished observations which confirm
her own, hers was the first published report of an effect iIn which the

apparent hue of an achromatic patterned field changed when the directlon

*This is Wyatt's experiment 3
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of motion of the field was reverced.

1.14.1 Induction and decay times. Hepler's 8 naive subjects viewed

horizontal stripes moving alternately up and down (for § sec apiece) by
magenta and yellow-green light réspectIVe!y in an otherwise dark room.
That the aftéreffect obtained under these conditions was not strong Is
evident from the fact that a minimum of 33 min and an average of 4 half
hour sessions on successive days was needed before "they clearly saw a
negative aftereffect specific to each direction of motion'. Nevertheless,
once Induced it was long=lasting: a further 8 nalve paid subjects were
exposed for the half hour sessions but were not tested until 20-27 hours
after each exposure. After an average of 8 Inducing sessions and a
minimum of 48 min, they too were reporting the chromatic aftereffects.
Stromeyer and Mansfield's (1970) 4 subjects by contrast "all saw the
red and green colours' after only 20 min of induction. This may be the
result of inter-subject differences which can be large (e.g. Favreau's
197éé table of results fér 20 subjects in a related experiment) but the
Improvements In their apparatus over Hepler's are probably largely
responsible for the more rapid results. Thus their use of two sets of
strlbes moviné in opposite dlrect!ons during bofh induction‘and teStihg;
together with a fixation light will have reduced Involuntary tracking by
the eyes and will have rendered small hue differences more indubltably
visible during testing. Moreover having the room I!luminated instead of
dark durling testing, by proyidtng an Illuminated surround may have helped
enhance this effect as it does the motion aftereffect (Strelow and Day, .
1971). Stromeyer and Mansfield's stripes were moved at & degrees per
second which was twice as fast as Hepler's and they further observed that

if subjects were allowed to adjust '"the speed... till the colours appeared
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most saturated", they chose speeds higher by~20% than those used during
Induction, and that at low speeds of "about 2 seconds per degree the
co!ours.vanfshed”. These observations together with the fact that "the
‘colours were most saturated' Just after the test stimulus reversed
direction and faded 2-6 sec thereafter, suggest that acceleration may be
Involved in this aftereffect,

A further experimental difference was In the frequency of reversal
of direction during Induction - every 5 sec (Hepler) every 10 sec
(Stromeyer and Mansfield), but it has been shown (Favreau, Emerson and
Corballls, 1972) that over the range 10-150 sec this factor makes no
signiflcant difference to the aftereffect strength,

Stromeyer and Mansfield note that immediately after the end of the
exposure to the coloured belts the_aftereffect'c010urs are obscured by a
simple chroma;ic aftereffect - both belts appearing grey for 30-70 sec,
In section 1.15.1 a corresponding reduced sensitivity to motion Is

described following a simlilar exposure,

1.14,2 Monocularity

Using the strlped belts Stromeyer and Mansfield found no transfer of
the effect to an unexposed eye after a 20 min exposure In 4 subjects and
were able In 30 min to produce opposite effects in the two eyes by
exposlpg the eyes alternately for a minute apliece to oppositely palred

moving coloured stripes.

1.14,3 Retinal speciffcity,

Since the days of Helmholtz there have been suspicioné that motion
aftereffects might be the result of conditioned eye=-movements. The contro!
experiment of using a spiral (Plateau 1849) rules out linear eye movements.

A spiral was used by Stromeyer and ManSerld to show both that linear eye
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movements wére not responsible for the new chromatic aftereffect
contingent upon motion and that it was "highly localized upon the retina'.
They illuminated the left and right halves of a spiral by red and green
 light resp. the two colours meeting in a sharp line through the centre.
Each time the direction of rotatfon of the spiral reversed, the colours of
the two half fields were also exchanged. After only 10 min of fixating
the centre of the spiral 4 of the 5 subjects saw "the red and green after
effects' In the two halves of the achromatic spiral when [t was rotated.
The colours switched halves at each change of the direction of rotation.

1144 Arough measure of the angular tuning of this effect was obtalned

using the striped bands (Stromeyer and Mansfield, 1972) by asking subjects

to tilt their heéds sideways and to ''locate the point at which the colours
- appeared one=half as saturated as when the head was upright and also the °

polnt at which the colours vanished'". The mean results were 15 and 25°

resp.

1.15 Motion Continggnt upon colour

The rebort of a possible converse of the McCollough effect by Held
and Shattuck (1971) was followed by the discovery of the converse of
Hepler's colour-contfngent-upon-motion effect. It was realised that an
exposure, such as hers, to a pattern'moving altefnately In one direttioﬁ’
in red light and the opposite way by green light, yields two aftereffects;
firétly, as she reported; illusory hues seen only on moving achromatic
test flelds, and_second]yu (Favreau, Emerson and Corballis, 1972; Mayhew
and Anstis, 1912) an 11lusion of movement seen on the stationary test
field only when it was illuminated by reddish or greenish light. The
aftereffect was again a negative one, the direction of the 11lusory motions

belng the reverse of those palred with the colours during Induction of the
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effect. Both the above teams used spirals as stimull; but whereas
Favreau et ai rotated their patterned disc at a high speed so that the
'spiral expanded or contracted at 1 degree per second, Mayhew and Anstis
"superimposed on thelr 4 throw spiral a‘network cf fine black lines
(letratone 102,a 'crazy paving' for draughtsmen) and rotated the disc at
only 5 rpm because they found this arrangement gave "an extremely large

simple rotary motion aftereffect" (though no radial motjon).

1.15.1 Temporal properties, After 10 min of exposure to the Inducing

stimull (with colcur and direction of motion alternating. every 10 sec),
both teams found that the motion aftereffects were weak and were vislible
only briefly (usually for 1-2 sec) after each change in the colour of the
stationary test spiral, Nevertheless, the aftereffect was long lasting:
Favreau et al made a delayed test 24 hours after the first tests and found
""'virtually no decline" in the frequency of reports of motion by thelr
subjects. . This result is, of course, In remarkable contrast to the
ordinary waterfall aftereffect which Tasts 20 sec following a 2 min
stimulation (Eysenckband Holland, 1960) and somewhat over 4 min after a
5 min stimulation (Taylor, 1963q).
| The sensitivity to acceleratfon of the chrdmatic aftereffect
contlngent upon motion has a]ready been remarked upon(l 14, l) Mayhew and
Anstis (1972, p84) consider that rate-sensitivlty Is a general feature of
the motion aftereffects contingent upon the varlous parameters which they
studied

Mayhew and Anstis found that the aftereffect was Initially weak or
zero but grew during the % hour after induction. Favreau, (1976c0 who
has replicated this result usingrdlscs with black patterning, finds that

the initial weakness of the effect Is absent If discs bearing coloured
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shapes devoid of luminance contrast are used. With discs bearing orange +
- red and blue+green patterns she reports that the colour contingent
aftereffects start strong and decline with time. She suggests that the
black patterning, which had been presented to the subject moving In both
directions during Induction, had an Inhibitory effect which took about %
an hour to wear off, Thls superimposed motion effect seéms to be a

: parailel to the overlylng chromatic effect observed when testing for the
motion contingent chromatjc effect produced by the same exposure to

coloured moving stimull (section 1.14,1),

1.15.2 A conditioned response? Mayhew and Anstis noted that much testing

reduced the effect to zero, but that after a ¥ min rest the aftereffect
recovered and "céuld still be eiicited hours and eveﬁ days after
adaptation'. Thelr feeling that these temporal characteristics of the
effect resembled those of ''perceptual learning'" and of cond!tlon{ng rather
than those of physiological adaptation of ''double duty' units led them to
make two further experiments = the first on 'extinction' and the second on
‘transposition', They found that the colour contingent motion aftereffect
was ”rémarkably resistant to gxtlnction”; 15 minutes of exposure to
alternating unbatterhed réd and green fields and 5 mIn‘to achromatic moving
fields serVed only to reduce but not to extingulsh the aftereffect which
was then ''restored by a 2-min rest in the dark and was reported by two of
the 4 subjects as still present, though very small, 2 days f;ter”.

" In the experiment to test for transposition they explored whether the
same colour could, in a different context, elicit opposite Impressions as
to the direction of motion of the stationary splral. Following a 10 min
expésure to, for exahple; vellow counterclockwise and red clockwise

viewed alternately, testing was by a serlies of coloured Illuminaéions such
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as red-yellow-green-yellow (Wratten filters 25,12,58 resp) presented for

5 sec apiece. The subjects' response series was counterclockwise~
clockwise=clockwise=counterclockwise, l.e., the response to the yellow
spiral depended upon which coIdur had immediately preceded it, This is
describable of course as transposition, and a single cell would not
normally be thought of as’giving such results. Nevertheless one may ask
whether it is possible to explain these results In peripheral terms
wlthout Invoking anything so sophisticated as a mechanism capable of
extracting invariants. The colour receptor system which feeds the single
cell may suffer temporary blassing of its sensitivity by each colour In

the test sequence {cf von Kries 1905). |If so the population of cones which
respond most vigorously to the yellow light will be different according as
red or green cones have beeﬁ more strongly affected by the preceding light.
Lengthénlng the interval between presentation of the colours should be
instructive here. Testing with the coloured areas side by side
stmultaﬁebusly might also provide an Informative control.

Similar transposition tests have been devised by Mayhew and Anstis
(1972) for two other motion aftereffects (those contingent upon grating
spacing and luminance), and in each case it Is possiblg to point to non=-
central factors which could bring about the transposed results. This lsb
not to dismiss transposition but to suggest that it does not of necessity

imply a central lpcus for these aftereffects.

1.15.3 Monocularity of the colour-contingent motion aftereffect. No

transfer of the colour contingent motion aftereffect to an unexposed eye
following a 10 min exposure was found by Mayhew and Anstis (1972) in 8"
subjects or Murch in 6 (1974b). Mayhew and Anstis were able to produce

opposite effects simultaneously in the two eyes, and Murch in the two
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(left and right) halves of one rétina by exposing first one and then the
other to‘oppositely palred stimuli. In these . |atter respects the colour
ﬁontingent aftereFfect does not differ from the ordinary motion aftereffect
(Gates, 1934;IWalls, 1953), but the complete lack of transfer to an
unexposed eye is at first sight femarkable since the ordinary motion
aftereffect transfers strongly (DvoFék, 1870; Holland, 13957) in a sizeable
proportion’ (3/25) of subjects (Pickersgill and Jeeves, 1958). It has
however, been reported that such chromatic selectivity as the ordinary
motion aftereffect possesses monoFularly is lost In transfer (Lovegrove,
Over and Bfoerse, 1972; Day, R.H. 1977), so the above lack of transfer of
the colour contingent aftereffect may be seen as a related phenomenon,
Nevertheless the colour-contingent motion aftereffect is not entirely
monocular. Murch (1974b) has claimed that a 5 min dichoptic exposure of the
left eye to magenta and green unpatterned flelds while the right eye
fixated the centre of a spiral which rotated alternately clockwise and
anticlockwise led to consistent motion effects In the appropriate
difectlons" being seen with-the Jeft eye by 5 out of 8 subjects on the
stationary spiral when it was 1it alternately by red and green light,
Murch sees this as pointing to an "association between monocular color

detectors'and binocular motion detectors'',

1.15.4 Motion contingent upon the colour of a surround

A variant of this motion effect In which the colours were restricted
to an area Immediately surrounding an achromatic spiral also produced a
| negative motlon aftereffect (Potts and Harris, 1975). Controls In which
the stationary spiral as well as the surround were illuminated by coloured
light ruled oLt the possibility that this effect was ascribable either to

simple aftereffect colours imposed on the spiral by eye movements or to
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simultaneous contrast colours,

1.16 Achrométic Motion-aftereffects

In 1969 a startling contribution to the already large and venerable
literature on the ordlﬁary aftereffect of seen motion.encouraged the
searéh for motion aftereffects contingent on parameters of the test
situation other than colour. As has been already mentioned (In section
1.15.1), the duration of the ordinary waterfall effect Is of the order of
8 sec = 4 min,

Masland (1969), however, reported that more than 100 subjects still
saw a negative movement aftereffect 24 hours after a 15 min exposure to a
rotating black and white spiral if, and only If, theylv!ewed the now
stétionary spiral. Unless they fixated within 1.5° of the central point .
which they had fixated during induction of the effect,they saw no movement
of the 5° spiral or'of anything else. '‘But when", Magland says, '‘the eyes
return to the fixation ‘point the spiral suddenly begins to move; the motion
can be started and stopped merely by shifting one's line of regard by a
few degrees''. More than 14 naive subjects were kept in the dark for 10
min after the inducing exposure and were not shown the stationary spiral
until 24 hours later.'_Theyithen all reported seeing hovement in the
negatlvé direction.

Mastand oBtéined a graph of the time course of decay of this patterh
contingent motion aftereffect by asking subjects during testing ;o to
‘control the 5plraP5 actual speed of rotation that it appeared to them to
be stationary. Each of 72 Qubjects was tested at one of 5 possible times
after the end of induction. The resulting average graph falls to 2 of
its Initial valué within the first 15 min but ﬁhereafter falls very

gradually to 2/3 after 24 hours.
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The realisatlon that there are two ingredients in the movement
aftereffect - a pattern-contingent one as well as the non-contingent
part which can be seen even with closed éyes < clariftes the diverse
reports as to the Influence of 'well-m;rked' patterning of the test field
on the duration and 'vividness'! of the aftereffect (cf Mach, 1875, Budde,
1884 and Wohlgemuth, on pp.7, 12, 35 of Wohlgemuth 1911, also Holland 1965
p.9.). The contingency upon pattern was In fact imp}iclt in the mode of
testing each half retina used by Walls (1953). The next step was to
{solate those parameters of the achromatic test pattern upon which, in
such an e*periment as Masland's, the motion aftereffect was contingent.

In the following few years several parameters were explored and at
least three corresponding motion aftereffects discovered - contingent
upon the texture density, polarity of contrast and some aspect of the

luminance of achromatic patterns.

1.17 A motion aftereffect contingent upon texture

In 1972-Walker* reported a visual motion aftereffect contingent upon
visual texture density: two white circular discs each bore the same
random pattern of at least 100 black dots but with a difference in
mégniflcation of 6.3:1, The discs Were set side by side or (in a later
design which eliminated eye movements) were viewed alternately in a two-
way mirror against a black background.' They rotated in opposite directions

at 8 rpm and were alternately Illuminated for L secs apliece, the subject

*Footnote

In 1966 Walker had reported a suggestive simultaneous-contrast effect
in another modality: after the fingers of the two hands had been
stroking two different grades of sandpaper = coarse and fine = a
medium texture touched by both hands seemed coarser to the hand which
had previously been touching the fine paper, than to the other hand.
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fixating the centre of whichever was visible. A 4 min exposure perléd
was followed by 1 min ln‘the dark and then the subject was shown both
stationary discs and '"was asked to fixate the centre of each disc and to
indicate the direction of apparent rotation', Of the 16 subjects, 8 saw
movement of both patterns in the direction opposite to that which 1t had
had during'induction of the effect, The average result for the remaining
elght was .In thls direction also but less clearly so. A similar effect
Induced by "medium" and '"narrow" (2 and 4 cycles per degree resp)
horizontal gratings moving up and down resp in two adjacent panels and
switched in spacing and direction every 10 sec has been reported by
Mayhew and Anstis (1972). Of 12 subjects 10 saw motion aftereffects on

stationary "medium'' and "narrow' gratings after 10 min; 5 'transposed'

effects on "wide'" (1 and 2 cycles per degree) and "medium'' test gratings.

Since these were preéented side by stdé and exchanged positions every 5
sec, it can be expected that simultaneous and sequential contrast in the
spatial frequency domain (MacKay 1973 ahd Blakemore and Sutton, 1969
résp) will have influenced the peréeived spacing of the gratings, the
medium Qeeming narrower than it is. |If so, this experiment on
'tfanspositionFrmay be seen as a demonstratlion that spatial frequency

distortions occur prior to the texture contingent motion aftereffect.

1.18 Motion contingent upon luminance

" Mayhew and Anstis (1972) reported a further palr of aftereffects
visible on the achromatic patterned spiral described in section 1,15,
The first they descrlibe as a motlon aftereffect contingent upon its
brightness; the second, its inverse, Is an apparent brightness difference
which depends upon the sense of rotation of the disc. Two inducing

conditlions and their corresponding test situations were employed. In the
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first condition the luminance 6f the whole disc alternately took two
values separated by 1.5 log units and these were palred with the disc's
alternate clockwise and‘anticlockwlse rotations. In the second the
upper and lower halves of the disc were simultaneously given opposite
pairings Qf luminance and sense of rotation; for example, a bright upper
" half and dimmer lower half were paired with clockwise rotation, and
alternated every 10 sec with dimmer upper half/bright lower half and

anticlockwise rotation.,

After 10 min the motion aftereffects seen on the stationary disc
under various luminance con@itions were reported; while the results lead
one to keep open the possibilfty that there may be a motion aftqreffecf
' contlngént,upon Iumlhance; they do not‘compel this conclusion. The most
striking feature iﬁ that‘the Erlghter stimuli Induced,and evoked in testing,
stronger effects than the dimmer ones. Throughout the results the authors
remark on assymetries which point to this, and which raise the possibility
thatrtﬁe results are simply attributable to brdinary motion effects whbse
strength is Qreater for more luminous Inducing and test fields (Wohlgemuth,
1911). The negative'motion aftereffect corresponding to the brighter (or
brightening) test ffeld was reported by all but one of 14 Subjects while
_ the direction of motion corresponding to the dimmer condition was always
‘weaker and often zero. Under the 'whole field! conditions of inducing
and testing, mofion was reported at thé dimmer il1lumination level in only
3 out of 12 tests on 6 subjects and was ''very small" and short lived.
Under the split field conditions "the asymmetry was less marked but the
subjects consistently reported that the brighter of the two half fields
gave the larger CMAE", A doubt, however, lingers as to‘whether the well

known power of the visual system to generalise may have 6perated'here’ for
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there was a clear aftereffect in the same rotary sense present on the
brighter half fileld. Control tests In which each inducing condition
(whole or split field) was followed by the other test condition would
therefore have proved interésting. In each case apparent rotation In
opposite directions in upper and lower half fields would be’expec;ed if
the aftereffécts are'truly contingent. In summary, though the evlidence
for a motion effect contingent upon absolute luminance s not strong
there may at least be a motion effect contingent upon the relative
luminance of two test areas,

L18.1‘The overriding aftereffect in response to the brighter field casts
doubt also on the transposed results. Without artificial pupils, pupll
deustment will have somewhat reduced the (0.6 log units) luminance
differences applied, so it Is not surprising that transposition occurred

“much more often with the split field, than with the whole fleld at a
single luminance. Thls suggests that the relative luminance of the two
halves was important,but whether as an Ingredient tn Induction or testing
cannot be sald.

-

1.18.2 It may be noted In passing that there have been differing reports as

to whether the ordinary aftereffect of motion is sensitive to the lumlinance

- and contrast of the Inducing and test figures (Wohlgemuth, lBli; Day, 1957;
OQer and Broerse, 1973). The most apposite study Is that of Over and
Broerse which suggests that over the range 1=45 cd/m2 |
distinctly larger effects (by 13-50%) were obtajned when the space average
luminance of the teﬁt stimulus was thé same as that of the !nducfng

stimulus.

1.18.3 Luminance contingent upon motion, The inverse effect, of an

i1lusory luminance difference seen on the upper and lower halVes'of the
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rotating disc, does not demand explanation in terms of a contingent
aftereffect. It may show only that greater 'fatigue' was produced by

the brighter motion stlmulus.

1.18.4 Mayhew and Anstls conclude this section on luminance effects byv
describlng a '"brightness analogue' of McCollough's effect. The 40 min
which this takes to fade following a 20 min induction (V. MacKay,
unpublished observation) corresponds so well to the time which grating
contrast threshold takes to recover from exposure to a single achromatic
grating (Heggelund and Hohmann, 1976) that there seems here insufficient
evidence to date for regarding dim as different from bright in some

sense other than magnitude.

1.19 Polarity of contrast as a variable which Influences the duration

" of the"erdinary aftereffect of motion,

After fixating for 5 min the centre of a slowly rotating pattern
which was alternately,for 3 sec aplece,a black and white crazy paving
pattern or its photegraphic negative (moving clockwise and counterclockwise
respectively), the durations of the simple motion aftereffects produced by
' 13 sec exposures to similar patterns were measured (Mayhew, 1973). 1In
these tests each pattern was moved In the same and the opposite direction
to those employed during the prler exposure. If was found that the motion
aftereffect thus generated lasted a significantly shorter (average‘li sec) .
vtlme when the patterns moved in the same direction as Previously than
when they moved in the opposite direction, <bontfel experiments were
performed for the possibility that it was the "space average luminance!t
that wae responsible) When the test patterns differed in scale by a
factor of two from the inducing patterns, although the aftereffects

lasted slightly longer the difference between their durations was only
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very slightly reduced.

Mayhew remarks that since "é>motion system that was sensitive to
spatial frequency could not distinguish between the adapting patterns
used!', this experiment shows that phase or the polarity of contrast of the
pattern must be Involved In the motion aftereffect. and he makes reference
to the brightness and darkness channels of Jung (1971). Although | think
he is right in seelng contrast as the important variable (see Appendixil
his experiments do not, in fact, control for the possibility that not
polarity but the average size of elther the black or the white pattern
elements was the factor upon which his results were contingent (cf Walker,
1972 and Uhlarik and Osgood, 197h)f His finding that doubling the pattern
scale exerts only a small influence on the aftereffect duration would be
seen as hardly surprising because the black ''paving stones'' of the pattern
are some ten times as wide as the black ''cracks'" of the photographic
Anegatlvé.- Appendix |l describes the pattern-contingent aftereffect which
corresponds to Nayhew‘s observations, and uses a form of patterning which
makes It more clear that the aftereffect Is indeed contingent upon the

polarity of contrast of both dark and light enclosed shapes.

1.20 A motion aftereffect contingent upon blnoculér disparlity

If thelpair of shadows cast by two horizontally adjacent sources of
plahe polarised light are binocularly viewed through suitably oriented
polaroid f{]ters, the Identical pattern can be seen with elther crossed
or uncrossed disparity depending on the pairing of the polaroid filters
at the eyes and at the sources (Gregory, 1964). By this means a randomly
patterned disc was binocularly presented with disparities of 0.1 degree
rotating‘(at L rpm) alternately clockwise and anticlockwise in planes

apparently in front of and beyond the fixatlion point for 10 sec apiece
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(Anstis and Harris, 1974)., After 30 min of exposure to this stimulus a
pal? of contingent aftereffects were obtéined: the stationary disc
apbeared to rotate anticlockwise or clockwise according as It was
presented in front of or behind the fixatlion point, and conversely the
test field, when presented'in the plane of fixation, appeared to be a
few millimeters farther away when rotating clockwise than when rotating
anticlockwise, The first effect was strong = stronger than the motion
effect contingent upon colour when pitted against it = and lasted nearly
. 30 sec upon the first Inspection. Its duration upon successive test
inspections fell exponentially to near zero in 5-37 min, The second

effect was ''extremely weak and disappeared within a minute or two after

adaptation'.

1.21 Colour and Binocular disparity. It has been reported that using

Julesz patterns a stereo depth analogue of the McCollough effect was not
obtained after 4O min Inductlon (Over, Long and Lovegrove, 1973). The
‘analogy was not strictly complete for the 2 stimuli (red/uncrossed disparity
and gfeen/crossed disparity) do not appear to have been presented in one
and the same region of the visual field. Stromeyer, Dawson and Brown,

(1976) haQe also falled to obtain a colour and depth effect,

1.22 Aftereffects contingent upon direction of gaze,

1.22.1 Prof. T. Erisman and his student lvo Kohler notliced that-during
the first three days of wearing prisms before the eyes there was a marked

decrease in two geometrical distortions produced by the prisms, and also

that corresponding negative aftereffects were seen when the prisms were
removed (Kohler, 1951). Since these two distortions alter very noticeably

in strength as ongbturns or bows the head whtlé fixating an objeét, the
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adaptatlon to them has a considerable gaze = contingent ingredient. THe
two distortions are the stretchlng and compression perpendicular to the
prism edge (i.e. horizontally in Kohler's case) and the scissors-like
flexing of angles. The adaptations to these two effects are possibly
distinct from each other, for the adaptation to shearing eventually cancels
the real angular flexings (produced by head nodding) more completely than
does that to stretching and also reaches Its saturation value more rapidly
(Hay and Pick, 1966). These two adaptatlons and thelr aftereffects
presumably polnt to a modification of the average mapping of space In the
right and left and upper and lower parts of the visual field. That the
modificatlons are tafllored to the position of the eyes in thelr sockets
suggests that signals from the ocular motor system are involved in this
eontingent effect. If so the fleld to be encompassed by thinking about

contingent aftereffects is considerably widened,

1.22.2 Kohler (1951 and 1962) has claimed that two=-coloured goggles with
a vertically divided field, e.g. yellow to the left and blue to the right

produced gaze = contingent chromatic effects. These effects were as

delicate as the difference between two shades of note paper - with gaze
- left a white paper appeared a ''slightly solled whlte" and with gaze right
had a "faunt bluish tinge" (McCollough 1965a). Kohler's test conditions
(McCollough, 1965a) consisted of a 12° near-white rectangle of adjustable
colour wleh!n a 40° dark surreund, beyond which lay the illuminated
room.

McCollough (1965a) wisﬁing to make foveal CIE measurements of this
effect wore red/green filters on the right eye for 75 days but her careful
comparisons of the left with the fight eye then reVealedbno signfficant

gaze - contingent hue difference In the exposed (L) eye. (Two 2° test
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areas were each seen by one eye alternately in a completely dark field

and the hue of fhe left eye's patch could be matched by the subject to

the right eye's '"daylight".) Under ordinary viewing conditions also she
saw no gaze - contingent hue change on a white wall. Harrington (1965)
using red/green filters, provided by Kohler{or both eyes, likewise observed
no gaze-contingent effect, Leppmann and Wieland (1966) on the other hand,
using yellow and dark blue spectacles with a large (xl) difference in
attenuation between the two filters, report a replication of Kohler's
chromatic findings and also a large brightness difference across the visual
field. Thelir report, however, is anecdotal and only brief mention,with no
systematic testing,is devoted to the alteration ofAhue of a "movie screen"
when the head was turned‘through 4se,

McCollough (1965a) regards the effects observed by Kohler as a
consequence of the gradation of yellow to blue adaptation across the
retina. As the eyes are turned in the head she suggests (p374) that
simultaneous colour contrast with that part of the periphery which is not
viewing the inside Qf the nose or cheek slightly modifies the hue percelved
foveally. In suppoft she draws attention to the apparent yellowing of a
grey field when a small blue spot of light Is placed in the visual periphery.

Mayhew (1973b) has reported a movement aftereffect contingent upon

direction of gaze. By turning the eyes_tp and fro horizontally through

20°, 6 subjects viewed alternately two counter rotating buf otherwise
Identical patterns, After only 3 min of exposure they all reported seeing
négative aftereffecté on thchever (statlonary) pattern they viewed.
Mayhew suggests that the results may be attributed not so huch to "'double
duty' units as to ''some form of active adaptive response to the invariances
in the adaptation procedure', The possibility (since the aftereffect is

only small (p878)) that a learned cyclotorsion accompanies the horlzontal‘
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eye movement has been considered by Mayhew.. He found that when the
subject kept the eye at a given direction of gaze instead of bringing
It there by a sldaways motion, although his subjects! reports of motion
In the appropriate direction were reduced, they were not abolished. To
further clarify the factors upén which this motion after effect is
contingent It might have been interesting to bring the eye In to the

target direction of gaze from both sides and also from above 6r below. .

1.23 Summary: contingent visual aftereffects

Over a dozen visual aftereffects have been described, each of which
Involves two parameters of the visual world., During the inducing expésure
these paraméters are so paired together that afterwards the réal value
taken by one determines the illusory value taken by the other. The visual
parameters concerned are polarity of contrast, colour, pattern spacing,
orientation, direction of motlion, bfnocular disparity and possibly

\luminance. About half of the pair combinations of these parameters have
been shown (1977) to generate aftereffects.

These -aftereffects are all negative. None of them shows interocular
transfer. Théy become stronger when the inducing exposure is extended to
half an hour.or mére.‘ They are remarkable for their durations which range
from 2 minutes to over 24 hours.

The three explanations of these effects which had been offered up to
1972 were in Eefms of (a) the on-going 'normalisation' of the system on
the bagis of the average input from the environment; (b) selective fatigue
of cells in the visual pathway which respond to two or more features of

the visual environment, and (c) associative learning,
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CHAPTER 2 FURTHER PROPERTIES OF THE MCCOLLOUGH EFFECT

Some of the principal propérties of the McCollough effect have
already been mentioned in the previous chapter (in §ections 1.5 to 1.8).
Further and more detailed literature on the effect is reviewed In this
chapter. Some variables of the exposure situation are dealt with
in sections 2.1 to 2.3, 2.4.6 and 2.7.12. The remainder of the chapter
describes properties of the aftereffect.

The section on the growth of the afteref%ect (section 2.1) and that
on the attendant reductions in the visibility of gratings (section 2.5)
have a bearing on the mechanism of the McCollough effect. The remainder
are Instructive as regards its possible locus.

Three topics are omitted from this chapter because they will be
dealt with later in this thesis. ‘They are the time course of decay of the
McCollough aftereffect, binocular involvement in the effect and the
resemblance of the,conditfpned aftereffects to conditioned responses. The
literature on these subjects will be considered in chapters 5, 6 and 9 resp.

A summary of the most significant properties of the McCollough effect

appears In chapter 9.

2.1 Growth of the McCollough Aftereffect during induction

2.1.1 Saturation of the McCollough aftereffect hues

The saturations of both the green and the red hues seen as aftereffects
upon achromatic gratings increase most quickly during the first few minutes
of exposure to two alternately presented, differently coloured, orthogonal
gratings (a McCollough exposure). Thebsaturations of both hues grow by at‘
least a quarter (Hajos, 1969) and in the absence of testing bylnearer a half

(Riggs, White and Eimas, 197h) with each successlve doubling of the exposurel
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duration from 2 min up to 16 min. The hues still continue gaining strength
when the McCollough exposure is prolonged beyond 25 min (Riggs et al, 1974),
approaching a celling after I} hours (Stromeyer 1971).

After 5-10 min of McCollough exposure the hues seen on achromatic
gratings at ordinary photopic levels of Illumination are rather pale., For
example, following a 7 min McCollough exposure (to orange and blue-green ‘
gratings, Wratten 16, 47 resp. at 10fc) the average saturatlions of both the
green and the pink aftereffects for 2} subjects who made tristimulus
colour matches to the two orthogonally striped areas of an achromatic 10fc
test fleld were only 10% and 11% resp. (Hirsch and Murch, 1972). There
were, in addition, 7 further subjects who, though "colour normal" and
" “competent'! in making colorimeter matches to real colours, reglstered and
verbally reported no coloured aftereffects. Results of only 3-4% saturation
~ were obtained for six subjects on 5.2ftL test fields (Rtggs et al, 1974)
following a similar 10 min exposure'to magenta and green gratings (Wratten
3hkA, 53 resp at 5.2ftL). The latter measurements were made using a
cancellation technique In which the subject was asked to add coloured light

to each of the two orthogonally striped areas of the test field in such a
way as to keep them mafched in hue. The strongest aftereffects that have
been reported are 55% and 40% for the red and green resp, These colorimeter |
readings were made {(with one eye whilevthe other viewed the achromatic
grating at 1.65ftcd), 30 min after the end of a 90 min exposure to green
(530nm) and red (620nm) alternated gratings. (Timney, Gentry, Skowbo and
Morant, 1974). If the teﬁt.field Is very dimly 11t In the mesopic range
the hﬁes look stronger. After nearly two hours of exposure to green and
‘red gratings (Wratten 55 and 26 resp). The Munsell chips (at 4,6ml) which
were selected, using the left eye, as colour matches to achromaglc gratings

at 0.085ml, viewed by the right eye Included 5R 6/8, and 56 8/4 after 30
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min and 5R 7/8, and 7.5G 6/6 (Stromeyer, 1971).

2.].2 Measurement of the Growth of the McCollough effect

There are two bossible ways of measuring the increase in McCollough
aftereffect strength as a function of exposure duration, each of which has
a merit. |

Hajos (1969) interrupted the McCollough exposure at Intervals to make
measurements of the aftereffect strength. This method has the merit that
the subject Is in a similar metabolic state throughout, so the scatter of
results Is only moderate. It has the drawback, of course, that rapid decay
. occurs during each test period (cf Chapter 5), so the resulting plot of the
growth of the aftereffect cannot but fall somewhat below the values which
the aftereffect would have been attained in the absence of testing.

kiggs, White and Eimas (1974) employed the alternative and more
satlsfactory method of exposing the same subjects for different uninterrupted
lengths 6f time on several separate occasions and measuring the aftereffect
vat the end of each exposure.

(The colour mixers used in the above measurements are described in'the
- supplement to this Chapter 2. 84 4-5 )

Both methods yielded a slmllar form of curve with a rapid increase in
the first four minutes and only about a third as much growth In the next
four minutgs. The results yleld straighter 11nes when plotted on log/log
coordinates than on the semi-logarithmic coordinates chosen by Riggs et al
(1974) for their Fig.'3. OQer the range 1-10 min the average slopeé of the
log/log plots range from 0.31-0.4k4 (Hajos, 1969) to 0.55-0.7 (Riggs et al,
1974). That the nett growth is so much smaller in Hajos's experiment is
probably attributable to the high luminance (éml) and considerable durations

of the testing in which "a short break' was followed by eight colour
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matchings.

Hajos (1967) also studied the manner in which the aftereffect strength
(as judged froﬁ the percentage of 'correct' replies) returned to zero when
the regular‘cycle of exposure and measurement that had been used to induce
an effect was continued but with the Inducing stimuli turned through 90°.
The curve for canceilation of the effect was close to the Inverse of the

growth curve, the effect being removed slightly faster than it had been

induced. : -

2.1.3 The time scale of this growth process is much more protracted than
that of any other purely visual aftereffect (apart from the other contlngent
aftereffects). Only those effects which Involve eye-hand coordination and
.non-passive locomotion and movement have comparable time constants (cf Table
2). The figural éftereffects, the Gibson bent line illusion, the spatial
frequency shift and ordinary chromatic aftereffects all attain saturation
within less than 5 minutes of exposure to appropriate stimuli. There is,
of course, the possibility that the stimull generally employed to tﬁduce
contingent aftereffects are grossly Inefficient. But all attempts so far
to induce effects more rapidly by suitable selection of obvious variable§
such as the luminous intensity, colour, spatial frequency and presentation
rate of the two gratings have yielded only minor improvements. (2.9.2)

The high saturations eventually obtained indicate that a considerable

fraction of the visual input is passing through the McCollough-biassed

Systemo

2.2. Tlmfng of the Stimulus Cycle

Hajos (1969) altered the duration of the Individual presentations of
the two coloured gratings and the length of a dark fnterval between them

and the total duration of the exposure. His most intriguing discovery was
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that the aftereffect strength depended upon the total induction time,

inﬁluding dark periods,
For example, when 10 min of grating presentation was spread out over

30 min by changing the stimulus cycle from 1 sec 'on'/zero sec 'off! to

1 sec 'on'/2 sec 'off!, the aftereffect was doubled In strength. This is
the very same‘growth rate = a doubling of the aftereffect for a tripling of
the induction time - which was 1a;er found by Riggs et al in the
uninterrupted exposures with no dark periods (mentiéned above). This
finding sugges;sveither that a process of consolidation takes place in the
dark intervals, or that diminishing returns set in when the light is on for

a large fraction of thelcycle, or both.

2.2.1 Hajos (1969) then compared the aftereffect strengths obtained using

a single stimulus rhythm and varying the cycle length over the eightfold

range from % sec 'on'/% sec 'off' upwards but found no significant trends,
White and Ellis (1976, and White, 1976) have since extended the range
greatly (but using no dark intervals) and found that with ‘on' times of
below ¥ sec the aftereffect decreases to about one third of the maximum

value which it has for grating presentations in the range 50 - 1 sec.

2.2.2 A further study of the timing of the induction cycle, in which
pattern and colour were presented separately with a variable intervening
~ dark interval |s described in a later section (2.4.3) (Murch and Hirsch,

1972) and also  Chapter 9.2.5 (Murch, 1976).

2.3 Alteration of the position of the stimulus on retina during Induction

2.3.1 Fixation Is not necessary during induction or testing (McCollough,

1965b). Harris and Gibson (1968;) tried to eliminate the possibflity that
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the McCollough effect was nothing more than simple afterimages acquired by
involqntarily fixating ﬁhe same part of the grating upon each presentation.
‘They presented the gratings as very brief (80 msec) flashes, with their
positions on the screen systematically shifted by a half cycle, and still

obtained a good aftereffect.

2.3.2 The converse possibility = that movement of the image over the retina
was an essential factor‘i; inducing an‘aftefeffect - was advanced by Piggfns
and Leppman (1973) after finding that exposures to stabilised gratings
~ produced no McCollough effect; Stromeyer and Dawson (1974), however, showed
that aftereffects could be induced using a succession of flashes go short
(60 microsec) that no appreciable eye movement could occur during each
preséntatfon, but sufficiently bright (106cd) that the afterimage was
visible for 1-2 sec after each flash,

It seems, therefore, that neither fixation, nor motion of the Inducing
stimulus is essential for the production of McCollough aftereffects, but
that the mechanism which produces fading of stabilised images precedes the

site of the McCollough modification.

2.4 The Hues of the McCollough aftereffect and of the phantom fringes

2.4.1 The hues of the McCollough aftereffects as a clue to the mechanisms

underlying the effect

The hues of the McCollough effects seen after exposure to various
colours of grating are poténtial clues as to the way-in which the four
retinal receptor systems feed into the McCollough mechanism,

For instance, It was said by one of the two experlimenters who have
published most on the aftereffects produced by grétings of colours ofhér

than red and green, that the (McCollough) “aftereffects are baSicaliy red
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and green' (Stromeyer, 1969, see section 2.4.4), And the other (Hajos, -
1970, see section 2.4.5) found that "not a single blue naming response
(but 50% red and 40% green)'' was produced by viewing a yellow Inducing
grating in combination with gratings of other colours.,

Stromeyer later (1972, section 2.4.4) revised his opinion, but these
earlier statements, had they held up for long (as well as for short)
exposures might have been taken as showing that only the red and green
cones feed into'the McCollough mechanism,

Again, Hajos (1970, 1973) later claimed (see Section 2.4.7) that ''the
long wévelength yellow to red patterns produce a pink aftereffect which is
at right angles to the orientation of the... (inducing) pattern". This
claim, if substantiated, would have radically affected the picture of the
connections which precede or form part of the McCollough mechanism -
revealing perhaps, as Hajos proposed, ''an opponent orthogonal inhibition''.
In- the light of subsequent experiments both these early conclusions seem
to be mistaken, but they are mentioned here firstly to illustrate the
interesting type of pointers which may be gained from experimental evidence
in this reglon, and secondly to provide a context for experiments which

were léter performed (chapter 8.1).

2.4.2 Hues of the Phantom fringes

in view of the later impression that the McCoflough Naftereffects are
basically red and green' (Stromeyer, 1969), it is interesting to turn back
briefly to the phantom fringe literature and note that all expérimenters
descrlbe as ''‘blue", and rareiy as green, the hue seen on that contrast edge
which, during prism wearing had been bordered by a vivid red band shading
bﬁo an orange-yellow zone. Thus Gibson (1933) after 4 days speaks of ”Blue"
and "red"; Hay, Pick and Rosser (1963), after 10 days, of the "pluish!

and "'reddish" fringes seen in ordinary, and also monochromatic (642nm),



55

iilumination, Hajos and Hajos (1965) speak of 'blue-green' and 'orange''.
Kohler on his 12th day of prism wearing describes '"bluish-violet' and
ttreddish-yellow'" borders and on his 50th "bluish' and ''yellowish'' ones.
After only 2 hours induction the present author described the pale colours
seen as '‘turquoise' and ''pink". In the phantom fringe aftereffect it

therefore seems probable that all three cone Inputs are involved.

2.4,2,1 Half-Spectra?

In passing, a disturbing phrase of Kohler's (1951, p26) may be noticed
but not given undue weight; he refers to the aftereffect fringes as '‘half-
spectra', sayling it was as If the subject had developed the power to
break white light into its components'. This description seems to have
been called forth, however, not so much by the detailed appearance of the
fringes as by their Impressive ability to render completely Invisible =
by "exactly compensating for'! = the real refractive fringes produced by the
prisms. For example, when at a black and white movie (50th day) Kohler's
real prism fringes ''were not the tinlest bit visible' when wearing the
prisms, though on removal of the goggles all non-horizontal edges had
ndistinct bright yellowish' or '"bluish'" edges = ''nothing else'', he exclaims,
Wput the exact negative offprint (Abklatsch) of the prfsm effects of the
first days and weeks of the experiment', |If this means that different hues
were visible at different angular distances from the contrast edge, the

mechanism of the prism adaptation is an order more complex than has been

appreciated!

2.4.3 Hues of the McCollough aftereffects:

Colour complements of the inducing colours?

McCollough (1965b) described the hues produced by alternately presented

blue and orange gratings (Corning 2-73 and 5-56) as ''blue-green' and
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‘VYlorange''. McCollough and Clark (1970 unpublished and mentioned by Hirsch
and Murch 1972) wondered whether the aftereffect hues are always cofour
complements of the inducing colours. They found, however, that changing
the colour of only one of their Fnducing gratings altered the hues seen on
Egsn.orientatlons of grating in the test figure. The evidence considered
in section 2.4.3 suggests that this Is probably a consequence of the
changes in retinal colour sensitivity brought about by exposure to the
preceding colour; that in section 2.k.k suggests that if one exposure
grating only Is used the McCollough hues are colour complements of the

grating colour.

2.4.4 The Hues seen after viewing a single coloured grating

To‘aQold’compllcatlons introduced by changes in retinal sensitivity
(2.&.3), it is dgslrable to expose the subject to only one coloured grating
(e.g. Stromeyer, 1969; 1972b), on occasions sufficiently well separated to
allow the effects of earlier exposures to fade completely. (Stromeyer did
not in fact’usually give the earlier aftereffects long to fade but
‘neutralised' them by a fresh exposure to the same grating turned through
90°.)

Stromeyer's three subjects (1969 table 3) were exposed for 10 min to
a single vertical grating, illuminated by one of a set of 18 narrow=-band
filters spanning the rahge from 404=-620nm., When ''several minutes'' had been
allowed for the non-contfngent "afterimages to fade', the subject was shown
an achromatic test flield having areas of both vertical and horizontal stripes
and asked to describe the hues they saw on each area and to allocate
arbitrary subjective ratings to the saturations of thése hues. The verbal
- reports Included a wide variety of c;lours from "bihkish-purple" through

nqold-yellow' and ''yellow-green'' to 'bluish-green' and "'greenish=blue' but
g b g
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'congpicuously did not report blue or bluish violet. Also their saturation
ratlngs were large only for the hues ''red", '"pink', 'green' and various
i'yellows', the bluish and purplish hues being always feeble. As the
wavelength of the Inducing fi]ter was decreased (starting from the red end
of the range), the reported hues ''showed a sharp reversél“ from green to
pink when the filter was in the region of ''‘pure yellow'" (582nm) and made a
return to green in two of the subjects, and 'gold" (rather than ''pink'!)
reds In the third, when tbe filter was near "pure blue" (476nm). The only
reports of 'no colour" in the aftereffect occurred at or near these
reversals. It was these results that led Stromeyer to conclude that ''the
aftereffect on the vertical grating is clearly not the mixture complement
of ;he adaptation grating' and that the ''aftereffects are basically red

and green'', |

Three years later, however, experiments using 30 min in place of 10

min Inducing periods led him to revise this opinion - ''it now appears that
blue and orange-yellow aftereffects may also be obtained, although they

are not as readily produced as the red and green effects' (Stromeyer, 1972b).
He then describes the aftereffect hues as "approximately complementary to
the adaptation ;olours”. His measurements Qf the saturations of these hues
(made on an adjacent unpatterned area whose colour purity was determfned by
polarizers inrfront of two projectors) show that the blue afterefféct was
less séturated than the red green and orange hues by a factor of five.

While there seems, therefore, to be no reason to think that all three

cone types do not feed into McCollough méchanisms, thé blue aftereffect
requires longer inducing times before revealing itself. This conclusion
appéars to be supported by the observations on the phantom fringe hues
described above.

For evidence that the rods also affect the McCollough mechanism see
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2.4.8: The McCollough effect visible at scotopic luminance levels.

2.4.5 The blue aftereffect Is of weak saturatlion after brief exposures

The poor visibility of the blue aftereffect s further emphasised
by an experiment in which more than one inducing grating was used (Hajos,
1967 expt IV). Eight squects were given McCollough-style exposures for
the minimum time necessary to elicit In six consecutive tests the same
verbal report of the hues seen., (Testing,.. on a field bearing both
orientatlions of grating, )nterrupted the presentation of the coloured
gratings every ¥ min ) In the course of a serles of runs the (horizontal
and vertical) inducing gratings were projected through all possible palr
combinations of a red, a yellow, a green and a violet filter (Wratten
broadband with dominant wavelengths 660nm 580nm 520nm, 470nm). Hajos
expected that If the hues of the aftereffects were complementary to those
of the four filters, then 25% of all the hue namings sh&uld fall to each
of the four possible colours; In fact the results were red:45%, green:28%,
yellow:13%, blue:5% and 9% ''!no colour',

Hajos 1inks these proportions with fhe highly similar ratios of on-
centre red, green and blue cells then newly reported in the monkey LGN by
Wiesel and Hubel (1966). But it would have been interesting to see whether
‘the proportions remained unaltered given a longer exposure to the inducing
stimuli. With stronger aftereffects a drift towards blue might be expected
frém the findings of Wilson and Brocklebank (1955), that real hues which at
high saturations are perceived as blues, at low saturation look Increasingly
violet. |t would also have been interesting if Hajos (and Stromeyer too)
had obtained verbal hue judgements from their subjects of the ordinary
chromatic aftereffects seen on the identical test fields after exposures of

simllar duration to those of their McCollough exposures., This wéuld have
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answered the question as to whether blue aftereffects were difficult to
see under the conditions used irrespective of the McCollough effect.

In summary, red and green aftereffects are much more readily notliced
by subjects than blue and yellow.ones but blue and yellow aftereffects are
reported following longer exposures. There is no good evidence that
McCollough hues are not complementary to the inducing hues or that the red/

green opponent system Is involved In a special way in the McCollough effect.

2.4.6 A siteofchromatic adaptation precedes the site of the McCollough

As has been mentioned above, (section 2.4.3) McCollough and Clark
(1970 unpub) found that altefation of the colour of o;e of McCollough's
orthogonal gratings, (e.g. replacing the blue grating by a green one),
affected the hues seen afterwards on both orientations of stripe on the test
figure. This result might at first sight be directly explicable in terms of
a population of McCollough's (1965b) '‘wavelength sensitive edge-detectors!'
of which the group left unfatigued and ready to be adapted by a grating of
a particular colour will depend upon the colour of the immediately preceding
grating. But Hirsch and Murch showed (1972) that such an explanation in
tefms of a single adaptation site is too simple. They found tﬁat.the CIE
values of the a=-e hues could also-be affected considerably without altering
tﬁe colour of either grating by presenting an unpatterned differently
3 goloured slide before the grating slide. When an orange grating (Wratten
16) was preceded by a yellow plain field (Wratten 74), and a blue-green
grating (Wratten 47) was preéeded by a blue field (Wratten 47B) - the four
sllides being presented for a few seconds aplece in succession a number of
times, for a total of 6 min = the green a~-e became mofe bluish and the

yellow orange a-e more reddish than they had been in a control run in which
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the plain coloured fields were omitted. Hirsch and Murch (1972) conclude
. that these resu]ts and McCollough and Clark's require explanation in terms
of "at least two levels iﬁ the visual system: first a ''general color
adaptation independent of edge detectors' which "selectively preadapts the
;olor vision system', and secondly the ''slope analysers'',

Their next paper pressed home the same point (Murch and Hirsch, 1972).
Here both inducling gratings were achromatic and differed only in the
orlentation of their stripes, yet being each shortly preceded (1 sec before)
by a differently coloured unpatterned field, generated pattern contingent
chromatic aftereffects. A chromatic effect was also Induced using a single
achromatic grating alternated every 10 sec with a single coloured field.
The hues seen on the test gratings were the reverse of those produced by a
normal McCollough exposure = as if the McCollough aftereffect were generafed
by thé complementary afterimage of the coloured field. As In thelr previous
paper, Murch and Hirsch account for these phenomena in terms of ''the |
adaptive state of the retina at the time tHe inspection lines are presented'.
They assess the duration of this presumed selective fatigue of the retina |
by lengthening the time interval between presentation of the coloured fleld
and of the achromatic Inducing'gratlng from 1-50 sec. With a presentation
time for the coloured grating of 10 sec, the hue aftereffect became
insignificant when the interval between presentationﬁ exceeded 20 sgc; (The
duratlon of the simple colour aftereffect following a 10 sec presentation

of a blpartite red/green field Is about 40-60 sec, VM.)

2.4.7 A colour opponent 'orthogonal inhibition'?
Several experimental observathns raised the highly interesting
posslbllity that the human visual system might contaln an organisation (at

or before the site of the McCollough effect), linking channels signalling
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orientatlons perpendicular to each other fn a colour-opponent fashion.
The evidence for this Is set out below and also its interpretation In these
terms. As will become c!eér In'chapter 8, [ consider thls interpretation
of the data to date to be ruled out by various control experiments., | have
Jtherefore indicated below in square brackets the points at which control
experiments are Instructive.

The idea of a "heterochrome and orthogonal Inhibition between bar-
detectors'' was first suggested by an experiment of Hajos's (1970, 1973,
fig. 2) In which he measured the saturation of the chromatic aftereffects
(seen on a slngle vertical achromatic grating) after viewing: (a) a normal
McCollough sequence of a green vertical and a red horizontal grating, and
(b) on another occaslion, the green grating alone. He was Impressed by the
fact that the saturation of the pink hue was much greater In the former
case(by a factor of about 3)than in the latter and by the fact that dodbling
the time for which the green gratfng alone was viewed still] did not greatly
lncrease the pink aftereffect. He concluded that it was the horizontal red
grating which was causing the large difference between the two runs, by
producing a large red aftereffect perpendicular to ltself, [A necessary
control here Is to omit the horizontal black bars from the normal McCollough
Inducing stimulus but not the red fleld, (see expt 8.1)] A control
experlmenf on these lines was performed by Harris (1972) and showed that in
the case of a green grating the orthogonal effect cannot be larger than the
effect Induced parallel to the grating, He viewed for 40 min a green
grating presented alternately with an unpatterned red fleld, the green grating
being rotated slowly throughout the inducing period so that it was presented
equally at all angles. The aftereffect on a single achromatic grating
presented at varfous angles was then found to be always pink re]ative to an

unpatterned white field. Hajos (1971, 1973) performed a rather simjlar
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experiment also using green and not a red inducing grating. This too
suggested (although he does not draw this concluston) that any orthogonal
effect produced by a green grating cannot be large. He employed an
inducing regime similar to McCollough's (1965b) except that = - horizontal
and vertical gratings were of the same colour (green). |If there were any
aftereffects of the opposite colour induced at the orlentation perpendicular
to each Indﬁcing grating these must be expectgd to reduce the saturation of
the afte}effect on both vertical and horizontal test fields. Hajos plotted
the strength of the aftereffect seen on a single grating presented at 10°
Intervals'and remarked that the results for the two green inducing gratings
used together were well approximated by the sum of the results for each
greeﬁ grating singly.

Curlously the red grating which, it had been alleged, produced ''both a
green aftereffect on the verticals and a red aftereffect on the horizontals
of ,a; neutral test pattern'' (Hajos, 1971) was not further investigated and
though the idea "that the colour-sensitive vertical and horizontal line
detectors are ofganised in an opponent manner'' was queried somewhat by
Murch and Hirsch (1972) and by Harris (1972) it lived on and was invoked
to explain two further phenomena. |

Stromeyer (1369 Table 2) found that following eprsure for 5-10 min
to a single vertical coloured grating when oée Inspects (after simple
chromatic effects have faded) a test field having areas of both vertical
and horizontal achromatic stripes, the horizontally striped areas showed
nearly»as great a readiness to assume an illhsory hue as the vertically
striped areas. If one turns the test figure through 45° the hues disappear.
[A control here is to substitute plain white test field for the vertical
stripés - see Expt 8.1.]

The second phenomenon appeared to be a direct conséquence of the prevloué‘
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one. It concerned the power of a grating apparently to 'neutralise!
aftereffects at right angles to itself (Stromeyer, 1969, 1972; Murch and
Hirsch, 1972). Hajos (1967) had found that the aftereffects seen on a
two part test field (such as McCpllough's 1965b) following a normal
McCollough exposure ta a red and a green grating could be reduced to zero
by turning the inducing gratings through 90° and administering a second
exposure, shorter than the first. By 1972 both Stromeyer (1969, 1972) and
Murch and Hirsch (1972) were using this technique to 'neutrallise" or
"dls[nhibit“ unwanted res!duél aftereffects before commencing a new run,
but whereas Hajos had used two gratings at right angles, they were using
a single Inducing grating. The Implication seemed to be that exposure to a
coloured grating produced an aftereffect of the same hue as ltself at the
orientation perpendicular to itself -~ in addition to the aftereffect in the
complementary hue parallel to itself. Stromeyer (1969, Expt 2) expresses
| Justified surprise that although the single grating when vertical "had
originally produced a stronger aftereffect on the vertical grating than on
the horfzontal”, the second exposure, to the same grating turned horizontal,
can in one third the time ''readily neutralise" these effects without
producing ''considerably stronger aftereffects on the horizontal grating than
_on the vertical'. He conclude§ that 'the Interaction of processes due to
orthogonal gratings Is probably not additive", [Judging the 'neutralicy!
of the hues relative to a plain white field Instead of relative to a second\
striped one Is Instructive here. see Chapter 8.]

The colour opponent orthogonal inhibition is further discussed in
Chapter 3 and experiments to measure It following exposure to both red and

Qreen yratings appear in MacKay and MacKay 1977 and In Chapter 8,
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2.4.8 McCollough effect visible at scotopic luminance levels

The phantom fringes are sald not to be visible at scotopic levels
(kohler, 1951; Hay, Pick and Rosser, 1963). These observers both reported
that as the luminance of the visual field was decreased (within the range
40 mim - 1073 mim) the fringes became more noticeable = being strongest
13t about the level of dim electric light" (Kohler, 1951). But when the
test luminance was further reduced, to that of ''the colourless twilight'
(kohler, 1951, 16=17th day), "below the region of ordinary colour
3

sensitivity! (i.e. below 10 ° mlm) "no colour fringes were seen'. (Hay,

Pick and Rosser, 1963, 10th day).

In the case of the McCollough effect however, observations have been
made which suggest that ''colour sensations'' can be “elicited through the
rods" (Stromeyer, 1974), McCollough effects were Induced at photopic
levels (70ml1) using a magenta and a green filter (Wratten 31 and 40 resp),

a wide figld (30°) and broad gratings so that the corresponding test gratings
. would be resolvable at scotopic levels. The exposures were either for 20
min to a vertical and a horizontal grating, (both of 0.75c/degree), or for
40-60 min to two vertical gratings of differing spatial frequencies (0.5 and
2.0c/degree). In bothycasesrall three observers afterwards reported
tpinkish" and '"greenish'' hues on the appropriate areas of paper test

figures containing adjacent areas of sultable stripes, even when the luminance
of the testtgratings was reduced by means of a neutral wedge to a luminance
level below_lo-hmlm.‘ There s;ems no doubt that Stromeyer's observers were
functloning at genuinely scotopicrlevéls,for.they noticed as the
f1lumination was reduced that the test gratings changed thelr appearance

3mlm from "sharp'" to ''diffuse’. For two of the

markedly at just below 10°
ohservers, dark adaptation curves were plotted using the same 'yellow=-

green'' [lluminant, the same neutral density wedge and the same (though now
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'unpatterned) white pgper which had been used in the tést gratings. The
subject set the neutral density filter to such a position that as time
proceeded ''the 10° diameter disc of white paper on a black ground remalned
just below threshold'. The "rod/cone break" in the resulting curves‘fell

3

just below 10 °mim,

That these chromatic,gensations can be ellcited at scotop}c levels of
{1lumination indicates that either the cones themselves, or else those
mechanisms which are usually fed by the cones, continue functioning at

"i11lumination levels where the cones are generally considered inactive.
Stromeyer's Interpretation of the results is that ''rod signals influence
colour mechanisms'',

There is accumulating anatomical evidence of rod-cone interactions
of varlous.klnds even so early as the primary receptors In varlous animals
(e.g. Dowling and Boycott, 1966). In man It has long been known that the
thlllght vislon mechanism contributes to perceived hues at mesoplic levels
(Purkinje 1825) and there Is Increasing evidence of interaction at scbtopic
Jevels (bibliographies in: Trezona 1974; Frumkes and Temme, 1977). So
this finding of Stromeyer's concerning the McCollough effect will possibly

find a place in this context. If so, the site of the McCollough effect

must be on the central side of at least one confluence of influences from

rods and cones.

2.5 'fif‘guel and the McCollough effect - are there attendant reductions

in visibility of coloured gratings? -

Helmholtz (p235) describes two consequences of stimulation of the eye
. by light: firstly that sensation persists after the stimulation has ceased,
and secondly that the sensitivity to further‘sttmulatlon Is lowered. This

second aspect of the condition he calls ''fatigue'': ''the fatigue of the
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‘nervous substance of vision has about the same effect on the sensatlon of
fresh Incident light as If the objective Intensity of this 1ight were
diminished by a definite fraction" (phk40)., He had chiefly In mind the
effects of viewing moderateiy lit statlic stimuli, but essentially the

~ same explanation, invoking the fétfgue of Yorgans'' or "unjts" sensltive to
various feétures of the visual world, has been extended to the‘effects of
viewing coloured and'ﬁovlng stimuli (von Bezold 1876 plkh3; Barlow and HI1],
1963, resp). |If the McCollough effect is indeed evidence, as Celeste
McCollough suggested, of the 'adaptation' of wavelength sensitive 'edge-
~detectors' it might well be expected that the brightness and the visibillty
of gratings would be reduced by exposure to gratings of about the same

i

colour, orientation and spacing.

2.5.1 Brightness reduction after McCollough exposure

Hajos (1970) says that a 25% reduct]on in the brightness of a stripéd
field Is produced by exposure to a green vertical grating. The subject
métched the brightness of an unpatterned green field to that of a green
grating before and after an exposure of ''suitable length'. (He does not

appear to have published further details,)

2.5;2 Elevation of threshold following short exposures to coloured gratings

There have been several reports of reductions in the visibility of
coloured gratings by brief prior exposures (1asting 120msec, 15sec, 3 min,
3.5min) to coloured gratings (May, 1972; Lovegrove and Over, 1973;
Maudarbocus and Ruddock, 1973a; Sharpe, 1974 resp). It appears highly
unlikely (see section 2.5.3) that these effects are ascribable solely to the
McCollough mechanism.r In sharpness of tuning for both angle and spatial
frequency they show, as might be expected, resemblances to the parallel

findings on achromatic stimull (Blakemore and Nachmias, 1971; Blakemore and
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Campbell, 1969b).

when exposure and test were administered to the same eye there was a
colour specific elevation of threshold by a factor of at least 30% for all
angles. When the orientation ofladapting and test gratings came within
about 15° of each other there was a marked increase in this difference to
' about 70%. This increase points to mechanisms sensitive to spacing and
/or orlentatlon'whlch operate separately for the Inputs to the red and to
the green receptors. The bandwidth of this system Is about 1} octaves at

5 cycles per degree (Sharpe, 1974).

2.5.2.1 Interocular transfer of colour dependent threshold elevation?

Mandarbocus and Ruddock (1973a) and Sharpe (1974) have exposed one
eye for abéut 3 min and tested on the other using similar sinusoidal blue
and red. gratings but have obtained differing results. The difference
presumably stems from the fact~that whilst Mandarbocus and Ruddock seem to
have occluded (Mandarbocus, 1973) the unexposed eye, Sharpe '"held a plece
oégroundgﬂass" over his to maintain its state of light adaptation and so
this eye was recelving light of the same colour as the exposed eye. During
testing the ground glass was placed over the other eye. Mandarbocus and T
Ruddock (1973a) found no colour specific difference in threshold elevation
(and a 1 octave bandwidth for the effect). Sharpe (1974) on the other hand
found a 30% colour specific difference in threshold elevation; transfer to
the unexposed ;ye was 84% when the colour was different in adapting and
testing and 54% when it was the same. This difference may be ascribable to

simply the colour adaptatioﬁ of the'transfer'eye as a result of looking at

coloured light through the ground glass or to the dichoptic mechanisms of

chapter 6.] 050
2.5.2. What Is not clear, as Timney, Gentry, Skowbo and Morant (1974, 1976)

pointed out = is the extent to which the McCollough mechanism is responsible
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for any or all of the above reductlons in visibility. The inducing

times used were short (y20msec - 3.5min) and in no case was it reported
that supjects could>see a McCollough aftereffect. Timney et al (1974)

* found that after exposure to a coloured grating for 50 min, though "there
was a pronounced elevation of threshold immediately following adaptation,
It is usually back to base level within 30 min''. At the end of this time
a McColl&ugh effect was, however, still visible (and presumably quite

distinctly so after so long an inducing period).

2.5.3 Threshold measurements when a McCollough effect was known to be

| present

Timney et al (1974) therefore sought to Isolate the effects of the
McCollough effect from those of other shorter-lived effects by allowing
half an hour to-elapse after the end of the McCollough exposure before
making threshold measurements. These were made at 11 wavelengths evenly
spaced from 500-650nm. They also measured the strength of their subjects'
McCoilough effects Before and after performing the threshold measurements.,
A very long (90 min) McCollough exposure (at 620nm and 530nm) ensured that
a considerable aftereffect (38% saturation) was present. Their plots of
thrgshold as a function of wavelength before and after the McCollough
exposure are almost colncident. And their concluslon Is that ''the
'sufficient conditions for generating and sustaining a McCollough effect are

not adequate to produce or maintain an orlentation=specific threshold

elevation'',

2.5.3.1 Kruger (personal communication 1976) has, pointed out that such
differences as there are between their two plots, though small, are
systematic. These suggest that visibility was actually increased (by

about 7%) for the test grating whose colour and orientation coincided with
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that of the inducing grating, though it was decreased throughout much of

the spectrum,

2.5.3.2 In summary, though considerable colour and orientation specific
threshold elevations have been recorded shortly after viewing coloure&

gratings these are not definlitely ascribable to the McCollough mechanism.

2.6 Areal specificity of the McCollough aftereffect

The McCollough aftereffect can generalize at reduced saturation over
a few degrees of a uniformly striped test area which overlaps part of thé
area stimulated during inductign of the effect (Murch, 1969; Stromeyer,
1972a). ‘'When the pattern (6% square) partlially overlapped the marginally
larger adapted area, no subject reported seeing a sharp border between an
‘area of colour and an area of no colour on the test pattern, although the
aftereffect appeared more saturated on the adapted side.' (Stromeyer,
: ]972a5. When the test .field contained Areas of differently oriented stripes
tﬁe colour 'spread out to'the nearest border and stopped there. (Harris and
Barkow, mentioned by Harris, 1970.) The hue was judged most saturated when
the test area "largely overlapped the adapted area" (Stromeyer, 1972a).
When ﬁhe.entire test pattern fell more than LO' of arc outside the area of
the visual field previously occupied by the Inducing grating no effect was
seen (Stromeyer, 1972a). '

strict fixation during both induction and testing of these effects Is,
of course, essential. In fhe tests which led Murch (1968, 1969, 1970) to
claim that the aftereffect extends over the whole test pattern the subjects
were gl?en no fixation point or instructions during testing.

Stromeyer (1972a) and Harris (1970) both suggest that small involuntary

eye movements may lead to the limited degree of generalisation, thch they
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have observed. Harris (1970) alludes to the well=-known tendency of '"a
shallow gradlent'of brightness or colour within a bounded region to yleld

a homogeneous appearance throughout that region',

2.6.1 Generalisation across the vertical mid=line of the visual field?

Murch (1974a) has ralsed the interesting question as to whether
genéral!satlon occurs across the midline of the visual field. Stromeyer's
(1972a) fixatlon points during (binocular) induction and testing of the
McCollough effects were at the midpoint elther of the top edge or of the
left-Hand edge of the pattern and in reducing the degree of overlap he
" moved the probe upwards or leftwards respéctively. In the case of leftward
movement the input from the test probe was therefore ''shifted from the
right to the left lateral geniculate body which had not been adapted for
colour during induction" (Murch, 197ka). In fact, such small differences
és there are in Stromeyer's results tend to suggest that there is less
generallsation vertically than horizontally! Murch performed a similar
experiment monécularly asking his 12 subjects to fixate with their left
eye the middle of the test pattern ana to indicate 'whether the colour
covered the entire test pattern or only a portion of it. In the group for
whom the test field had moved Vertlcally (T.e. remaining within the same
‘hemi-ret!na) only a minority reported a hue difference, and "indicated that
the border was very unspecific' whereas In the case of horizontal movement
all subjects ''who reported an appropriate hue on the test pattern also

reported that the colour cerred only part of the test pattern" and a
ndistinct border'' was indlcéted. The difference here hangs on a 9:3
difference In the reports by the nine different subjects in groups '1b'"
and ”Zb"; Slightly longer exposure durations, (7 min was used), the use of

the same groups of subjects under both conditions,or else of much larger
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groups could have put this highly interesting matter beyond doubt.
Stromeyer, as mentioned above, had found no difference and a different
approach by Murch to the same question (see below) ylelded ﬁo definite
support for Murch's ldea that the McCollough effect generalises within
each heml-retina but not across the vertical midline.

Murch's (1974a) second approach to thls question of generallsation
across different parts of the retina or braln was an adaptation of an
experiment by Harris (1969). Harris had reported that 'different
aftereffects were produced simultaneously on adjacent retinal reglons'

(to left and right of a fixation point) by opposite pairing of colour and
orientation in the two regions during Induction. Murch obtained subjective
scores of the.aftereffect's strength from 11 subjects on two occasions a
week apart. For the first Inducing exposure the field was divided
vertically and for the second horizontally Into two areas In which colour
aﬁd erentation were oppositely palred. There was ﬁo significant difference
between the subjects' reports on the two occasions. This result suggests
that there Is no greater degree of smudging or generalisation within the

two halves of the brain than occurs across the midline.

"2.7 Size scaling and Emmert's law

If one views a person, or Indeed any famlliér object from various
dIstances, though they look smaller when they are further away, their
apparent slize Is not diminished in proportion to thelr distance. Even the
apparent sizes of unfémiliar objects are adjusfed at distances up to about
2 metres presumably on the basis of cues as to thelr distance derived from
accommodation, convergence and probable surface texture. This 'size
scaling' is obviously a subt]e and complex correction and probably the

product of fairly central processing., If 'size scaling' did not operate
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- for a particular visual object and instead the apparent size of the object
corresponded exactly to Its retinal dimensions the apparent size would, of
course, diminish in proportlon to its dlstance from the observer. Such a
relatlonship Is expressed by Emmert’s law, The ordinary Herlng after Image
of a luminous object - for example the sun - obeys Emmert's law, |t
occuetes the same region of the visual field as the original luminous
‘stimulus no matter how distant the background against which It Is later
studied. This absence of subtle corrections Suggests that this aftereffect
Is largely the product of modifications at or falrly near the retina.
Turning to the McCol]ough aftereffect It has two aspects upon which
size scaling might operate: (as In the case of the Hering afterimage) there
Is the 'size' of the area within which the aftereffect is seen and fhere is

also the 'size' of the grating spacing which elicits the strongest

aftereffect.

2.7.1 Size scaling of the area occupied by aftereffect

Murch (1968, 1969) attempted to find the area occupied by the McCollough
afterimage when the test gratings were presented at distances of 2-8ft, As
has been stated In the previous section, he gave his subjects no fixation
instructions for the test sessions nor fixation point to hold onto visually
whilst they declded to which numbers along the sides of the test field the
coloured effects extended. His conclusion that "coloured areas always
extend to the borders of the lined area of the test pattern" (1969) 1is
probably therefore valueless. For wherever the subject turns his fovea to
see whether a colour Is present and to read the numbers, the colours would

immedlately appear on any horizontal or vertical lines.

2,7.2 Slze scaling of the grating spacing

Harris (1970) was Interested In the second question = whether the
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strength of the McCollough aftereffect colours depended upon the true or
the apparent éngular spacing of the stripés of the test flelds. In a
preliminary experiment he fpund that "'seven subjects placed photographic
prints of'achromatic gratings at a disténce which suggests that the
McCollough effect obeys Emmert's law'. (The room in which the subjects
viewed the prints was 11t by ''dim Incandescént llght"'so that the distances
of the prints could be judged and size scaling operate upon thelr apparent
size.) |

Since the strength of the McCollough effect does not peak at all
sharply as one alters ones distance from a stationary test field, Harris
devised a more'sensitive technique. He exposed subjects to two vertical
gratings of differing spatlal frequencies (e.q. magentd 10 cycles per
degree, and green 5 cycles per degree presented alternately at 60cm for a
total of 30 min). He then asked them to adjust by means of pulleys the
distance of each of a set of prints of an achromatlc grating at differing
magnifications untll in each case’ the colour was "neither pink nor green'.
Tﬁls method has the merit that the judgement will be unaffected by the
fading of the aftereffect with time, but the disadvantage that the
retinal subtense selected for the crossover point will not correspond
directly with either of the retinal spacings used to induce the effect.
The 7 subjects' settings by dim Incandescent light fell in the range 30-
190cm and produced straight line graphs corresponding to an angular subtense
of 7-9.7 cycles per degree. This, though high, especially on an octave
(]ogar!thmlé) scale is not an Impossible value for the crossover point.
And since perfect size constancy would be expected to yield reports that
hue was unaffected by distance and that no nullipolnt was obtainable,
Harrls's results do polnt away from size constancy., He concludes that ''the

crucial thing for the McCollough effect is retinal stripe width',
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2.8 Site of the McCollough effect relative to those of other visual

ETOCGSSES

2.8.1 The fading of stabilised Images

Coloured gratings which are stabilised in retinal position do not
induce a McCollough effect (Plggins and Leppman, 1973; section 2.3.2).
This suggests that the locus of the fading of the stablilised images

precedes the locus of the McCollough mechanism.

2.8.2 Pressure blinding

So far as | am aware, induction during pressure Bllndlng has not yet

(1977)'been attempted.

2.8.3 ‘'Ordinary' chromatic adaptation

The experiments of Murch and Hirsch (1972, section 2.4.6) show that
the site of the McCollough effect follows that of the ordinary shift In

spectral sensitivity which lasts for 20-50 sec after viewing a coloured

11ght for 10 sec.

2.8.4 Simultaneous colour contrast

stromeyer (1971) constructed a test figure of thirty six 31° squares
In varlous shades of grey, each patterned with five-horlzontal or vertical
achromaflc bars of a different contrast. .Subjects with a very strong
McCollough effect (produced by 2 hours' exposure to magenta and green
gratings, Wratten 31 and 40 resp) viewed this test array at mesopic
lumlnance.levels and found that the squéres took 6n hues which depended
not simply upon the orientation of the bars, but also upon the more subtle
effects of added grey and simultaneous contrast with adjoining squares,
Munsell cplour 'chfpsf were selected by the subject (using his other eye

and the prescribed Munsell lighting) as matches to the perceived hues. A
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wide range of colours were selected, some = particularly the blues and
greens - at high saturations. Stromeyer compares the chromaticities with
those recorded for the Land effect and only the oranges, reds, pinks are
less‘saturated than in the Land effect.

These findings suggest that the site of the McCollough effect precedes

the mechanisms of simultaneous colour contrast.

2.8.5 The spatial frequency shift illusion

Stromeyer's (1972b) experiment has already been described (chapter
1.6 ) In which a spacing contingent chromatic aftereffect became Qislble
on a grating of intermediate spatial frequency only when a Qpatlal frequency
shift had also been induced. The inference from this would seem to be {hat
the site of the McCollough effect follows a site of the spatial frequency
shift in the monocular channel, but his observations on the lack of
chromatic effect In the other eye (which had not been éxposed to the
Blakemore and Sutton (1969) stimulus) shows that the site of the interocular

transfér of the spatial frequency shift comes later than that of the

McCollough effect.

2.8.6 The tilt illusion

Mikaelian (1976) asked the interesting question as to nhether the site
of the large t(lt effect (inducible by walking around wearing prisms which
tilt the whole visual world through about 40°) precedes the site of the
McCollough effect. He sought to test whether It is the true retinal )
orlentation of the McCollnugh Inducing stripes or their ''corrected"
orientation as perceived during induction (wearing prisms) which determines
the orlentations at which the McCollough aftereffect has its maxima.

Mikaelian's conclusion is that it Is the percelved and not the retinal

posit!on that is the decisive factor, It is difficult to know how to
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assess this conclusion since Mikaelian did not measure the remaining tilt
fafter the h'min of Mcceilough exposure or after the setting of achromatic
gratings to the orientations at which they appeared most strongly
vcoiodred. ‘Unless the tilt aftereffect decays between the time at which the
subject Is recelving his McCollough effect and the time at which he makes
‘the settings of the test gratings for maximum chromatic effect, there can
be no possibility of distinguishing between the two‘hypotheses. In each
case the subject will set the test field stripes parallel toithe original
true orientations of the Inducing field i.e. vertical and horizontal. Only
when the tilt aftereffect has worn off somewhat can an appreciable
difference be expected. It Is therefore pdd that Mikaellan (a) has his
subjects make thelir chromatic settings straight after exposure to the
McCollough stimuli, and (b) that he gives no indication of how fast the
fllt aftereffect is disappearing at that time,

Redding (1975) gives decay curves for what is substantially the same
effect (thopgh his subjects were explicitly forbldden to use or to look at
thelr Hands whilst walking around corridors for 48 min wearing 30° tilt
prisms). These curves enable one to guess likely values fer the tilt at
various stages of Mikalian's experiment.‘ Guessing that Mikaellan's subjects
took at least two minutes to make their tilt setting and then ''move to a
chatr facing the projection screen for viewing the McCollough inducing
stimuli'}, the difference to.be expected on the two hypotheses for a subject
with an Initial tilt of 10° Is at most about 5°. In view of the breadth
of tuning of the McCollough effect such a small difference is not easy to
detect rellably.

Ellis (1976) has performed what he sees as a related experiment and
from it concludes that, when due allowance has been made for the

(photographed) counter-torsion of the eye. the McCollough effect is
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Uretinally iocked“'and exhibits no orientational constanéy. He is,
~however, not dealing with the same situation és Mikaeltan, ’Mlkaellan's
subjects had, through prolonged locomotion wearing tilting prisms,
"learned' a new association between visual and gravitational orientations.
Ellis's were not subject‘to any discrepant clues as to gravitational or
visual vertical; they simply viewed tilted inducing gratings with upright

head and upright Inducing gratings with (20°) tilted head.

2.8.7 Cognitive Contours and also the Gibsonian tilt effect

A.T. Smith (personai communication of work performed in 1974) has
tried to produce a McCollough effect using subjective contours, but
obtained no significant effect. But it Is Interesting that he was able,

using the very same type of stimulus, to induce a sizeable Gibsonian tilt

effect (Smith and Over, 1976, 1977).

1.8.8 Cyclopean vision

Julesz (1971, p263) reported that "an attempt to localise the ﬁcCollough
effect by Cyclopean techniques by Stromeyer and myself falled'. They were
exploring whether the colour Slassed output from tﬁe McCollough mechanism
could assist in stereoscopic fusion. Julesz says that when real colour was
presented to one e?e in the small areas éorresponding to striped‘achromatlc-
zones in the other 'some fleeting moments of fusion'' were observed. He puts
down the general fallure to obtain fusion under various rlvalrous.éondltions

to the low saturation of the McCollough hues.,

2.8.9 Visually evoked potentials

May, Leftwich and Aptaker (1974) have reported that the amplitude of
the visual evoked potential '"is reliably diminished In situations where $

adapts to and is tested with gratings of the same wavelength and orientation',
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The s;alp potentials were evoked by vibrating the test gfatlng through one
bar width at 7Hz. The adaptation was for 20 sec.

In view of Timney et al's (1974) report that there Is no long term
threshold change fqllowing short exposures to coloured gratings, they are
cautlous about ascribing thg changes in EP amplitude to the McCollough
mechanism. Thelr conclusion'ls that "the results obtained previously (l.e.
May, 1972) and in the present investigation depend upon a local retinal

adaptation which Is quite transient in nature'.

2,8.10 Gestalt Perception

Jepklns and Ross (1977) have reported that when a subject with a
McCollough aftereffect shifts his perception of a set of symmetrically
nesting squares so that the figure is perceived as four triangles the
aftereffect hues alter In strength. The hues are weaker or even absent
when the filgure is perceived as a system of squares.

| Control tests (see Appendix 1ll) suggest that the phenomenon they
describe Is of wider applicability and not especially a property of the

~ McCollough effect.

2.8.11 Hemispheric differences

Myer (1976) has obtained verbal reports from 3 right handed subjects
that the McCollough effect looks stronger when the test pattern is
presented in that parg of the visual fleld which Is processed by the right

hemisphere. (see 2.843)

2.8.12 Imagination
Finke and Schmidt (1977) claim that significant orientation contingent

chromatic aftereffects have been Induced in 89 subjects by asking them t
o

1 imagline' colours onto achromatic gratings or black bars onto unﬁatterned
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coloured areas. | obtalned no measurable or vislble effect myself in
 1973 after 20 min spent in similarly imagining colours.

A summary of those features of the McCollough effect which appear to
me‘to be the most interestiﬁg as regards lts mechanism and site appears In

Chapter 9.

2.9 Supplement to literature review: Summary of methods that have been

used for Induction, testing and measurement of McCollough aftereffects

There are generally two parts to an experiment on the McCollough effect:
exposure to stimuli which may Induce an effect and subsequent inspection of

sultably patterned test flelds.

2.9.1 Presentation of the Inducing stimull ralses no problems: they may be

presented on a screen by a projector In a darkened room or In a tachistoscope
or even printed on paper to view by daylight, as was once done on the cover

of the 'New Sclientist'.

2.9.2 But if one wishes to induce as large as posslble an effect in a glven

time the following guide-lines may be extracted from the literature:

2.9.2.1 Two 6rthogonal gratings In roughly red and green colours should be

presented alternately (Hajos, 1970; Stromeyer, 1972).

2.9.2.2 The grating spacing should be 2.5-10 cycles per degree (Stromeyer,

1972).

2.9.2.3 The contrast of the patterns should be as high as possible (Harris
and Barkow, 1963) K. Castellan, 1976 and K. White found that the aftereffect
strength Increased with Increasing luminance up to 30ft lamberts.

If aftereffects dependent upon luminance and contrast are not to be also
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Induced (Mayhew and Anstis 1972; Heggelund and Hohmann 1976) the stilpes

of the two colours should be matched In Intensity.

2.9.2.4 The duration of the separate Presentations of the red and the
green grating should be about 3-60 sec (Whlte and Ellls, 1976; K. White
1975) Dark Intervals between these presentations may, without loss, be of

several seconds' duration (Hajos, 1967; K. Bradshaw, 1977).

2.9.2.5 The total duratlon of the induction should be In the region 5-30

min (Hajos, 1967).

1 2.9.2.6 The subject must not roll his head about, or otherwise change the
tilt of hls retina relative to the orientatlon of theinducing gratings
(E11is, 1976). He should, however, be encouraged not to fixate, or

simple after-images will form. He may be instructed to scan each grating
In an identical (ctreular) fashion changing direction now and then so as to
eliminate systematlic effects of eye position and eye motion. Thls activity

also helps him to maintain focus and to combat boredom and the closing of the

eyellds to sleep.

2.9.3 Testing the aftereffects

2.9.3.1  The aftereffect hues are most clearly seen on a bipartite field
with abutting areas of pattern. They are strongest when this bears patterns
at the same orfentation®and of the same angular subtense at the subject's

eye as those used to Induce the effect (Harris, 1970).

2,9.3.2 The hues look strongest at rather dim (mesopic) levels of
{1luminatlon of the test card. (-{-100 cd/m » Stromeyer, 1971; Stromeyer

and Dawson, 1974, p778; ZCd/m » VM unpublished).

*This Is not strictly true for all arrangements of inducing grati
experiment 8.2.1, 8,2,2), g9 ngs (see
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2.9.4 To obtain a measure of the strength of McCollough aftereffects

_various methods have been employed:

2.9.4.1 The subject may be Invited to name the hues he sees on the test
flel&,the proportion of 'correct' reports being used as the measure (Hajos,
1967). This method Is obviously applicable only In the reglon of threshold.
Keys , Hen;ley'and{Ma;teson(197h)used 1t to obtain from 23 subjects two plots
for the angular spread of the aftereffect of a single green and a single red

grating which agree well with Hajos's (1970) plot obtained using a colour

mixer.

2.9.4.2 To ask the subject to indicate the angle of tilt of the test figure
at which hues are no longer visible (Teft and Clark, 1968). Thls Indlrect
method had no exact meaning until the angular tuning curves for various |

grating spacings and aftereffect strengths had been determined by other

. means. .

2.9.4.3 To Invite the subject to give a numerical rating, S.S. Stevens -

style, to the colours he sees. (Fidell, 1967; Stromeyer, 1969; Uhlarik
and Osgood, 1976; Myers, 1976). The large scatter of Fidell's results is not
necessarily a reflection on this method, which in other contexts has given
remarkably rellable results, but may be put down to the smallness of her
seven groups of subjects, and thélr being permitted to set their own
completely personal number scales.

The use of this method to establish hemispheric differences, (Meyer, -
1976), is not ideal, since ohe half of the brain is likely to be more

strongly involved than the other in the ascription of numbers as ratings.
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2.9.4,4 Hue matching

"To Invite the subject to select from a range genulinely tinted areas
“those which best match his aftereffect hues (Hajos, 1970; Stromeyer, 1972b,
1971; MacKay and MacKay, 1973, 1975, 1977; Skowbo, Timney et al, 1975),
This method s direct and involves the minimum of verbal involvement and
allows a record to be obtained of what the subject was seeing from which
chromatlc purities can later be worked out, If desired, The coloured areas
may be elther Munsell chips or a region of the test field 11luminated by a
colour mixer, Hajos (1970) built two colour mixers, (one for the pink and
one for the green a-é) each having a trio of projectors containing a red, a
green and a white fllter. The red and the green fllters were different In
each ﬁlxer’(and dlffereni again from the Inducing fliters). This probably
means that although his colour matching may have been very good, the scales.
for measuring his red and his green after effects were probably not
ldentlcal As the bulbs In the six projectors aged and had to be replaced
| his measure of saturatlén will have been disturbed.

Mackay and MacKay's simpler mixer which uses a single projector for
matching both green and pink aftereffects Is described briefly in the
next chapter and is described and discussed in detall in Chapter 4,2,

Shute (19773) has described an arrangement for measuring the McCollough
effect using two slide viewers, One is for presenting a test slide with
two orientations of gr;tlng and another for producing coloured 1ight of
; single colour at a known saturation, This saturation is adjustable by the
subject to match that of his pink aftereffect,

Skowbo, Gentry, Timney and Morant (1974) used a tristimulus projection
colorimeter ''modeled after a design by Riggs, 1964, This enabled "coloyr
matches to be converted into CIE x, y coordinates', The '"homogeneous

chromatic field seen with the right eye was adjusted to match the McCollough
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hues seen on the test gratings viewed with the left''.

- 2.9.4.5 Hue cancellation

Riggs, White and Eimas (1974, and White 1976b) constructed an elegant
vcolour mixer in which the hues of the two orthogonally striped halves of
thelr test fleld were simultaneously alterable by a single rotatable
control. As the proportions of red to green light In the mixture in one
hal f decreased, so they inereased in the other. The subject was invited
to turn the control untlil both his aftereffect hues were cancelled and
the two half flelds "'appeared matched'" at a near achromatic hue.

| The control rotated a disc bearing a regular matrix of small squares
of superimposed polarold and colour filter In two complementary colours.
These were so palred that when light from a single projector had passed
through them It was coloured magenta and green In two planes polarised
mutually at right angles. (A steady white unpolarised I1luminant was
added, to suitably dilute the hues.) The backs of the two halves of the
test fleld bore polaroid at two mutually orthogonal angles..

This means of measurement has the merit that when the subject has
completed his match setting, the test card looks (almost) the same to him
" whatever hls aftereffect strength (a Class 1 measurement). It has the
disadvantage that he is then in fact receiving stimulation from a large
fleld of coloured oriented stripes which will certainly generate a small
new oppos lte McCollough effect. Keith White (1976) reports that
measurement did not affect the overall course of decay.

The apparatus has two very pleasing features. The first is the
achievement of uniform colour mixing by the use of the array of small
squares of colour filter. The second is the fact that any difference in
the transmissive power of the two colour fllters should be immediately

detectable from a variation in the luminance difference between the two
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halves of the test.field as the disc is turned through its range.

Jones and Holding (1975) constructed a similar colour mixer on
advice from Kefth WHtte, but appear to have presented only one
.orlehtation of test grating to any one subject (p.324) and to have used

no compérison‘field (see Chapter 5.1.5, 5.7).
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CHAPTER 3 SOME OPEN QUESTIONS 1972-1977:

An Introduction to the experiments

3.1 Two Overall Questions

Celeste McCollough (1965) suggested that both the aftereffect which
she had discovered and the ''phantom fringes' had thelir origin In the
‘color-adaptation of edge-detector systems'. This phrase at once pfesent$
two major questions concerning the McCollough effect: where in the visual
pathway are these systems located? and what is the natufe of the
adaptable systems? (e.g. are they fatig able cells or modifiable networks
of cells?). The literature reviewed In the preceding two chapters has
shaped and eliminated answers to both questions and the purpose of this
thesis has been, if possible, to continue the process. Thus, for example,
the measurements of the aftereffects in each eye folloWihg various exposures
of the two'eyes to differing, conflicting and concurring comblnafions of
colour and pattern were undertaken with the question of locus particularly
In view. The studles of the growth and decay of the aftereffect and
especially of the susceptibility of ;he decay process to external factors
were directed to the question of mechanlsm.> Thg work on the angular
distribution function began as an investigation of an alleged orthogonal
opponent=-colour aspect of the mechanism, and resulted in a considerably
simplified view of the mechanism not only of the McCollough effect but
probably of curvature and angle-sensitive chromatic aftereffects too.

There 1s another aspect of the question of mechanism which the
1iterature has already brought out and which almost forms a separate
question:4lt Is whether the ‘edgg-detector systems' chromatically ‘'adapted'’
to give the McCollough aftefeffect are different from the systemg which are

tadapted' in a number of achromatic aftereffects which also involve
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orientation and spacing of patterns. Only by crisp delineation of the
properties of each aftereffect will the differences and the coincidences
become clear. [t is hoped that the work on the time course, the
retention iﬁ darkness, the angular spfead and the binocular aspects of
the McCollough effect will, " by providing "finger prints" of the
McCollough effect,assist in the making both of ldentifications and
discriminations.

These questions of site and mechanism presuppose eventual answers In
terms which will be largely anatomical and neurophysiological, and indeed
one ambition of psychophysical work is to bulld up a description of
internally perceived effects sufficiently clear and complete in critical
respécts thatveventually a particular neural state or activity may be
pointed to as their correlate. The buil&lng of such a bridge between
internal experience and observable neural activity is obviously only a
future asplration, !t has however given rise to at least one emphasis
in this thesis: the stress on temporal factors iIn the McCollough effect
springs from the conviction that time patterns are almost the only measurable
feature which will appear in unequivocal form on both sides of the bridge.

Beyond this hoped for identification of a particular local brain state
and brain activity as the correlates of 'having' and seeing a McCollough
aftereffect there lies a still more interesting question fbr the future:
what part does this biassed activity play in the functioning of our vision
as a whole? s the bias only 'fatigue', or Is It a useful adjustment to a
chahging environment which - like 'dark adaptation' for example - serves to
optimise the system's performance? This thesis does not set out to answer
these questioné but ;hey cannot but be mentioned here since they have

influenced the overall directlon and mode of exploration in all that follows.
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3.2 The time constants of the McCollough effect

3.2.1 The Décay Course of the McCollough effect

| The McCollough effect Is remarkably long=lasting. The falrly strong
hues which are seen on achromatic gratings immediately after an Inducing
exposufe diminish rapidly for the first 15 minutes or so spent under
ordlnary 1lghting conditions, but the pale pastel hues then seen continue
for the remainder of that day and most of the next with almost
imperceptible fading. This duration is so unlike that elther of ordlnary*
visual aftereffects (see table 1) on the one hand or of the recovery times
reported for single cells (Adrian, 1928; Barlow and Hill, 1963b; Horn and
Hi11, 1969; Svaetichin, Meglshl and Fatetichand, 1965), on the other, that
it seemed to point to something interesting about the mechanism of the
McCollough effect which cou]d.perhaps be clarified by closer study of the
time course of deqay.

To measure the strength of the McCollough aftereffect the simple and
direct method was employed of asking the subject at intervals to make hue
matches to the chromatic aftereffects which he could see on achromatic
gratings presented at the two mutually orthogonal orlentations used during
induction. The adjustabie hue was provided by a colour mixer which by
Ilneaf diéplacement of 2 abutting fllters altered the red/green balance of
part or parts of the test fleld while keeping their Intensity constant. A
convenient measure of the subject's McCollough effect at any moment was
then the displacement of the filter when the subject paséed from his hue

match to an achromatic grating at one orientation, to that at the other

By 'ordinary' | mean to exclude those aftereffects which involve
learned visual-motor co-ordination and the contingent aftereffects.,
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appropriate orleﬁtation.

Using this measure of the McCollough aftereffect, we found that
- recovery after a McCollough exposure is not exponential (as would be
the case for a process iIn whlch‘the fractional rate of 'repalr!' is
Independent of the time at which repair occurs) but becomes progressively
slower as time proceeds (Expt. 5.1.1). A log/log plot of the aftereffect
against time measured from the end of the McCollough exposure gave not
only a stralght line which fitted the data falrly closely (MacKay and
MacKay, 1973; Riggs, White and Eimas, 1973), but also yielded rather

similar slopes for a range of Induction tlimes.

3.2.2 Factors which alter the rate of decay

We.felt that if any factor could be found to affect the decay rate of
" the McCollough effect, this would be a source of clues‘as to the underlying
mechanism. |

First, yarlous aspects of the inducing stimuli were altered, but
without noticeable effect: binocular exposure to contrary stimuli was used
with the possibility in mind that binocular interaction between the
opposing aftereffects in the two eyes might hasten decay (Expt 5.1.1 and
6.3): red and green gratings were use& singly (Expt 5.1.2) and orthogonal
' blue and yellow gratings were palred together in case the various colour
channels were differently involved. The repeat rate of the inducing cycle
was made as rapid as the apparatus then allowed with the ldea that brlefer
individual exposures might give rise to less well consolldated effects.
(Keitﬁ Bradshaw, 1978, who later took over the study of timing as an
influence on the decay of the McCollough effect did later find, that with

ton! times of below | sec, the aftereffect was weaker and decayéd more

rapidly.)
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Secondly; factors following Induction were Investigated, but nelther
a bleach from which vision took 12 min to recover, nor hours spent at the
widely differing luminance levels of summer daylight on the one hand and
Indoor 1ighting on the other made any significant Impression on the steady
process of decay. _ This Is not to say that modest
 fluctuations In slope did not occur frqm day to day, but they seemed
anorrelated with the subject's visual diet, and perhaps = If anything -
reflected his gastronomic diet and tiredness. The differences between
Subjects were not much greater than these 'random' fluctuations found In a
single subject. All together it began to seem 11kely that recovery from a
McCollough effect was an endogenous process not readily accessible to
external manipulatlbn.

A curlous feature, however, of runs which extended over Into a second
day repéatedly emerged; an aftereffect which looked weak and faded in the
evening appeared freshened and more colourful the foll&wing morning. The
measurements showed the same feature, being, after breakfast, as much as
10% above the previous evening's last reading and thus 40% above the level
| that would have been predicted by extrapolation of the previous day's
falling slope through the hours of night. This seemed a strange kind of
- recovery from 'fatigué', and It raised the question as to how much of this
Increased effect was attributable to refreshed slgnall!ng of the features
of the test field by parts of the visual system peripheral to the McCollough
mechanism, and how much to the state of the McCollough mechanism itself,
To separatevthese‘two factors, an aftereffect was lnduce& shortly before
shutting the eyes for the night (Expt 5.4.1) and its decay followed
throughéut the next day until long after any morning freshness might be
supposed to have evaporated. Not only the early morning readings, but the

entire course of the resulting graph fell well abdve.that predicted from
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the previous evéning'S starting level on the assumption that mere passage
of time producés decay. The strength and rate of fading of the chromatic
effects durling the day took values-'simllar to those taken by
an effect newly Induced in the morning{\ In short, the night hours seemed
to have wrought no recovery at all (Mackay and MacKay, 1975b, 1977a).
These results at first suggest that a complete ''freeze' of the
McCollough mechanism occurs during darkness, but other runs in which more
decay had occurred before the dark period did not fit with so simple a
hypothesis (Expt 5.5.. and 5.5.1). On occasions when the decay of an
aftereffect induced in the morning was followed through a second and even
. a third day, the results from the later days did not fall on the
extrapolation of the first day's graph,even when the hours of night were
omitted before plotting. If, however, the time of waking on each later
day was taken as a fresh time origin, a log/log plot of slope similar to
that of the first day was obtained. Further runs were
designed to test whether after a period of darkness shorter than a whole
night the rate of decay of the McCollough effect resumes where It was
{nterrupted by darkness, or is more rapid. The arrest of the decay of the
McCollough effect during sleep and darkness turned the question as to
factors influencing the decay rate on its head - the duestlon became hdw
Is a McCollough bias, once induCed; ever lqst? Was light alone sufficient
to produce recovery, or was patterned light essentfal (Expt 5.3.2)7 Did
recovery oécur if one was "in the dark but awake? Unpatterned light proved
to be tﬁe essentlél factor,,belné as effective as the ofdlnary environment
in removing an aftereffect‘(MacKay and MacKay, 1975b; Skowbo, Gentry,
Timney and Morant, 1974). Continuous viewing for 20 min of aéhromatic
gratings was even more effective (MacKay and MacKay, 1975b and Skowbo et al

1974) but this effect was slightly reversible and so in part at least the
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result of other aftereffects Induced by these gratings and overlying the
McCollough effect (Expt 5331).

The next question was how did the decay rate depend upon the amount
of light entering the eye? (Expt 54.41). As has been mentioned already,
" the log/lbg slope ofydecay did not seem to be significantly different for
runs for which thé environment was rather poor Indoor lighting and runs
when most of the recovery time was spent out doors in 1ight some thousands
of times.brighter. Runs, however, in which an interference filter and a
neutral density filter were worn on the 2 eyes to study whether the
recovery rate was affected by the wavelength of the Tncoming light
revealed that at lower luminance levels the recovery rate was less rapid
lrrespeétlve of wavelength., The dependence of both induction ( ch 5.8.3)
and recovery (Expt 5.1.8) rates upén the Intensity of the light entering
the eye was Investigated wearing artificial pupils. The scotopic range
was Included in this investigation since the McCollough aftereffect was
known to be visible well below the rod/cone break (Stromeyer 1974).

In 1975 ltwas suggested by Jones and Holding that it Is the viewing of
a achromatic grating which starts the decay process and that In the
absence of testing there was little decline in the aftereffect over 5 days
. and more. Attempts were made to replicate (Expt 5.6.1.1 ) and then to |

account for their observations.

' 3.2.3 Additivity of earlier and later aftereffects

The power law of decay implies, of course, that the rate of decay
does not depend simply upon the magnitude of the effect at any giveh
moment. For example the aftereffect of a long expoéure administered to
one eye several hours previously may have the same magnitude as the
aftereffect of a brief exposure given to the other eye 5 minutes ago but

thelr rates of decay will be very different (by a factor of about 20).
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The question as to how such aftereffects combine i{f administered to fhe
same eye was Investigated In hopes of galning a clearer picture of the

mechanisms involved (. ¢h 5.7. ).

‘3.2, The Growth of the McCollough effect

It was noticed that subjects whose aftereffects decayed at the same
rate nevertheless took widely different (x5) times to acquire effects of
* comparable strength. The growth process was Investigated (Expt 5.8.1)

In the hope of finding how growth and decay of the aftereffect are

related.

3.3 Binocular involvement in the McCollough effect

3.3.1 chhbptfc induction

Since the McCollough effect does not transfer detectably to an
unexposed eye (McCollough, 1965b), an Interesting question (actually
suggested to my husband by Stuart Butler of Birmingham in 1972), was
whether a McCollough aftereffect can be dichoptically {nduced, i.e.
whether chromatic effects contingent upon pattern are induced If one
Vshares' the McCollough stimulus between the two eyes so tHat at the same
tlmes that red and green unpatterned fields are alternately presented to
one eye, achromatic gratlngs at two orthogonal orientations are alternately
presented to the other. If so, It Is difficult to fmagine =~ unless
efferents to the retina are discovered = that the site of the mechanism
producing such a dichoptic effect can be more peripheral than the latefal
geniculate body, where fibres from the two eyes first approach each other,
We found after 10-15 min of dichoptic induction that both eyes did see
coloured aftereffects upon strlped achromatic test fields though the hues

were considerably weaker than after the same length of monocular exposure,



93

The hues were opposite for the two.eyes. The eye which had been exposed

to unpatterned colour saw hues on the test field complementary to those
which had been paired with each orientation during Induction of the effect,
l.e. It saw a normal, though weak McCollough effect. The eye which had
been exposed-to achromatic gratfngs, on the other hand, saw [llusory hues
on the test fleld in the same colour which had been palred with each
orleﬁtatlon during Induction (MacKay and MacKay, 1973, 1977a and Expt
6.1.1).

To account for the latter 'anomalous' McCollough effeet one might
propose that between the two eyes there operates a colour normalising
system such that white lIghf is, for example, taken to be slightly green
- when red light is flooding the other eye. In this case a further question
arises as to 'how globally or locally such colour normalisation occurs?

Must the whole retina, or at least the two half-retinae feeding the separate
cortical hemispheres be receiving a unanimous colour Input or can dichoptic
effects still be induced when the upper and lower halves of a retina
simultaneously receive oppositely coloured Inputs? (Expt 6.1.71). A similar
question as to whether it Is the pattern or its 'negative' which is
transferred to the non-pattern viewing eye was Investigéted using spots
instead of stripes but unfortunafely without conclusive outcome as the
effects were too small, !

An important question concerning the dichoptically induced McCollough
effect was whether it is essentially the same effect as the ordinary
McColiough effect, in the sense of being evidence of an identical process
of adaptation or modification. The colour mixer for matching the after |
effect hues was built to enable the time courses of growth and decay and
spatlal'frequency dependence to be compared for the two aftereffects

(MacKay and MacKay, 1975a and Expt 6.1.1). These three properties are



9k

characteristic,'of course, of the entire visual path which Includes the
modifiable elements responslble for the pattern contlngent chromatic
aftereffects. The long decay of the McCollough effect and its retention
in dcrkﬁess, however,.permlts lts temporal aspects to be distinguished
from those of the other effects of viewing the coloured, tilted Inducing

gratings and thus provides a fairly unambiguous 'finger print' of the

aftereffect.

3.3.2 Interocular Transfer of the McCollough effect

The exlistence of a dichoptically Induced ingredient In the McCollough
effect made It seem curfous that the effect should not transfer under
inducing conditions where one eye only was exposed to the coloured gratings.
 Transfer was looked for under a varifety of conditions which ensured that
the eye which was not exposed to gratings was nevertheless in use durlng
induction and testing, and also that the Input was not suppressed during
induction (cf Baker, Mash and May, 1976) (Expt 6.21.2-3).

When this still ptoved unproductive of transfer, the problem was
approached, as it were, from the other end. In a series of runs béglnn!ng
with binocular exposure to a usual McCollough stimulus, the Input to;One
eye was made.progressfvelyrmore dissimilar from the full McCollough
stlmulu§ simul taneously adminlstered to the other, in hopes of pinning

down the conditions which are essential for generatlon of an effect

dichoptically (Expt 6 15)

3.3.3 A Binocular McColldqgh effect

Vidyasagar's elegant discovery in 1976 of a binocular element in the
McCollough effect Induceable by simultaneous use of the two eyes and |
visible only upon binocular testing, sent me back to our early findlng

(unpublished) that after ordinary binocular induction the effect measured
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binocularly was slightly larger than Ehaf measured In elther eye
.séparately. Various binocular exposure regimes were employed as controls,
in.all of wh{cﬁ the two eyes were not exposed simultaneously to the same
"stimuli (Expt 63.1). All yielded binocular aftereffects which were smaller
than the monocularly measured effects which were simultaneously generated

by these same stimuli,

3.4 What are the essential aspects of the stimulus?

Throughout this work | have been interested by the question as to the
minimal essentials for Induétion and for testing a McCollough-type
aftereffect, for this will be a clue to the complexity of the mechanism
which is responsible for the effect. McCollough's original inducing
pattern had Involved both orientation ;nd pattern-spacing. Could they each
serve sebarately as the feature upon which a chromatic aftereffect is
contingent = orlentation without a repetitive pattern? Spacing devold of
orlentations? (Expt 7.1 and 7.2).

Was a real Intensity edge necessary at the primary receptors, or could
kinetic contours generate an aftereffect (Expt 7.3). Was a real extended
edge necessary or could a rapidly moving dot serve as a 'stripe'?

"Were real colouré essential or could an effect be Induced using
.subjective colours produced by a coloured surround?

The answers to such questions yleld clues as to the level of

sophlstlcatloﬁ in the visual system at which the McCollough effect occurs.

3.5 Essential features of the McCollough aftereffect

3,51  An opponent=colour "orthogonal Inhibition'?

The notlion that the human visual system might contaln opponent colour

1inkages between systems signalling mutually perpendicular orlentations
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( ch é.h.7) seemed so Interesting and fmpértant as to merit closer
scrutiny. (n pafticular some control experiments were called for to
establish Hajos's (1970) claim that a red grating produces a pink after
effect upon a test grating perpendicular to itself., In the event

several different approaches (Expt 8.1) yielded no sign of this orthogonal
chromatic aftereffect and control experiments revealed less excitlng
explanations for the var fous phenomena which had been ascribed to

Interaction between systems handling mutually orthogonal orientations

(MacKay and MacKay 1977b).

3.5.2 - Angularsensitivity in the McCollough effect?

A question still, however, remained as to whether, when the McCollough
stimulus consisted of two gratings at different orientations and
alternately viewed, there was any interaction between the aftereffects
which they generated. There are many achromatic demonstrations that
stralght lines affect perception in their nelghbourhoo& both during and
after their presentation (e.g. the 25liner, Hering, and Poggendorf illusions;
Fraser's twisted cord l1lusion ; Kdhler and Wallach, 194k, fig 53;
the direct and indirect tilt effects, Gibson and Radner, 1937; MacKay,
1957; Gillnsky, 1968). So it seemed quite possible that the McCollough
effect would contain an angle sensitive ingredient.

It was indeed reported that chromatic aftereffects had been induced
whose contingency was upon the concavity/convexity of mildly curved or bent
gratings (Riggs, 1973; White and Riggs, 1974 resp). In these experiments
the whole curve or angle was visible at once and fell (on average) upon
différent parts of the retina so the situation is slightly different from
that in which the two gratings are séquentfally presented to which webshall

return In the next paragraph. Riggs and White did not control for those
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ordlnary McCollough effecté (of viewing straight coloured gratings) which
thelr stimull would undoubtedly generate. These aftereffects,
corresponding as they on average must, to slightly different orientations
on either side of the axis of symmetry of thelr patterns,would be expected
to lead to chromatic aftereffects on curved and angled test patterns even
though no curvature or angle sensitive neura\ machinery existed. Control
tests In which similar curves (MacKay and MacKay, 1974, Expt 8.2, and
Stromeyer in Stromeyer and Riggs, 1974) and chevrons (Sigel and Nachmlias,
(1975) were moved to and fro on the retina to equalise exposure to all
parts of the inducing pattern,ylelded no detectable aftereffects. This
result suggests that if there are curvature or angle sensitive chromatic

aftereffects they are very much weaker than the McCollough effect

simpliclter;

3.5.3. The repulsion of the chromatic m;xima

Nevertheless, there still remalned a phenomenon In connectlon with
the alternately presented straight gratings which had the appearance of
an’angle-SensItive chromatic effect. In studying the chromatic aftereffects
generated by McCollough-style exposures to two gratings at a small angle
(11°-30°) to each other, it was observed (Expt 8.2,1)that the strongeét hues
were not seen on the teét figures when they were set at the orientatlions
previously occupied by the inducing gratings, but at orientations
nrepelled" a few (c 15°) degrees further apart (Stromeyer in Stromeyer and
Riggs, 1974; MacKay and MacKay, 1977). - Riggs (1973), and White
and Riggs {1974), observed what | take to be the same phenomenon in
connectlon.wlth both curves and chevrons; "inspection of nearly flat angles
or curves or cusps yields greatest strength of CAE's on test angles near

906u (White and Riggs, 1974). This they took as clinthing proof that
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"There are cortical unlts that fecelVe inputs from more than one sét of
line §rlentatlon units" (Riggs 1974) since "this finding would not be
expected solely on the basis of line orientation specificity' (White and
Riggs, 1974). But 'repulsion of the maxima' operating within each half
retina must be considered as an‘alternatlve explanation to interaction -
between the systems signalling the two limbs of each curve or chevron.

To find, = In the case of straight McCollough gratings alternately
presented at a small angle to each other - whether it Is necessary to
invoke angle-senslitive mechanisms to account for the repulsion of the
maxima, | have compared the observed aftereffect distributions with those

predicted by simple summation of the aftereffects generated by a red and

" a green grating (Expt 8.2).

Chapters 5-8 contain experimental explorations of most of the above
questlions. Within each chapter there is a largely historical sequence

of experiments, but the four chapters may be read In any order.
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CHAPTER 4 APPARATUS AND EXPERIMENTAL PROCEDURE *

There are always two stages to an experiment on McCollough-fype
effects; exposure to a visual stimulus, and observation of the resulting
visual aftereffects. Generally (though not in Expt. 8.1, see below 4.1.4)
| have used separate apparatus for these two stages of the experiment
based upon slides and transparenctes for projecting the inducing stimuli
and (largely achromatic) paper figures for testing the aftereffects.

This apparatus wljl be described and discussed part by part in sections
4.1 and 4.2. The complete measuring apparatus is described in 4.2.1, the

conduct of the experiment in 4.3,

4.1 The stimuli used to induce chromatic aftereffects

The inducing stimuli were high contrast patterns presented through

varlous colours of filter to one or both eyes.

4.,1.1 The patterns

The patterns used were straight or curved (flg,4]. )square wave
gratings, régulaf hexagonal arrays of clrcular dots atlfwo magnifications
and of both polarities of contrast, random dots (of the same size aﬁd
average density as in the regular arrays), and random visual 'ndlse'.

The spatial frequency of the gratings qsed ranged from 1.7 to 3.k cycles/
degree, and of the large and small dots was 1.8 to 4.6 dots per degree.
The visual noise was a photograph of Zoll Raster: péttern no. 303 at
magnificatlons diffgring by a factor of four. ‘The test figﬁres corres=-

ponding to these stimull are shown in fig.2 , chapter 4.2 and flg.42 of

chapter 8.3-

% The reader may wish to skip this chapter and t :
necessary. _ o refer back to It as
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4.1.1.1 The use of oblique gratings

For most of the experiments on the McCollough effect | have used
oblique gratings at +45° and =45° to the vertical. These were chosen in
preference to the horizontal and vertical used'by most other observers

for the following three reasons:

4.1.1.1.1 The human visual system is known to have speelal sensitivities
for orlentation near the vertical and horizontal. These properties are
not essential to thé McCollough effect and are not identical for horizontal
and vertical (e.g. Campbell, Kullkowskl and Levinson, 1966; Hirsch,
Schnelder and Vitiello, 1974). The use of oblique gratings sepérated the
McCol!ough effect from visual properties peculiar to the vertical and
horizontal, and provided two orientations which are rather more symmetrical
with respect to each other.

There is a considerably lowered angular acuity and threshold
sensitlvitylat the oblique orientations, but for my experiments this loss
did not matter as the McCollough effect is not sharply tuned for orlentation,

and patterns well above threshold were used throughout.

4.1.1.1.2 Secondly, the man-made world around us contalns more high-
cbntrast vertical and horiiontal coloured edges than oblique ones. These
will induce small but not negligible McCollough effects even before a
subject commences an experiment (cf. Stanley and Hoffman, 1976) and during
decay. These will lead to undesirable bias and scatter In the results.
The use of oblique gratings, while not totally avolding such Influences
diminishes them as much as 1s possible without withdrawing the subject

from a normal environment between readings.

4.1.1.1.3 Lastly, it Is much harder for a subject to remember which way

gratings of a particular colour were oriented when they are oblique than
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when they are vertical and horizontal, and so correspondingly more
difficult for subjects to work out what they think they 'ought' to be

seeing.

L.1.1.2 The spatial frequencies of the patterns used

Gratings of from 1.7-3.4 cycles/degree and hexagonal arrays of spots
of 1.8-4.6 cycles/degree were used. For some experiments a factor of two
difference in magnification was deliberately chosen (e.g.7.1, 8.1.4).

It will be remarked that the patterns used were not the finest that might
have been chosen. Grating frequencies of around 5 cycles/degree have
been found (chapter 1.6) to glve strongést McCollough effects. It was,
however, found that fine gratings were more tiring for the subject in
testing. This was perhaps because small eye movements were more dis-

turbing than on a less fine pattern.

L.1.2 Colour Filters

The colour filters used in every eXperiment to be described here
were Cinemoid 'ruby' and 'dark green' (14 and 2L resp.). These are
falrly narrow bandpass filters (590-670 nm, h80-§60 nm resp.), which are
moderafely good colour complements. When light which has passed through
them Is mixed; a . yellowish-white light is produced.

To match the luminances transmitted in these two colours,one
layer of‘the réd,and two of green filter were used with 100 watt pro-
jector bulbs, and two layers of red and three of green with 500 watt
bulbs and the Daylight (6 wattVSH VL) tubes of the tachlstoscopes.

The colour filters were attached,as was convenient, in front of the
lenses of the projectors, or to the transparencies (in the Boots auto
projector, E3 and the tachistoscopes Ey ES) or held close by the

"subject's eyes on a mechanical arm or in the subject's own hand and
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moved during the dark periéds synchronously with the shutter which
changed the image on the screen'(E], two projectors).

Because of their near monochromacy these fllters were preferred to
the Wratten magenta and green filters (34A and 53 resp.) which have been
used In many. experiments on the McCollough effect by other workers. For
though the Wratten filters are exact colour complements and produce a
slightly larger McCQIIough aftereffect, they are both band stop filters.
As the magenta filter transmits considerably In the blue, the extent to

which the blue receptors are involved is rendered unnecessarily uncertaln

by Its use.
4.1.3 The timing of the presentation cycle

In every experiment (except 8.1.4 ) two stimuli, patterned or,
occaslonally, unpatterﬁed, were presented alternately for equal lengths
of time with dark periods between. In the timing cycle most frequently
used the stimuli were presented for 6 seconds apiece and the intervening
dark perlods each lasted 3 seconds. Other timing cycles ranging from
15 sec ON/3 sec OFF to % sec ON/} sec OFF and 9 sec ON/9sec OFF were
occasionally used. In one experiment (6.1.4), In order to replicate the

¢onditions employed by another group, ON periods of 120 msec were used.

4.1.4 Apparatus for presenting the stimull

In every experiment (except the two on kinetic contours and per-
élstence of vision) a projector, a pair of projectors, or a tachistoscope
were used for presenting the inducing stimull. Presentation was always
In a darkened room to maximise pattern contrast.

The particular requirements of the varlous.experiments determined
the cholce of projector or tachistoscope. Six different arrangements

were used which will be referred to in the text as E]-E6.
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McCollough exposure apparatus

EI: Two projectors with shutter

For the experiments (5.1, 5.8, 6.1, 7.2) In which two stimull were
to be presented alternately, in good focus and at constant orientations,
two small projectors holding the.two slides were set side by side upon
a shelf above the subject's head, and a shutter was moved electrically
to and fro to cover the lens of one or both of them. An electronic timer
controlled the on/off cycle provided by the shutter: Both on and off
periods could range from about isec to I15sec. The main requirement for the
two brojectors was that they should be slim so that the Images they
produced shouid not be bad!y distorted when the two projectors were
directed towards the same part of a screen at 100 cm. Two Jugoslavian
'Plusjector 150A' with 100 Watt bulbs (sold by Boots) were set with
thelr axes 10 cm apart. For the dichoptic experlments (éxperiment 6.1.1)
the projectors had to satisfy the fur;her requirement that there should be
no colour difference between the achromatic images which they produced.
Heat absorbers and lenses wére selected to make up two identical projectors,
and by moving the shutter by hand in front of the two projectors at
about 2-3 Hz It was poéslble to check fairly sensitively that the images
were matthed In colour. A check Qas made that no significant McCollough
effect was seen after 20 min exposure to the two achromatic slides alone
and runs on the dichoptic effect were always performed in pairs with Qh!ch
the pairing of colour and orientation reversed In the two runs.

The subject used a chin rest to view the patterned stimuli from 105 cm.
The subtense at the subject's eye of the gratings used in Experiment 5.1,
and Experiment 6,1 was 2.5 cycles/degree,and of the spots used In
Experiment 7.1 was 1.8 and 4.6 cycles/degree. The patterned fields
subtended 170 x 11°. The luminances of the red greenand white areas of

the patterns were3.5, 3.9 and 8mimrespectively, and the black areas were

20 times dimmer.
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E,: Braun projector
-4

+

In some experiments a large field was required with no distortion
and an accurately known spatial frequency (Experiments 544), 7.1 ). For
these a Braun projector (500 Watt) was used at 2-5m from a 6 ft Westone
plain screen and the subject sat close (2.8 m) to the screen. The
subject generally held the colour filters in a frame in his hand because
a) the projector objected to bulky slides and b) different colour pairings
were often presented to the two eyes simultaneously. A presentation cycle
of 9 sec on | sec off was employed.

The subtense at the subject's eye of the gratings used in Expt 5,44

was 1.3 cycles/degree and of the small and large spots in Experiment

7.1 was4-6 and 1-8 cycles/degree respectively, The pattern subtense was
about 70o Iﬁ each case. This was the only apparatus with which the
subject's state of accommodatlon was widely different during exposure and
testing, the viewing distances being 2.8 m and 68 cm respectively. The

luminances of the red green and black areas of the patterns were 6.8, 6.0

and 0.3 mim fespectively.

E.: Boots autofocus projector
33— .

For experiment 8.1  in which a set of up to 8 grating slides were
to be presented repeatedly and at precise angles, the 'Boots Autofocus'
(with 150 Watt bulb) was chosen because it has a V-shaped horizontal
groove along which the slides are gentiy pushed :Into position by a horl-
zontal arm. The orientation of the gratings was repeatable to better
than 3°. This projector also had a convenient automatic slide changer
with a built in timer, so the subject had only to press the 'reverse!
button each time the last slide iq the magazine was reached. A presentation
cycle of 7 sec on/ 1 sec off was employed. To minimise fmage distortion

the subject's hite bar was set as close as possible to the axis of the
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projector‘and the Bristol board screen was tilted a little towards the
subject from the normal to the projector's beam. The stimull were red/
black or Qreén/black gratings subtending 2.2 cycles/degree, luminance 8 mlm
and 2 log units contrast, or else unpatterned red or green fields of 4 mim,

E,: A four field tachistoscope

—dy

A four fleld tachistoscope which gave on times of up to % sec was'ﬁsed for
dichoptic experiments with split flelds (Experiment '6.1.7.1). Present-
ation cycles of ¥ sec on 0 sec off were used. Rear illumination of the
stimull was provldeq by 'daylight' tubes. Slight differences In the
blueness of the light reflected from the half silvered mirrors were corrected
by the insertion of pale blue filters in front of these tubes. The
tuminance of the white stripes of the graﬁlngs was 2.4 mim and of the
unpatterned coloured fiel&s was 0.4 mim. When the subject was using the
chin rest at 56 cm the fields sztended |5° X 15° at his eye and the
gratings used subtended 1.9 cycles/degree.
g.: A four field tachlstoscope

P4
A four field tachistoscope capable of giving long presentation cycles was

built by Keith Br;dshaw and used for some binocular experiments (6.1,6.3).

_ A presentation cycle of 9 sec on 9 sec off was empldyed. The mirrors of
this tachistoscope Introduced no noticeable hue differences. The rear
Illuminatfon of the stimuli was provided by daylight tubes. The luminance
of the red and green stripes was 5 and 6 mim and the black stripes were

20 times dimmer. When the subject was using the chin rest the ;:elds
subtended 15° x 25° at his eye and the gratings used, 3.2 cycles/degree.

E

In experiments 8.1.4,8.1.5  the measuring apparatus M3 was used to present

the inducing stimuli in order that the orientation and spacing of the

pafterns and the position of the subject's head (fixed by a bite bar)
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. should be Identical during induction and testing. The two projectors of
M3 were so aligned before the experiment fhat,when they projected identlcal
slides, the Images they cast In the two concentric parts of the subject's
fleld of view formed a single grating. The colour mixer was set to match
the neutral surround. The subject placed hand-held red and green fllters
between hls eye and the Dove prism, moving them (in Expt 8.1.5 ) so
that as the slides In the ganged projectors aqtomaticaliy alternated every
8 sec, a grating of a particular spatial frequedcy was always seen through
a particular filter during a glvén Fun. In Expt 8.1.4 °  a single spatial
frequency of slides was presented continuously and the green or red filter
was fixed to the eye ripg. The luminance of the gratings was 1.9 mlm and
the contrast one log unit. The angular subtense of the fleld was 19° x 20°,
the mask which limited the test field to 15° having been removed for the
Inducing exposure. The gratings used subtended 1.7 and 3.4 cycles/degree

at the subject's eye.

4,1.5 Monocular, binocular and d}choptlc exposures

The stimull presented to the two eyes were made to differ in systematic
respects in order to elucidate the extent to which the two eyes Interact

in orientat!on -contingent aftereffects

4,1.5, l To expose a subJect monocularly, the unexposed eye was covered by
a black eye patch on an elastic or=(this was more light tlght)-by the
subject's cupped hand For some experlments a completely light tight
arrangement of padded goggles, masking tape and foam rubber across the
bridge of the nose was used. Even with this, once the occluded eye had
dark adapted, a dull red glow was visible on the side nearest the nose
When lfght entered the other eye. But this glow did not notlceably change

its appearance when the light in the other eye changed colour.
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4,1.5.2 For binocular exposures projectors (E] or Ez) or a tachistoscope
_ (ES) were used. The tachistoscope could present stripes at orientations
which were the same or differe;t f&r the two eyes In the éame or different
colouré, on timing cycles which were In or out of phase for the two eyes.
When the projectors weré used both eyes viewed identical patterns on the
screen through colour filters (and/or neutral density fllters) which were
the same or different for the two eyes. These filters were arranged In a
double~-decker lorgnette suspended from a.horizontal arm. In E] this arm
was operated by the same current which moved the shutter in front of the two
projectors bﬁt with the Braun projector, Ez, It was moved by the subject

at the time that he operated the slide change button. In eéch case the

fllters moved during>the dark part of the presentation cycle.

4.1.5.3 For dichoptic Induction tachistoscopes (Eh and ES) were used for

the later experiments in which split fields and various other complicated
comblnations of pattern and colour werelpresented to the two eyes (see

Expt 6.1.4 , 6.1.6.] ). For many experiments (MacKay and MacKay, 1973, 1975
and Experiment 6.11 . ) two projectors with a shutter (E‘) were used to
present pattern to one eye while a small lamp illuminated unpatterned
coloured fields at the other eye. There was one prime consideratibn In the
latter experiments; that each eye should not see the stimuli intended for
the other, or any reflection or systematic accldental feature of such a.
kind as to produce a monocular McCollough effect.

The arrangement used in Expt.  6,1.1 ,(MacKay and MacKay, 1975)
consisted of two matched projectors (EI) (see 4.1.4) for presenting
the patterns,and a 12 volt car head lamp or a two‘volt pea lamp in a light-
tight housing close against the subject's eye. The ilamp was covered by
several layers of fine tissue paper 3 cm in diémeter and red and green

filters were supported between these and the subject's eye. The resulting
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coloured fleld was fairly ﬁniform and sufficiently wide (3QC) that no edges

or borders fei] within the (15°) area to be tested later for a McCollough'

effect. A black card at 30 cm from this eye completely cut off the view

of the projection screen and also removed any possibility that coloured

light cast onto the subject's face could reflect back onto the projection

screen. A very dim reddish glow shone through the bones of the nose to

the 'patterns' eye, but it fell well to the nasal edge of the field and did

not change colour when the colour filter was changed from red to green.
_The patterned and coloured stimuli were presented to the two eyes simul-

taneouély for 6 sec on periods separatgd by 3 sec of darkness. The

orlentations of pattern and the;colours of the‘plain fields were alternated,

each orientation being paired with a particular colour throughout a

particular exposure. Aﬁ electronic timer controlled the presentation of

. the stimuli by determining the current to the head lamp or pea lamp at

the subject's eye and the positions both of the colour filters and of the

shutter in front of the two projectors (E').
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L,2 Apparatus for observation and measurement of the aftereffects

‘Measurement was used as a check upon simple observation and verbal
repoft in almost every experiment to be described. Al] the qualitatlve
effects to be reported can In fact be readily observed with no apparatus
beyond an appropriately patterned pPaper test card held in the hand, *
but the variants on a colour matching device used throughout these
experiments were invaluable in enabling the experimenter to distinguish
deflnite from insignificant results and In relleving the subject of the
need to make frequent verbal Judgements.: The apparatus was thus as
useful In those experiments - and they form the majority = whlch are

essentially qualltative as In those which deal with the forms of the

time courses.

4.2.1 Apparatus for measuring the McCollough aftereffects by ‘hue

matchingvand hue cancellation

Three variants, M, M,, M3 (ffgure la, ¢, d) on the hue measuring
device are outlined in this section, thelr detalls are described and
discussed In sections 4.2.2-4.2.5. The mode of conducting the experiment
s described and discussed In 4.3, 4.4,

Test apparatus M] (figure 1a) gave a binocular or monocular Qiew of
a 15° test card of the 'two half' type (figure 2, T2~T7), front i11um-
Inated by a Cryselco 'Warm White' 32 watt ring tube, A shutter, close
to }he subject's face, could occlude either eye or nelther. A smooth

knob under the subJect s control varied the hue and saturation of the 1ight

from the co]our mixer rear Il!umlnattng the two translucent windows in

* None of the experimental data which follow were collected In so
informal a way because luminance, angle and viewing distance affect
the observed strength of the aftereffect.
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Apparatus for Measuring Pattern-Contlngellnt

Chromatic After-Effects

a)Version Mi

(2)
()
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M
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, (), (d) Three versions M M M of the hue measuring apparatus
detail of the colour filter as seen from X,
one of the test figures used with apparatus M. (fig.
test figures), 1
test figure usedowith apparatus M (the rear illuminated annulus has
outer diameter 7 width 0.7 ), i

(h) the two test figures seen sequentially by the subject in
(the diameters of the outer and inner circles were 15°

2 shows further

apparatus
and 5 )e



BB bite bar; C, movable red and green (or pink and pale green) filters;
CR* chin rest; D, translucent tissue; E, pen motor; G, opal glass; K,
dove prism; L., ring lamp; L2> pea lamps; M, mask over lens of projector
p . P,, P , central aperture 1.1 x 3-3 cm; aperture N 0.5 x 3.2 cm; N,
aperture Yn mask M admitting white light; P], P , P , projectors
(tungsten filaments); R, mirror (front silvered!; SE, Sb’ back-projection
screens; T, test figure; W, white diffusing card. ) ’
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n3

the test card. The position of thepmoyab1em colour filters in front of
light to the total light falling on the 'windows') was recorded as a
function of time by an X-Y plotter. The difference S cm between the
subject's hue match settings for the upper and lower half flélds was

taken as a8 measure of his McCollough effect at that time.

The test apparatus M2 (figure 1c) had a monocular eye ring and a rotatahle

Dove prism through which there was a view of a 15° test fiéld (T]), front
illuminated bf two pea lamps. A smooth knob undér the subject's control
varled the hue and saturation of the light from the colour mixer which
was rear illuminating the translucent annulus of the test card.. The
position of the mogééb]e colour filters in front of the projector P tand‘
thus the ratio of the excess.of red over green light to the total light
falling on the annulus) was recorded as a function of the Dove prism's
orfentation by an X-Y plotter. The difference between the subject's

pre- and post-exposure hue matches at a glven orientation was taken as

a measure of his post-exposure McCollough effect at that orientation at

the time of the post-exposure measurements,

The test apparatus M3 (figure 1d) had a bite bar, a monocular eye ring

and a rotatable Dove prism through which there was a view of the 15°

test figures T9 and T, (or Ty @nd le) which were Presented alternately.
These were produced by back projection on the tissue screens S], S2 of
slides in the two projectors PI and P2. A smooth knob under the subject's

control varied the hue of the light from this projector. The position"

of the movg%ble colour filters in front of the projector P] (and thus

# h,2.3 gives detailss also 5.1.1.
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of the ratlo of the excess of pink over green light to the total Iight
. falling on the mirror) was reéorded‘as a function of the Dove prfsm's
orientation by an X-Y plotter. The difference between the subject's hue
match settings for the two test fields (i.e. between a hue match and a
hue cancellation at a given angle) was taken as a measure of his
McCollough effect at that angle,

An on-line C.A.l. alpha computer was used with M3 to contrél the
position of the Dove prism and the ch§nglng of the projector siides, and
also to record the subject's settings. 'Ts.turn the Dove prism to
various pre-selected orientations In random order the computer signalled
to a Crouzet {type 82752) pecking motor which was connected by a chain
drive to the rotatable prism housing. The prism remained at each position
while two match settings were recorded, one for each of the two pattern

arrangements (T9 and TIO) that were provided by the projectors,

4.2.2 The test stimull

The aftereffects were observed either on cards bearing black and
white high contrast square wave gratings (‘Plastitone’ SH4) or on photo-
graphic prints, or on tissue screens upon which the patterns were back
projected from '2 x 2' slides. (apparatus M3). The angular subtense of
the patterning was in eéch case matched to thaﬁ of the inducing patte}ns
at between 1.7 and 3.4 cycles/degree for the gratings and 1.8 to 4.6

repeats per degree for the dot patterns.

4,2,2,1 The test ffgures

All the test fields used (with the exception of the kinetic contours
of experiment 7.3 ) are shown in figure 2 and in figured2 of
‘chapter 8.3.2. Those of figure 2 when viewed at 6595 cm subtended 15°

to 12°, those of figure42 a and by 7.2° x 5.4° and 6.3° x 9.0° respectively,
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Each had a framé of black card and was seen in the test apparatus
within the black field provided by masks or eye rings nearer the
subject.

Each test field congalned two differently patterned areas, one of
which might be plain, so that the comparisons of the hues seen on the
two parts could be made. Comparisons are much to be preferred to
attempts at ‘absolute' judgements (in which no steady reference is
provided), since they are not subject to 'D.C.' drift of the subject's
internal hué criteria. The McCollough effect hues are more prone than
real colours to such drift when simultaneous and successive colour
contrast Is present (cf. experiment 8.1.2).

The three, slightly different, forms of test field used with

apparatus Ml’ MZ and M3 are typified by T2, TI and the palr T9 and TIO'

In each the colour of the central area was variable by the subject.

4,2.2.1.1 The first type, TZ-T7, had two symmetrical half fields in
each of which was a translucent 'window' measuring 5° x 2° and fllled
by ip]astitone' grgting or kodalith prints whose patterning matched

that of the other half field. These windows were closely‘backed By a

uniform tissue paper (Chartwell tracing paper).

t

Figure 2 Test figures

Approximate representations of the principal test figures used to
observe and measure pattern-contingent chromatic aftereffects. All
were viewed from such a distance (65-97 cm) as to subtend about 150.
The gratings of Tis T, and T, subtended 2.0, 2.2, 1,7 cycles/degree
respectively. The pa%terns of T, Ty, and Ts 1.8 and 4.6 dots/degree
and those of T, 3.1 dots/degree. S
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'h.Z.Z.j.ZTEe test card'Tl (for use with apparatus Mz) had a translucent
‘window' In the form of an annular ring of diameter 5.7° and width 0.6°
(at'65 ecm). This arrangement allowed the fovea to be occupied by
pattern, yet provldgd a sizeable tinted area and a long boundary at

which to perfdrm hue métchlng.

4.2.2.1.3 In test apparatus M, (cf. T9 and T, ) the test fleld had two
concentrié areas of dlameter 15° and 5° (at 56 cm), whose patterning was

provided by images of slides thrown by two projectors.

L.,2.2.2 Patterned central areas or 'windows' were used, whenever the
— -

type of experiment allowed, for the following reasons:

4,2.2.2.1 It made it possible for both the mean luminance of the whole
window and the local luminance of the bright areas of the window to be
made identical with those of the surrounding test area. Luminance

differences make hue ma;ching difficult.

4,2.2.2.2 Unpatterned areas are more difficult to work with than
patterned ones. They take on é 'blotcﬁy'.appearance and sometlmes-seem
tdazzling', sometimes 'bleached'. From measurements made using versions
of 1'2 (figure2) with and without patterned windows, it was found that

the standard deviation was slightly larger when plain windows were used.

4,2.2.2.3 The qﬁantity S being measured Is Increased (by about 30%)
because hue cancellation is added to hue matching. |

The accﬁracy of the results is thus improved by using patterned
windows, both by the decrease of standard deviation and by the iqcrease

in the quantity measured,
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4,2.3 The colour mixer

The central,diffe(ently patterned,regions of each of the above test
cards were 1lluminated by the colour mixer. In each version of the
apparatus the principle of the colour mixer remained unch;nged.

As close as posgible in front of the lens of a low powered projector,
Ry (100 watt in M, My, 8 watt In M3) a:_@byab]e;colour fllter (figure
1b) was supported by an aluminium arm fixed to the axis of the EEG pen motor

E. The filter consisted in M‘ and M2 of red and green filters and in M

of pink and pale green filters,* abutting in a straight line passing :
through the axis of the pen motor. The pen motor current was thus
linearly related to the displacement of the colour filters

The projector lens was fitted with a mask having two slits of 4.6
em x 0.5 cm and & em x 1.1 cm whose long axes ran in the &Irectlon of
motion of the colour filter. The lower, curved** slit admitted light
to the colouf filters, the upper slit added white llght which diluted
~ the coloured light to a suitable range of saturations for matching
McCollough hues.(fig 1b) |

"With the dimensions above and the approximately monochromatic

fllters used in M, M, the maximum saturation is 15% + 2%. This

% The red and green filters used with Mys M, were 1 layer of red and 2
of dark green (cinemoid 14 and 24). With“these the|aperture N was
open. The pink and green filters used for figure 37 '~ "of exp-
eriment 8.1.4 were: _

Figures 37 a, c Pink: Cinemoid 54 ‘'pale rose' (1 layer); Green:
Pilkington's 3/16' 'antisun' glass; aperture N closed. Figure37 b
Pink:Cinemoid 54 (2 layers}); Green: Cinemoid 38 'pale green' and

67 'steel tint' (one layer of each); aperture N open.

%% The radlus describing the curved slit had its centre at the axis of
the pen motor.
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corresponds to a reading of § =.h.2 cm on the scale used for the flgures
of chapfers 5-7..'The scale used in chapter 8 is about 10 timés larger
(a subject’s fairly steady McCollough effect was used as the means of cross
callbrating M, with M,).

If the light passing through the curved slit in the mask is
uniform* In Intensity,the pen motor current, 1, Is llnearly related to
thé excess of red aver green or vice-versa in the total light In the
colour mixture. (The colour fliters having been so chosen that this
total -~ the denominator below - was near constant.)

That is, | « LR - LG : where LR’ LG’ Lw are the luminances

’

LR + LG + Lw
contributed by the red, green and white sources respectively.

4.2.3.1 0Obtaining a uniformly coloured field from the coloﬁr mixer

Mixing of the two coloured parts and the white part of the projector
beam was found to be best achieved by placing the moveable colour
filters as close as possible to the projector lens. (Where necessary the

lens hood was sawn off.)

* In practice the W shaped filaments of the Atlas 1A lamps used In M
and M, gave a rather non uniform distribution of intensity along the
lengtﬁ o: the ?Ii:- Uniformity was much Improved by defocussing the
lens, and by placing diffusing tissue in the slide i
mask in front of the lens. carrier and In the

.,

In M., such measutes could not be adopted since a sharp image of a
grat?ng slide was to be produced by the variably tinted light. A 10
watt bulb with a uniform linear coiled filament (Lucas 12 v 265 'power=
- bulb') with its axis perpendicular to the dividing line in the movable
colour filter proved a good solution. o
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The slight residual red/green gradient across the field at the
test card was dealt with In slightly different ways in M] and Mz. In

Ml a refléctfhg horn of white paper 3/4 m long, greatly reduced the
colour gradient. After June 1976 this was replaced by 2 sheets of
tracing paper (37 x 25 cm) hung at one third and two-thirds of the
distance (80 cm) from projector to test card. This arrangement gave an
almost perfectly uniform field in the region which fncluded the two

" ‘windows' of the test field.

In M2 a more compact scheme was used which gave equally good colour
mixing; the prdjector beam fell (via a 45° mirror) onto a plece of white
Bristol board at 20° to its path and 30 cm from the projector. This
board was set 9 cm behind the test card and almost parallel to it.

In M3 a smaller area of the tinted field was used (5 cm wide as

against 10 cm in M, and Mz) and uniformity of saturation was quite good

within this region with the unsaturated filters that were used.

4.2.4 11lumination of the test card:

The colour mixer illuminated a central area of the test field.
The remainder was independently illuminated; in M] by a Cryselco ring
tube; in M, by pea lamps; in M3 by a projector (Pz) Suitable adjust-
ments were made in each case to the lamp current, and to the surrounding
reflecting surfaces and filtérs until the colour and luminance of the
two regions of the test field matched when the colour mixer was at Its
neutral position.

0.45 mim tn M

The luminance of the test flelds was 4 mim in MI’ ’

and 3 mIm in M3.
Contrast of the black and white areas of the test card was 2 log units

in apparatus M, and M,, 1 log un{t In M3.
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Low luminances of the test card were chosen for the following

three reasons:

~b4.2.4.1 because the McCollough aftereffect hues are more strongly

visible (cf. Stromeyer, 1971).

L.2.4.2 because it was found that the McCollough effect decays less

rapidly at lower luminances. (This consideration was of particular con-
" cern in the experiments of chapter 8 where it was destre{ that as little
decay as possible should occur during the taking of some 60 readings at

different orientations.)

4.2.4.3 to minimise the after images and alterations of sensitivity to

colour and pattern that are produced by viewing the test card.

4.2.5 Recording the hue match settings and other variables

The variable from whfch a measure of the subject's McColfough after-
effect was obtained was the current, i, to the pen moto; E of the colour
mixer. This was recorded, In some experiments as a function of time
(chapters 5, 6, 7) and In others as a function of the orientation of the
test grating (chapter 8). Various pen recorders were used at different
times to record fhe two Variables'~ a Hewléft Packard 7035B X-Y recorder,
a JJ chart récorder type CF100, and a Bryans plotter, each with suitable

modi flcations and additions.* : .

% Some of the modifications allowed various useful pleces of additional
information to be automatically recorded. For example, a 5 Hz
ripple, added to the signal, produced a line Instead of a dot symbol
(see figure 3). This could be used to record whether the subject
pressed the recording switch away from, Instead of towards himself (4.3);
or (in Ml"M ) to record which window or pattern configuratlion the
subject was édjustlng; and in M, to distinguish clockwise and .anti-
clockwise traverses or earller gnd later readings.

In M, the mean position of the plotter pen could take 3 values corres-
pond}ng to the 3 possible positions of the shutter {n front of the

subject's eyes.
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For the orientational studies the position of the Dove prism was
recorded by means of a 10 Kn. linear potentiometer turned by a chain

running on the toothed circular rim of the prism housing.

4.3 Conduct of the experiments

Ishiharafnormal unpald subjects were used. The subject was shown
a test card (generally removed from Its housing) and It was explalned
to him, without'mention of aftereffects, that his task would be to
match the hue of the differently patterned central area with that of Its
{mmediate surround. He was shown that by turnling the colour mixer knob
he could contrel the colour of the window and was encouraged to practise
for a few minutes making hue matches. He was generally told, 'you will
probably never feel the match is perfect. But If you turn the knob slightly
one way you will be sure it Is slightly too pink, if you turn it a little
the other way it Is too green. So home'ln rapidly, as in tuning a radio,
end make a decision in-the middle. There is nothing to be gained by
being very slow and very careful; a number of quick and moderately
carefu] measurements are much better than a few very slow ones'. Whllist
practising the subject was accustomed to the test regime to be employed
later. In the case of the two half test fields (T2-T7) he was asked to
attend first to the upper half field and to match its 'window' to the
surrounding triangular’afea while 100king at the middle of the window and
when satisfied to recerd his setting by pressing a switch in his right
hand away from him. He then proceeded in a similar fashion to the lower
half field, preesing the recerdlng switch towards himself. In the
apparatus M3 the two test patterns were each presented at each chosen
orientation, and the subject made the hues of the two areas match for

each configuration. In M2 one hue match setting was made at each
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orientation before the Dove prism rotated the view. When using M3 the
subject closed his eyes to rest while the test field was rotating.
When the subject was familiar with the apparatus he was asked to

take a little rest (generally In darkness).

4.3.1 Pre-exposure testing was performed under the preclise conditions

which were to be employed in the post-exposure testing. Thus in the
experfments on the angular distributlon of the aftereffect, after spend-
ing 10 min In darkness, the subject performed a full set of up to 66
hue matches, the test grating being presented at the angles and in the
sequence which was to be used in the post test. For the experiments
using apparatus M], a group of 2-8 palrs of match settings on the upper
and lower wlndow; were performed as described In the previous paragraph,

Subjects whose blas was appreciable were asked to return at a later
date, in the hope that the bias would fade. Biasses due to astigmatism
did not fade.

Until June 1976 most measurements were made In a darkened room; after
 June 1976 the room was steadily 1it (at 0.5 log ft L) so that the eye
not being tested should receive light and be kept at a more steady state

of adjustmént (see 4.3.3 below).

4.3.2 The McCollough exposure

Upon completion of the pretest the room was darkened, the subject's
chalr was moved td face the screen or tachistoscope, the subject was
settled on the chin rest or bite bar (if used) and exposure commenced
some 10-50 sec after the end of the pretest., Subjects were asked to keep
thelr heads upright and still. They were asked not to fixate but to
keep the pattern in focus and to rove their eye around the patterns,

préferably in small circles alternately clockwise and anticlockwise, for



125

équal lengths of time. Generally the éxpertmenter'chattéd‘w[th the
subject about matters-not connectéd with thé experiment to ensﬁré that
the subject was not asleep. Shortly before the end of the exposure the
subject was told what the next steps would be. To termtnaté the
exposure he was given a signal to close his eyes. The dhratlon of the
exposure was timed using a stop watch, and in thé temporal studies the

beginning and end of the exposure were marked In thé margin of the

plotter paper..

4.3.3 Post-exposure testing

4.3.3.1 Runs using M] ¢ the measurement of the decay course

For runs until June 1976 the subject, with eyes closed, was
returned quickly to the test apparatus and when he was comfortable on
the chin rest was asked to open his eyes and proceed Immediately with hue
match settings, in the darkened room as during the pre-test.

From June 1976 onwards the procedure was slightly altered. The
subject was asked tolclose his eyés for about 10 sec and then, when the
room lights had been turned on, to open them and view a large unpatterned
white card (of 60° subtense and 0.5 log ft L) for a minute before pro-
ceeding to the hue match settings. The room lights were then léft on.
The shutter close to the subject's eye was covered by white paper and
had a luminance of about 1.7 log ft L (higher luminances were found
distracting). These modifications were Introduced In order to standard-
{se the conditions under which readings = particularly the early ones -
were made. The time at which the eye was opened was taken as time origin
in plotting most results (see 5.1.1).

When he had completed the first batch of hue matches the subject

was often invited to descrite in his own words any colour differences
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he saw between the two achromatic regions of the test field. If he
reported none he was, in some cases (e.g. experiment 6.1), asked 'if you
had to say that one of the two half fields was pinker or greener than
the other, wha; would you say?'. Those still unable to report a

di fference were not pressed further.

Between batches of readings the subject engaged in normal 1life
élther outdoors andindoors, or kn some runs only Indoors at a constant
luminance level of 1.1 or 0.5 log ft L. The policy of keeping the
luminance level falrly steady both between and during méasﬁréments for
both eyes noticeahly reduced both the scatter within each group of
readings and the scatter of the series of groups about a final curve.
The I;tervals between batches of readings yaried with the subject's
convenience and ranged from 5 min to several hours. |

4.3.3.2 For the studies of the angular distribution function hue match

settings were made as described In 4.3, the view through the prism belng
turned to selected orientations, generally 11° apart or closer, el ther
in random order three times over (M3).or progressing systematically

clockwise and then, after a ¥ min rest, anticlockwise (Mz).
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4. 4.4 Accuracy, reliability, calibration

The reliability of the apparatus will bé treated first and then that

of the subject's measurements.

4.4.1 Accuracy in recording

L.4.1.1 The hue match settings

The linea}Ity of the relation between the positions of the colour
mixer fllter and of the plotter pen was checked directly for each apparatus
by placing a ruler against the colour filter. There were no signs of any
non-1inearity but there was about 2% hysteresis.This corresponds to 0.5 mm
‘n.M] and means that the accuracy of readings of the quantity S, ranges
from better than 2% for single readings of strong aftereffects (S = 3.5

cm) to only 35% for barely perceptible aftereffects (S = 0.2 cm).

- 4.4.1.2 Time

The plotter record could be read to 0.1 min with the paper speeds

generally used.

4,4,1.3 Orientation
In the apparatus involving a Dove prism,the relation between test
field oriéﬁtatlon‘and plotter record was frequently callbrated.by havlné
the subject turn the prism to the three positions at which the test
field appeared to be horizontal, vertical and horizontal. In apparatus
M, there was a non-linearity of about 5° in 90° for which rough correction

2

has been made. The potentiometer used with M, showed no non-linearity.

3

b.4,1.4 Luminance
Two S.E.l. spot photometers were used.to measure luminances. One of
them had been recently calibrated against a subsidiary standard lamp.

They can be read to about 0.1 log units.
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4.4.2 Rellabllity of the subject's measurements

d,h.z.l Hue match settings

The standard deviation about the mean of a group of hue match
settings depended upon the strength of the aftereffects that the subject
was matching.

For 3-4 readings on avstrong'aftereffect (S = 3 ecm), the standard
deviatlion was typically 11-29%, for 3-7 readings on a medium aftereffect
(s = 0.7f1.3) it was 11%, and for 7 readings on a just detectable
aftereffect (S = 0.23) it was 35% (see for example, error bars In
figures 4, 37a). In the case of the stronger aftereffects particularly
this is largely a systematic error rather than a random one. The
systematlc error results from the rapid decay which occurs as a result
of viewing patterned light in order to make the measurements (see
expeclally 5.4.1, 5.3.3, 5.3.4.1). In those cases where It was possible
to allow for this effect (for example figure 27) the remalning standard
deviation from random sources was only 8-11% for groups of 4 readings
even on a larée aftereffect. This value corresponds well to the standard
devlatlion found uslng.the same apparatus for 4 matches to the real hue.

saturations of 2 and 1 layers respectively of Cinemotd 38 and S4. The standard

deviation was 6% of the difference (S = 1.9 cm) between the settings.

4,4,2.2 Time

The making of a pair of hue ma£ches takes 0.2-0.3 minutes. A group
of 3 readings on one eye can be performed within 0.6 min. In the temporal
studies the plotted points generally correspond to single readlngs or
palrs of readings for the first 3 minutes and the averages of groups of
3-7 readings at later times. The uncertainty as to the time to which

points on the graphs should be ascribed is thus 1-2% from about 10 min
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onward. From 1-10 min the accuracy Is about 5%. But within the first
minutes the accuracy Is only 20% and so In later graphs measurement.

was not commenced until after a minute had been spent in the light.

4,4,2.3 Orientation
Subjects could set the test gratings to a subjective vertical to
within 2°. Studies by others (e.g. Ellis, 1976) suggest that eye
cycloto;ston Is less than io. Subjects could set the test gratings

to the orientation at which they appeared most strongly tinted to +3°.

4.4.2.4 Rellability of the overall slopes of graphs

The graphs of growth of the McCollough effect‘as a function of time
for 13 subjects'showed only a 10% varfation in slope (Table 12 of chapter
5.8). For decay, however, the variability Is greater (more than 202, see
for example Table 3 and figure 6 of chapter 5.1). There are two sources
of this varfability in the decay graphs. Firstly, as will be discussed
in 5.1.2.3, 5.1.2.4 to 5 and 5.6, the uqcertalnty as to the zeros from
which to measure the subject's’aftereffect and time elapsed. Secondly,
as we shall see in chapter 5.k and 5.3.3 both the luminance and
the degree of patterning of the subjéct's visﬁal diet between and during

readings affect the rate of decay.

4L.4.2.5 Repéatabllity

When subjects are exposed to the Tdentical stimull at Intervals of

a week the magnitude of the aftereffect varies,apparently randomly,by

about 10%.
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Chapter 5. ' Some temporal properties of -the McCollough aftereffect.

Sﬁmmary: The form and the time constants of the decay and growtﬁ Qf the
McCollough effect are Investigated. Though the exact form of the decay
function Is the ongoing theme of the whole chapter, the following parts
contribute most to the picture: experiments 5.1, 5.3.2, 5.3.3, 5.4.1,
54A4.1 section 5.5, experiments 5.5.1, 5.6.1 and 5.7.2. Sectlons 5.1-
5.5 take stoﬁk of a number’of factors in the inducing and decay situations
respectivély which might conceivably Influence the rate of decay. Sectlon
.5.4 then deals In closer detall with that factor which appears to be most

influential, viz. the amount of light entering the eye.

The work In this chapter Is described In roughly the order In which It
was performed, except that under the first experiment (5.1) some recent
runs are Included alongside older material to bring out distinctions whfch

were not evident from the earlier data

Experiment 5.1. An Investigation of the decay of the McCollough after-

effect In a normal visual environment.

The apparatus for presenting the stimuli and for measurl&g the
aftereffects have been described in detail'In the preceding chapter and so
will be outlined here only briefly. The pre- and post- exposure measure=
ments of the subject's orientation-contingent chromatic blas were made
using the hue matching apparatus M] (fig. 2a, ¢ section 4.2,1)

Test field T2 of fig. 1 was illuminated at 0.5 log ft L on Its white
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stripes. The test gratings subtended 1.77 (2.49)* cycles per degree
at the subject's eyes when the cﬁln rest was at 69 (97) cm from the test
fleld

To induce McCollough aftereffects oblique square-wave gratings at
+ and - 45° to the vertical were presented alternately In the same area
of a screen by two projectors with a shutter (El) or In a four fleld
tachistoscope (E5) as described in 4.1.4. The light from each of the two
gratings passed through a red or a green filtef»(c!nemold 14 and 24)
placed elther at thexlight source or at the subject's eyes. The subject
used a chin rest at 95 (46) cm from the stimulus screen. The grating
subtense was 2.5 (3.2) cycles/degree and the luminance of the coloured
stripes of the grating 3.7 (5) ml.

Exposures were monocular or binocular. During monoculaf exposures
the unexposed‘eye was cbvered by a black patch on elastic,or by the
subject's hand. In binocular exposures using apparatus E‘ both eyes

“viewed the same gratings, but saw them through colour filters of the same
or of complementary colours at the two eyes in different funs. For the
run of 16 December.l976 (figs 3,4.) gratings of the same colour and orien-
‘tation were bresented by the tachistoscope slmultaneouély to the two

eyes. Exposures laéting from 1.6 to 80 min were glven at various times
of day to 1b |shihara’norma1 subjects. For most .runs the exposure was
continuous. In a few, exposure was interrupted'h to 6 times for a total

of 10-12 min for the taking of measurements (in the manner described in

Expt.5.8.1)

% The dimensions and particulars in brackets gliven In this experiment
refer to a few runs, like that of 16 December 1976 (fig. 3, 4), for
which the tachistoscope (EZ) was used to present the stimull,
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" The subject made 1-8 pairs of hue match settings just before the -
McCollough exposuré. At thé end of the exposuré he was rapidl? tﬁrnéd'to
face the test apparatus again, the room being in darkness and his éyés
shut. He then opened his eyes aﬁd made 1-8 pairs of hue match ;étttngs
immediately (or following one minute spent in viewing a white ﬁnpattérnéd
card at 0.5 log ftL).The subject then engaged in normal llfe; retﬁrntng
to make groups of hue match settings at intervals ranging from mtnutés'to
hours later. In most runs the periods between making thése‘latér méasﬁre-'
menfs were spent both indoors and out without restriction. For a féw”of
the later runs, from 1976 onyardskthe subject remalned {n oné room It at
1.1 or 0.5 logftLln its brighter areas. In these lattér casés thé'Stéady
luminance is indicated In the figure captions. Decay on 16 Décémsér'1976‘

was at 0.5 logfthor the first 200 min.

Results:

5.1.1 The form of the decay Eurve

Figure 3 shows typical plotter records from runs on two subjedts.
3a Is an entire record, 3b shows on]y selected samples. Time Is marked
on the abcissa In mlnutes.‘ The positions of the pen marks on the ordlnate
indicate directly (see 4.2.1 )the positions of the join In the red and
green colour mixer which cofrespond to the subjects' hue matches for the
rachromatic test gratings at +45° and -45°, The distance S (in cm) between
a pair of pen marks is takeh to be a measure of the §ubjects' McCollough
aftereffect strength at the time.

The two subjects RSM, VM had good uncorrected vision and the McCollough

exposures were uninterrupted with presentation cycles of a) 6 sec on, 3 sec

off, b) 9 sec on, 9 sec off.
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Fg 3 Typical plotter records > Hue match settings for upper window of T2

lower window of T

time origin for plots in fig5

6) Subject : RSM 30 April 73

adding green to windows left covered - t.> # (

eye
of TI

right Qf] §1
eye red green e e

adding red to windows

pretests McCollough ww W x X N Time

exposure>rt eye il i ¢ ¢

3-22 - 3*42pm

16 Dec 76

wpoxox
19min )

LS® 0 U.
binocular 73 - 00 88‘6
McCollough
exposure

w
w

ho'2
51f

63
5

In figure the results from the two runs of fig. 3 are plotted as
a function of time on a variety of co-ordinates including linear/iinear
and log/log. Time was measured, for RSM from the end of the McCollough

exposure; for VM from the opening of the eyes in the light after the end
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of‘the'McCollodgh exposure was taken as time origlin.*
For RSM the last point only of the graph represents the average of
several readings, for VM all except the first two polnts are the average ‘

of two or more readlngs. Error bars represent twice the standard deviatton.

5.1.1.1 The'linear/linear'pIOts (flg. 4a) show the rapld decay of the -

McCollough effect during the first 40-50 minutes and the very slow decay
during the following hours The gap between 500 and 1500 m[nutes'was
]argelY occup[ed by a night's s]eep;l The resu)ts for the fallowing day do
not fall on the contfnuatton of the first day's curve, evenktf the hours

of darkness are omltted.

5.1.1.2 0On'log/log co-ordinates (flg. kb) these results (and those of

many other rdns) generally yielded a straighter'l!he than on any of the‘
other co-ordinates tried. The resolts for the first day (i. e. “about

2} log units) are particularly well fitted by a stralght Itne of slope '
about 0.3. Those beyond 1000 min Gwhich were taken on the second day)

fall much more raptdly than the extrapolation of the first day' s graph.

5.1.1.3 On'log/linear co-ordlnates (fig. 4c) the decay of the McCollough

effect during the first day appears to fall Into two distinct and falrly
straight portions: over the ranges 0- 20 min and 100-500 min results are '
well fitted by exponential decays with half lives of 14 and 550 min

respectively (fig. 4c, also Table 4 of sectlion 5.5 ). oOn closer'

* The openlng of the eyes in the 1Tght was adopted as time origin.tn view
of the outcome of expt. 5.4.1 (see chapter 4.3.3.] . ). In
practice the change of orlgin makes a difference of only 10-40 sec to
any run In the present experiment beciuse the subject was turped
rapidly from exposure to measurement.



fig A THE DECAY COURSE of th. McCOILOUGH AFTER EFFECT

plotted on various coordinates

a) linear/linear plots

VM both eyes 16 Dec 76

Difference in hue

settings. S cm

o

) log/log plots

Timo.t, from end of McCollough exposure Time.T, from admission of light to eyes

after McCollough exposure

The difference, S cm, In hue settings for the two runs of fig. 3 is
plotted as a function of time on the following co-ordinates:

a) linear/linear d) linear/log
b) log/log e) log log/linear
c) log/linear

For RSM time 1is measured from the end nf tho

VM from the admission of light to the eyes after°“9v T T &e; 3"d for
exposure. For RSM the time between readings was spen™in”~he” j]?Col 1ou9h
environment, for VM in a room at 0.5 log ft L until 200 mn *rd'naryY
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fig 4 (conti VM both «yes 16 D«c 76

c) log/ tin

V.

ul
»lop«. - 00042

SA
\  slop« |- -022

slop«: . -00042 ©

slope : - -022

2000 min
50 75 min

Error bars Indicate i _ _
twice the standard deviation for the means of groups

of readings.

In ¢), O represents the positions which the second day"s oints would
take if the dark hours of night were omitted, P

O represent the result of summing the two dotted _
lines of slope

-0.022 and -0.000"2.
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inspection, howéver, ghé decay curve i{s not perfectly fltted by thé sum

of two’éxponéntials: Thé replotting of thé éarly part of the graph on an
expandéd time scalé shows that the half 11fe during the flrst 20 mtnutés‘>
. smoothly fncréasés from 5 to 30 min (cf. also Table 4). Moréovér, the
intermédiate points at 25-90 min aré only moderatély wéll flitted by the
sum of the two éxponéntlals which fit the two ends of the curve. Unfilled
squares show the calculated sﬁm of the exponentials of slopes -0.022 and
-0.00042.. When a similar calculation was made from the early and laté '
slopes of a furthér 10 runs followling exposurés\rang(ng from 8-37 min, the
calculated sum fell some 10-20% §élow'thé observed results in 6 rﬁns;
cotncided with thém for 2 and fell slightly above them for 2.

The points for the sécond day fall on a shallow cﬁrvé of soméwhat
the samé slope as thé later portion of the first day's graph;‘ Thts‘ltne '
does not, however, form a continuation of the flrst day's graph evén'when‘
the perlod of 520 min overnight &arkness Is omitted (anilléd clrclés):

The first day's decéy curve requires more than t@o exponént[a]s for

a good fit, and the second day's decay requires separates curve fltting.

5.1.1.4 On linear/log co-ordinates* (fig. 4d) the graph s somewhat

concave; AThis was frue for some 30 other graphs on several subjects,
though some - especially those covering a smaller range of values of S -
were nearly. Sfraight. Since the rangercovered by S Is rather below a

log unit in the day, the difference in straightness bétween thé 11near/log
and Iog/loglploés (above) cannot be very great. (ndﬁcttdn times of 5 to
20 min ylelded progres;ively Steepér 519pes differing by a factor of more
than two whereas the values of p for the corrésponding graphs dlffered

very little (cf. figs. 6, 7).

% These co-ordinates have been used by Riggs et al., 1974, and tn most
other published work (see 5.1.5)
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5.1.1.5 The log log/linear graph (fig. ke) was included as a means of

testing the linearity of the apparatus. |If the hue matching apparatus

gave readings which were not 1lnearly related to the ;ubject’s McCoilough
effect M.E., (if, for example, ﬁE « log S}, then the taking of logs might
have revealed a simpler relation between log S and time than that of fig,
be. That the result (fig. 4e) is still a curve reassures that at least the
major part of the power law curve of fig. 4a is a genuine property of the

McCollough effect and not an artefact.

Conclusion

The form of the decay of the McCollough aftereffect s not simple,
The second day*of decay follows a separate course from the first day, and
at least three exponentially decaying functions are required to fit even
the first day's results.

On the first day the half life increases smoothly from 5 min,
Immediately after the McCollough exposure, to 600 min, ten hours later,
Decay appears to follow a power law, the majority of runs being best fltged

by a stralght line on log/log co-ordinates.

5.1.1.6 Discussion

Exponential processes: The possibiligy that, at least on, the day of the

McCollough exposure, there are a number of exponential processes simylt-

aneously decaying Is not, of course, ruled out by the above conclusions.

* The effect of the first night on decay is investigated in sections
5.3, 5.4 and the second day's decay is examined ln 5.5,
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Mere complexity cannot be used as a criterion of Qhat is improbable In the
nervous system. It would seem indeed highly probable a priori that the
equsure to pattern and to colours during presentation of the McCollough
stimull would induce several short-lived aftereffects affecting the nett
perception of the test stimuli at'least for a few minutes afterwards.
Some later observations suggest, however, that this does not occur to any
apprecliable extent beychd about 10 min after ‘the end of the McCollough
exposure: In 5.4.2 it is reported that after a night's sleep the course of
decay is not significantly different, from 10 to 100 min, from that
Immediately following a McCollough exposure. It might be countered that
this arises because some of the short-1ived effects of dark adaptation
are fortuitously similar to those of exposure to coloured gratings but
it seems more probgble that the bulk of the smooth sequence of time
constants is an integral part of the McCollough éffect.'

A power law of decay does not Suggest any well known type of
chemical process. This form of decay points, If anything, to a process
in which the Erobabilifxyof certain events necessary for alteration of the
aftereffect's strength diminishes as time proceeds. Thelr probabltity
épparently decreases rapidly during the first hour after a McCollough
exposuré and gradually becomes so small that there is very little decay
during the remainder of the day. . |

The implications of the form of the decay are further considered in

5.1.4 and in Chapter 9.

Log/log co-ordinates will be used almost exclusively from here on

because on them a) the results are well fitted by a strahght liné, b)
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requiring a minimum of specifying parameters, and c) having slopes which
are a dimensionless and unit free ratio which d) does not differ greatly

. In magnitude for a considerable range (x10) of Initlal magnitudes (see

.

figs6,7) .

Some further results obtained by the methods of experiment 5.1.1
allow us to assess the influence on this slope, B, of various Inter-
subject differences, such as age, sex, and features of the Induclng

exposure,particularly its blnocularity and duratlon.

5.1.2 The effect on the rate of decay of the McCollough effect of some

variables of the exposure.

Figure 5 shows the decay, fof each eye of 4 subjects, of the after-.
effects induced by differing binocular exposures. JN and VM viewed the
identical inducing stimuli binocularly; whereas the two eyes of SK and
DMM viewed the same grating stimuli but in complementary colours. (For
convenience both negative and positive values of S are plotted positively.)

For DMM the 10 minrMéCollough exposure was continuous, for the other
3 subjects exposure was in%errupted after exposure periods of 0.6, 1.3,

2.6, 5.6 . . . min, for about 2} min of making hue match settings. The
presentation cycle was In every case 6 sec on, 3 sec off. The different
durations of exposure were reduired to induce similar aftereffects In the
four squects.

The points in fig. 5 represent the average of 2-8 pairs of readings,fewer

readings being averaged for the earlier pqinté on each graph. A night's

sleep Intervened for each subject at about 1000 min.
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The dotted comparison lines have a slope of -1/3. The values of

the average slope,
p s Vflog S] ~ log S2

log Tl - log T

2
for the first day of the decay are given In the table below the graphs

In flg. 5.

Table 3 gives the values of B for similar runs on 12 subjects* In
which
a) one eye was exposed the other being covered,
b) both eyes viewed the identical stimull simultaneously, and
c) the two eyes viewed grating stimull which differed in colour.
The funs for which the inducing exposure was interrupted are marked
with a cross (+). The values of P for the first day are based on a
minfmum of 8 groups of readings, those for the second day on only 2 or
3 groups of readings. Time origin is the end of the McCollough

exposure (or exposure to light a few seconds thereafter, see footnote

to 5.1.1.

* There were seven further subjects whose results are not included;
three because their uncorrected vision proved to be very poor,
three aged 64, 30 and 7 years because thelr colour matches had a
large scatter for other reasons and one because her aftereffect
was very small. Their results all nevertheless showed the same
general trends observed in the other subjects.

Fiqure 5: The decay of MéCollough aftereffects induced by the various
ETEEEETEr stimuli specified in table below graphs. The dotted comparison
lines have a slope of -1/3. A night's sleep Intervened at about 1000 min
for each subject. The values of the slope, p = log S) - log 52 , for

log T, ~ log T2

the‘First day's decay are given in the table.
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Table 3. The rate of decay of the McCollough effect as a function of binocularity of th
e

Inducling exposure and other varfables.

. .o

Subject Exposure Aftercffect. »

age duration presentation end 1
(yrs) '(mlnutu) on cyccl’:f ]l:gélt;g ‘::TSE-'?TI);

a8) Monocular exposures - ] | -

JEN 7.7.73 F 13yr 20min 155ec 7sec  9.10 am L -3

RSM  30.4.73 M 16 20 15 7 3.42 pm R =30

MAS 10.5.73 F 28 22 8 b " 4,27 pm R =.35

VM 5.2.73 F 38 20 15 7 9.50 am R =3 1.1

v 13.8.73 F 38 20 s 7 9.00 -am L -.26 -2.3

b) Binocular exposures: identical stimull to the two eves

kK8 8.10.73 M 26 20 é 3 12.58 pm : ::fz :ézg

KB 2.11.73 M 26 11 6 3 9.0 am ’E 3| e

ka 1.10.73% M 2 n 6 3 11.35 am E ::gg |

v 6.11.73 F 39 12 3 2 12.46 pm R -1 -3.6

Ve 29.10.73 F 33 11 6 3 8.29 am : ::g;

W 18277 F k2 20 s 9 s47em | B 30

JF  28.10.73% H.‘.26 n 6 3 10.08 am t ::22

m 30.10.73° F 25 25 6§ 3 10.21am b

wo w03t F o2 52 b2 10.58am | F 30 | 26

c¢) Binocular exposures: different stimull to the two eves

VM 9.12.76 F o4z 20 9 9 12,16 pm E | :Egg :;-g

oM 19.9.73 K 27 15 6§ 3 Mizam |} 22

JPW 19.9.73 M35 15 6 3 t ::32

pMM 18.9.73 M 51 10 6 3 Ndoan | }T9 4

sk 209.73% m ko k0 & 3 10.40am | 1 3

*lncerruptcd exposures
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Figure 6 shows Fas a function of biqocularity and duratlon of the
exposure for one subject and figure 7 shows runs typical of those

summarised in figure 6.

o monocular exposure

& binocular exposure,same stimuli to the two eyes

¢ binocular exposure, oppositely coloured stimuli
.5 4 .
i
o ¢
, ;
4 '
é ‘ | ]
*:
3 ' o :?’
Decay ? $ g 6
slope, B *
& '
2 1 . 6 L 4
a
a
-1 4
o Y L4 T \ T '
0 10 20 - 30 40 / 80 min

Exposure Duration

““Flqure 6: The rate of decay of the McCollough effect 3s a functlion of
the duration and the binocularity of the inducing exposure,



Figure 7: ‘Decay of the McCollough aftereffgcts produced in one subject by exposures of various durations.
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Findings:-

5,1.2.1 Binocularity:

The slope of the decay course of the aftereffect in one eye Is not
obviously or interestingly affected by the simultaneous decay of a
similar or opposite effect In the other eye. (This concluslon is con-
firmed by Expt. 6.3.1)

In general the decay of the aftereffect seen by each eye was found
to proceed quite independently of events taking place in the other.

it Is not poéslble to be so definlte about the other variables since
there i's less systematic evidence, but some general polnts must first be

made about other factors which affect the slope.

5.1.2.2 Causes of variation In B: general discussion

The slope pcaf the decay of the McCollough effect for the above 12
subjects ranges from -0.19 to -0.47 with an average of about -0.30 + 0.07
for the first day. For the second day the slope is some. ten times
greater on the same co-ordinates.

The most striking feature of table 3 is that the difference In
- slope between graphs for the two eyes of one subject (following binocular
exposure) can differ by as much as half the total range of values covered
by all the subjects under all coﬁdltiohs. The origin of these inter-
ocular differences is not entirely clear, But the follow!ng general
sources of uncertainty whfch affect all runs have been identified.

The slope of a log/log plot4ls of course highly sensitive to

uncertalnty as to the zero to be taken on elther or both axes.
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5.1.2.3 Subject's initial bias

p Is sensitive to the subject's initial blas. No correction
has g;;; made for this blas In the above results because the manner In
which the blas behaves when a Mctollough exposure s administered can
only be guessed at (see 5.7).

The effect of a bias upon slope lf.the blas Is In fact decaying much
more slowly than the new effect can be ‘judged from the following two
examples. Subjeét MAS (table 3) had a large pre-exposure blas (of
-0.&5 cm) resulting from an opposite McCollough exposure on the pre-
>ceding day. |If this is assumed to remain constant throughout the hour
or so fpr which decay was measured, the value of P becomes -0.24
lnstead'of -0.35. Similarly the initial bias for VM for the 14 min run
of fig. 7b was +0.13. When this is deducted from all readings the slope
becomes -0.30 Instead of -0.33. Because such large uncertainties are

introduced by initial blas, runs were generally not performed if the

subject was found to have a bias of above 0.15.

5.1.2.4 Time origin
F is similarly sensitlve to the placing on the time axls of the

readlnés for the first two or‘threé minutes. Small uncertaintles as to
the exact moment at which a subject began to look at the test card are
therefore not unimportant. If, as seems llkely from fig., 10 the

moment by moment light level entering the eye affects the decay rate, then
alternate covering of each éye in a darkened room while readings were
made with the other will have the effect of making the graph spuriously
shallow for the first few minutes-and steeb later. Graphs where a

large number of readings were gathered in this way during the first few

minutes have been excluded.
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It was not at first obvious why the time origin should be taken at
the end of the exposure rather than ét some suiéable aQerage point
during the exposure. But it was found that values of P became much
more diverse as soon as the time‘orlgin was moved back in time. A
further indication that a time origin near the énd of the McCollough
exposure was appropriate was the fact that the Interrupted and uninter-
rupted exposures led to much the same decay slopes. In view of expts.

5.4.1, 5.6.1 the moment at which the subject opened his eyes after

the end'of the exposure has, as nearly as possible, been taken as time

drigin.

5.1.2.5 Random variations

Apparently random fluctuations of the readings about thelr mean
‘course are considerable. They are much reduced by keéplng the subject
at a constant luminance level. Because of thls variability the omission
of even one point near either end of a graph‘can strongly affect tﬁe

value of P . Error bars In.fig. 6 Indicate the magnitudes of such

variations in slope.(%.Szg

5.1.2.,6 Possible systematic causes of alteration in @8: subjects and

exposure conditions

Given the breadth of uncertainty introduced by the aone factors,F
cannot be said to be significantly affected by any of the variables
shown either ln'flgure 5}or.in table 3 {.e. the Sge or éex of the
subject,the degree of binocular unanimity of the Inducing stimuii, the time
of day at which decay occurred (see further comparisons in section 5.3.6,2)
the lengfh of the on/off presentation cycle, or interruption of the

exposure. There Is also In fig. 5 and table 3 no evident influence of
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“the duratioé of the McCollough exposure, but it must be pointed out that
the range of inducing times is not great (x4) and that those subjects

‘who were given the longer exposures (notably SK and JN) required them in
order to reach the same initlal thereffect strength as the other subjects.
The fact that thgir decay rates are so similar to those of VM should then
perhaps be taken simply as an Indication that effects of similar Initial
strength decay at similar rates rather than as showing that decay rate Is
Independent of exposure dﬁration. The indications from Figs. 6 and 7b are
that p is not constant but increases by a factor of 2 for the tenfold

increase in initial strength resulting from a 50 fold increase In exposure

duration.

6.1.3 -Summary
In 1972 (MacKay and MacKay, 1973) we communicated to the Physiological

Soclety the log/log plots of figures 5 and 7a and the conclusion that our
results were well fitted over most of the decay course by a straight line,
of about -1/3. We stated, on the basis of exposures lasting 5-15 min,
that "4 shorter exposure yields a lower line of the same slope! (fig. 7a).
And “6vér most of its course thé strength of the McCollough effect (S)

{s a negative power function of the time (t) from cessation of adéptatlon,

-P*

t ; L
QEZ wherg P =1/3 0

§. =

S
o

For 12 subjects,after Inducing exposures of 10-50<mlﬁ,the average

value of the slope‘Pdurtng the day on which the exposure occurred was

P

; E}sewhere | have defined by S] = t]
3 )
2 2

ptherefore takes negative values in all tables etc.
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0.30 + 0.07. There Is no obvious variation of F with the age or sex of
the subject, with the degree of binocular unanimity of the Induclng
stimull or the time of day.

These conclusions are still-valid when the following three refine-~

ments are added:

5.1.3.1 The term 'most of {ts decay course' must be restricted to the
first day's decay. Only later did we percelve that following an over-
night hlatus the results not only fall faster, but fall on a separate

nearly straight line (e.g. section 5.5).

5.1.3.2 In view of the results in 5.3 and 5.6 we would now consider |t
more correct to say that the time origin is the time at which 11ght began
to enter the eye after the end of the McCollough exposure rather than

the time at which the exposure ceases. (In our early experiments this

distinction made no noticeable difference to the plots, being less than

0.3 min.)

5.1.3.3 When a large range of exposure durations (50 fold as agalnst our
original 3 fold) are explored the slope P Is not strictly the same but
Increases with initial aftereffect strength, covering the range =0.19 to

-0.47 for exposure perlods of 1 to 80 min.

5.1.4 Implications

The theoretical implications of these findings have been touched on
in 5.1.1.6 and will be.dealt with In conjunction with later results in
ch9.3.1 . It is sufficient here to say that the duration and the non-

exponential form of the decay course reported above seemed to point away
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from McCollough's original (1965b) idea that her aftereffect was evidence

of the selective adaptation of single units sensitive to colour and
orientation. For no unit recovery curves with such long time courses had
been observed physiologically. As an 'attractive alternative' my

husband, In 1973, postulated 'cooperatlive changes at synaptic or ;ub-
synapti; levels, throughout an ''associative network'' of units'. Since,in
such a netwofk,orientat!onal sensitivity would develop In response to the
Incoming patterns of events, orientatlon-selective units are not a necessary
part of this explanation and 'the slite of the adaptation could even be

retinal'. (MacKay and MacKay, 1974a.)

5.1.5 The form of the time course of decay of the McCollough effect:

Comparison with other authors.

In- 1973 Riggs, White and Eimas described the decay function following
exposures of 15 sec - 17 min as ''nearly linear on log-log coordinates'.
They later (1974) published linear/log plots showing the decay over 5 days
of the aftereffects of exposures lasting 5-120 min and their revised '
conclusion was that the'majority of thelr curves were '‘nearly linear on
their‘semilogarithmic.plot”. Their results forrlater days (one reading per
day) are indeed well accommodated by these coordinates, falling on the
same, somewhat concave,course taken by the first day's results. When,
however, their results for the first day are plotted on log/log coordinates
they yield graphs which are as straight or straighter than those on the
semi-logarithmic coordinates. For five of these, corresponding to
induction times of S and 25 min, the slope P is 0.39 + 0.06 (see table

4). The range of values covered in the first day Is 0.7 of a log unit, as

we too found.
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Riggs et al. (1974) show (in fig. 4) very convincingly that the decay

slope on linear/log coordinates, (-ch ), is a linear function of the
d(int)

strength Pc at t = 1 min. This is a result to be directly expected from

our expression, S = (5.)- Q if Bis constant over a range of initial
o o

values of S (i.e. of Pc)' For differentiation of this gives d$S = =S
d“oget) P

Their straight line graph suggests that P Is constant for all initial
magnitudes of below 5% saturation. (Thelr apparatus was unable to

cancel stronger aftereffects.)

The slope, -ch " 1 ,of the straight line in their fig. 4 should
d(Int) Pc

on the above calculation be = Its value in fig. b Is In fact +1.2, buf

1.
If Riggs et al. calculated log?ot though they wrote "Int’, this slope Is
too large by a factor of log e (i.e. 0.434) and p becomes +0.36. This
value agrees with ‘the vaiués of F | have calculated from their graphs

of fig. 2 (and concurs with 6ur own typical values for P ).

Though their (1974) conclusions differ from ours, the results of
Riggs et al. confirm their own 1973 abstract and support our conclusion
that the decay of the McCollough effect is a power function with exponent
about -1/3. |

Sshute (1977b) gives a power law expression for the decrement of the
aftereffect. ''The decrement d below initial strength ME, after t minutes
t]/3”-

forms the cubic hemi-parabola, d = a

""For this subject . . .

a= MEO "t (t being presumably'measured in minutes).
- 12
For large values of t this expression clearly does not represent the

actual aftereffect well; the observed aftereffects as reported by every
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paper cited in this section do not in fact cross the zero to take
negative values beyond about 28 hours. But since the mathematical

approximation -31/3531 - t.]/3 holds over a considerable range of values

c T c
of t to either side of GE)B It Is obvious that within thls region Shute's
2
expression and ours will both fit the same results acceptably. When c
s in the reglon of 12, Shute's expression for the fractional decrement,
X -
d, and ours S0 S

ME (so)

and within 20% of each other from 35-660 min. When Shute therefore

fall within 10% of each other from 55-550 min,

describes our expression as having ''quite a different shape' from his,
this difference is sighificant (as far as the first day Is concerned)
only during the first half hour or so of the graph, i.e. when hues are
most saturated. This suggests that differences in the hue matching
techniques may be responsible for the divergence of his and our results.
In this region Shute's expression gfves lower values of the saturatlons
than ours. This could possibly be because with no comparison area and
only one colour (see 2.94.4  for account of apparatus) his.subject's
hue zero drifts.

Since Shute (1977) has given the impression tﬁat our résulfs are
anomalous as compared,bnot only with his own (unpublished) one;, but also
with those of Riggs et al. (1974), table 4 has been prepared to facilitate

comparison of the published runs. The half life at various times after the

end of the McCollough exposure has been calculated,as well cs.the log/log'

.slope, to characterise the decay function. Given the scatter of the

"% § , in our expression is the magnitude at any time t: ot Is not
° : ~ o

necessarily small.
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Table 4 Comparison of results of Riggs et al., 1974 and MacKay
and MacKay, 1975, 1977a.

Half life in min. at
Subject Exposure P various times after iInduction
Duration Ist day {1-20 | 1-5{ 5-10] 10-20| 30-80} 100-500
KW . 5 min -0.39 51 100 430
KW 25 min -0.49 90 530
LR 5 min -0.32 29 100 | 400
LR 25 min -0.38 L6 160 350
PE 25 min -0.35 24 9.6 29 29 73 460
5 min
VM fig. 8 6 Sept. 1973 |-0.23 18 5.5(7 170 1800
(fFig. 3c of . 4
M & M1975) |15 min .
11 Sept. 1973 [-0.17 27 9 22 31 110 300
|RsM
Right eye : -0.
Fig. 2 of 20 min 0.43 21 15 180 300
M& MI1977a

individual readings used to calculate the half lives there seems to be

very little difference between the results from the two groups.

Skowbo, Gentry, Timney and Morant (1974) have two graphs showing what,
at first sight, appear to be very much shallower decays in the natural
environment.than that of MacKay and MacKay (1975) and Riggs et al. (1974).
Allowance must, however, be made for the fact that their first readings
were made after 7 or 12 minutes'_exposure to ""homogenecus fields' (ln.their
'EQPerimentS | and Il respectively). In table 5 the decay which they

observed between their first and last readings is therefore compared with

that occurring over the corresponding portions of the graphs of Riggs et al.
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Table 5. A comparison of the decay observed between
- ' a) the 7th and 92nd minutes

b) the 12th and 74th minutes
after the end of McCollough exposure by Skowbo et al. ('PAS natural')
Experiments 1 and 11 respectively, Riggs et al., 1974 (subjects Kw Lé
and PE), and ourselves, ’

a)

Subject McCollough Skowb6 1| KW LR LR PE PE VM

exposure time 10 min S.min 5 25 5 25 12 min

a~e after 7 min 100% >2.4 | 2.2 >5 1.0 2.7 1.4

a-e after 92 min 70% 1.2 1.1 2.5 0.6 1.1 0.6

docrease as 2of | 303 50 |so | s0 | s | 60 | go
p='Q44

b)

e g 0 e [ [ [

a-e after 12.min 100% 2.2 76 1.8 h.2 0.8 1.9 1.2

a-e after 74 min 2902 1.4 |40 1.3 3.3 o8 1.2 | 0.6

beir P RS 300 f30 | 25 | 25 | o 30| s0
B=-006

and two runssimilér to those of MacKay and HacKay (1975),

The percentage drop in aftereffect observed by Skowbo et al. s thus
comparable with that found 'n Riggs' subject P.E., for whom the aftereffects

are systematlcally small.* [t [s possible that Skowbo et al.'s three

.....................................

«evident from the results of Riggs et al. and MacKay and " :
follows from the expression S =(£)-}3, that d$ c(_)s( ne Packay; 1t
t dt
o

* . The 1link between'a small aftereffect and a small percentagé rate of fall is

)
o
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subjects all had weak McCollough effects. But it Is more likely that
some aspect of their method of making hue matches using the eye which
Is not viewing the McCollough test figure glves a somewhat different

measure of the effect from that of Riggs et al. and MacKay and Mackay.

Jones and Holding (1975) show a decay curve extending over § days
which represents the averaged results from 16 subjects following 15 min
McCollough exposures. It is slightly concave on linear/log coordinates,
resembling the graphs of Riggs et al. (1974). But for the first 8 hours
of ‘its course the slope, P » on log/log coordinates s about -0.08, This
very low value (and other features of Jones and Holding's results which
will be discussed In 5.6.1.6) can be accounted for If Jones and Holding's
readings for the initia) aftereffect strength are spuriously low. Two
features of their measuring technique may have led to low readings,
expecially for the more saturated aftereffects; during testlng each subject
was a) presented, abparently, with only one of the two possible orient-
atlons of test grating (p. 324 col. 2), and, b) provided with no steady
comparison area while he rotated 'the color mixer until the white lines
In the slide appeared és colorless as he could make them' . It Is>llkely
that the subject's sense of what Is 'colourless’ will have drifted towards

the colour he is viewing.

Summary

The results of Riggs et al. (1974) are closely similar both In form
and In magnitude to those described in MacKay and MacKay, 1975 and in

experiments 5.1, 5.1.2. The results of Skowbo et a]. (1974) and of Jones
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and Holding (1975) were obtained by other methods of hue matching or

cancellation and show shallower slopes.

_ Experiment 5.2 To Investigate whether the rate of decay of the McCollough

effect Is different according as the effect is Induced by

a red or by a green grating.

Apparatus: For the measurement of the aftereffects the apparatus and
methods were exactly as In the preceding experiment. Apparatus Ml with
test field Tl at 65 cm was used to make hue match settings using the left

and righf eyes alternately.

Inducing stimuli: A single left-oblique square-wave grating of 2:5

cyc]es/degfee was presented continuously for 12 min on a screen at :95cm
in front of the subject. The subject viewed this with left and right eyes
alternately (for 6 sec apiece) through one layer of red and 3 layers of
green cinemoid flltér respectively. A black shutter automatically covered

each eye alternately in a darkened room.

Results: Figure 8 shows, on log/log coordinates, the readings for the
aftereffects obtained for each eye as a function of time since the end of
the McCollough exposure. (All the readings occurred on the same day, the

McCollough exposure being from 9.10-22 a.m.)

Findings: The magni tudes of the aftereffects In the two eyes and thelr
* rates of decay are similar. Differences as large as that between the two

eyes' results occur  in control runs when the two eyes recelve

identical McCollough exposures (cf. figureS).
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Figure 8 Decay of the orientation-contingent aftereffects produced by
viewing a grating in ®,red, 0O, green l1ight with the right and left

eyes respectively. The slopes, B » of the log/log plots of S against
time since end of McCollough exposure are =0.24, -0.19 respectively.

VM
14 June 74

15 ; ; — -
1 T 10 100 1000 min
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The magnitude ofithese effects [ndﬁced by a réd'grattng aloné and a
green grating alone is roﬁghly half that Indﬁcéd by thé full McCollough
stimulus (of two orthogonal gratings in compleméntary colours) in a
similar time. (See, for example, figﬁre 9 In which the ordinate Is at
t = 1 min, and for which the presentation cyclé was 3% sec on 2 sec off.}
Chapter 8.1.2 (figure35) returns to the idea of 'summatfon' of

orthogonal aftereffects.

conclusion: The systems modified by exposure to red and exposure to green

gratings so as to produce a McCollough effect do not differ In any striking

respect. The initial magnitudes of the aftereffects and théir subsequent

course of delay were highly similar.

5.3 Factors influencing the rate of decay of the McCollough effect:

varlables of the post exposure situation.

The variables which will be explored are the amount of light
entering the eye, the degree of patterning of this light and its colour.

As mentioned in section 3.2.2 we had often noticéd that the McCollough
aftereffect hues looked fresher and stronger at the start of a new day at
the laboratory than they had done the previous evening. The undiminished
or even Increased readings tallied with this impression (see Figure 9).

To find out how far this increased reading was attriLutable to improved
signalling of the test field and how far it reflected the Qtate of the

McCollough mechanism, a Iarée aftereffect was induced in the evening so
that the overnight portion of the graph should occur when the effect was

some four times stronger than in figure 9.
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Figure 9 Typical examples of time-course of McCollough effect over
2 days and nights (for same subject as 1in Figure 3) on different
occasions with initial exposures of 12 min (O) and 20 min (o). Note
apparent arrest of decay overnight (arrows). Scales of time and
strength are logarithmic. (From MacKay and MacKay, 1975.)
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Experiment 5.3.1 To Investigate the decay of the McCollough aftereffect

during sieep and darkness.*

Apparatus: The pre- and post- exposure measurements were made using
apparatus M; with test card T; at 65 cm. .

The McCollough stimuli consisting of red and green oblique gratings
(2.2.cycles/degree) were presented by two projectors with a shutter (E])
with a timing cycle of 6 sec on, 3 sec off. The subject's right eye was
exposed for 25 min and then both eyes viewed the same stimull for a further
12 min. A bed had'been‘placed in the room beside the apparatus.

Immediately 12 pairs of post exposure measurements had been made on
each eye, the subject went to bed and slept. The room was thoroughly
blacked out and the room lights were turned off from the commencement of
the pretest until 9.3f the following morning. |

The subject awoke three times: at just before 4.13 a.m., 7.40 a.m. and
9.34 a.m. Each time, the apparatus was switched on, and when it had warmed

up the subject made hue matches for about 7 minutes, noted 'the time, and

- on the two earlier occasions = returned to bed and sleep.

Resujts: Flgure 10 (a) shows a jinear/l!near plot of the aftereffect (Scm)
in the left eye as a function of the fime in hours since the end of the
McColléugh exposure. A typical decay course In the light is Included,
dotféd, for comparison.. Figure 10(b) on log/log coordinates gives the
above results for the left eye and also those for VM's right eye and for
both eyes of another subject; DMM. (The latter results weré obtalined

using a portable variant of the hue measuring device in a similar overnight

ruﬂ.

Figure 10(c) shows the results for the three graphs of figure 10(b)

% Experiments 5.3.1, 5.3.2 were published In MacKay and MacKay, 1975b.
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Fiaure 10 The decay course of McCollough aftereffects Induced shortly
before a night"s sleep, plotted on a) linear/linear coordinates, b) 1log/log
coordinates with time origin at the end of the McCollough exposure, c¢) log/
log coordinates with time origin at the opening of the eyes on the second

day .

e VM left eye 12 min exposure ending 11.18 p.m. 2b May, 1974.
A VM right eye 37 min exposure

<> DMM both eyes 22 May, 1974.

The dotted Uline in figure a) shows the decay, fn theF\lﬁH

- 11
induced by a similar 12 min exposure of VM"s riaht f d 2 fffct
on 6 November 1973 (figure 9). 9 eye endIn9 at 12.48 p.m.

Sleep occurred during the parts of thp .

(b). Vertical _bars show the scatter (twice the* L~*"r rrorr of S?hCk]Jed
mean reading of each group. error; or the last
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replotted with time origin at the time of opening the eyes In the light

at the - start of the second day.*

Findings: . In almost every case the first readings immediately after a
period of sleep are as high or even higher than the last readings before
It. During each 8 min perlod of takling readings following sleep, the
readings fall very rapidly after the manner of a néwly induced effecrt.
Even so the last readings in each group are 3 or 4 times above the level
of the éomparlson run at the same time after the McCollough exposure,
The course of decay in the light on the second day Is highly similar to
that of the comparison run at times 10 hours earlier (figure 10(a) and (c)).
Log/log plots with the time zero moved by this amount to the time of
waking on the second day (figure 10(c)) have slopes similar to those of
ngwlyffnduced effects. |

Subjectively the test figure was quite stunningly colourful especially
for the right eye throughout the two periods of viewing it 5 and 8 hours
after induction. During the first period the hues were judged to be
just as strong as before going to bed. ‘

The subject found the (0.51og ft L, l.e. 11 cd/m?) test fleld
almost dlsfressingly bright for the first 1} min after each awakening, bui .

after a further ¥ min felt that vision was normal.

Conclusion: During sleep and darkness the McCollough effect does not decay

in the same manner as in the normal daytime environment. During 5 hours In

* In figure 10(c) DMM's readings are multiplied by a constant factor,
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the dark decay was near zero,whereas during a similar period In the light

the aftereffect falls to below a quarter of Its inltlal strength.

5.3.1.1 -Dark Adaptation: an Influence on hue matching?

Kelth White (1976, p. 36) has pointed out that since dark adaptation
will reduce the subject's sensitivity to the colours presented by the
colour mixer (Lie, 1963, p. u481; Sfabell and Stabell, 1975), spurlously
high readings can be expected for some minutes after a period {n the dark.
This criticism can hardly be applied to the arrowed readings in figure 9
since they were made some two hours after waking. It is unlikely that it
seriously affects the (bracketed) last readings of each group in figure 9
for these were made after 7-8 min* in the light. But such a factor may
influence the earlier readings and so Is investigated In the following

control experiments.

5.3.1.2 To assess the influence of dark adaptation upon the making of
hue matches -
Two experiments were performed. |In the first, a 20 min dark pértod
followed the McCollough exposure immediately; in the second,a perloa In

the 1ight preceded a dark period of 15-45 min.

[

5.3.1.2.1 Matching the hues of a large McCollough ‘effect recently Induced

The left eye was exposed to McCollough stimuli for 20 min, the right

% Lie's (1963) graphs show a time constant of about 1} min for the
alteration of the photochromatic interval during dark adaptation. | am
assuming @ similar time constant holds for readjustment to mesoplc
l1ight levels. The results of Rushton and Gubisch (1966) which show
recovery from, as well as adaptation to, darkness suggest that equal
time constants (of about a minute at most) apply to the two processes.
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~

eye being covered; then the left eye was kept in total darkness for 20
min while the right eye was given an identical McCollough exposure. The
 subject then viewed for 1% min a white card at 0.5 log ft L before
making hue matches alternately to the aftereffects In the two eyes. The
readings taken on the two eyes betweea 1% and 6 min after the end of the
left eye's 20 min period of darkness are given In table 6.

Table 6 Readinjs of the aftereffects in the two eyes after ldentical

‘McCollough exposures. The left eye had been dark adapted for
20 min and the right had not.

VM 25.3.77 Left Right
L.45 5.75
4.10 4.25
3.30 3.20
2.30 3.05
2.35 2.50

Findings: There is no significant elevation of the readings made usling
the dark adapted (Ief;) eye relative to those made with the other eye.

subjectively also the McCollough effects seen by the two eyes were highly

similar.

5.3.1.2.2 Matching the hues of a McCollough effect whlch.had been‘decaying

for a day

A moderately large McCollough effect was allowed to decay In the
1ight for 10 hours. The subject then sat i; darkness starting ;t 9 p.m.
for 15, 45 min respectively on two different occasions. Hue matches were
performed immediately before and after the period of darkness. The

readings were in each case raised by 50% for the first reading - from 0.7

pefore the dark period to an average of 1.0 during the first minute after it.
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But.the readings fell very rapidly and returned to thelr.former'lével‘wlthin
3.5 min. The subject felt the appearance of the afteraffect was not
: altéred‘by the 15 min In darknéss: but that thé'afteréfféct was 'cléarér'
and 'possibly strongér' aftér the 45 min rést;
‘Fladlngs (experiments 5.3.1.2.1 and 5.3.1.2.2}: The hue matches were not
elevatéd by a pérlod of darknéss In the first éxpériment and yét‘wére '
elevated In the second.
Dlscﬁssfon: Thé maln dIfférénCé betweén’thé two sltuations would séém to
be that decay in the light had occurred prior to the pér[od_of dark
adaptation in thé sécond experimént bht not in thé ftrsﬁg Thé'fact that
the readings are e]evatéd In the second case theréfore séems to bé ‘
ascribable not so much to the effects of dark adaptation upon hﬁé pércéptton

as to a recuperation of the McCollough effect in darknéss. (See also 5.5.1.)

5.3.1.2.3 ‘Conclusion

One to 3 minutes after a period spent in darkness,thé effects of dark

adaptation have a negligible effect upon the Judgemént of hﬁes:

The fact that readings are - even slightly and for a short time -
afféctéd by darkﬁess. ’ -.impbses regrettéble but unavo[dablé Timits
upon the certainty with which the amount of aecay can be detérmtnéd‘from
the first readings following a period ‘'under dark or dim conditicns. It
{s for this reason that la;ér experiments concentrate upon the readings

long after the effects of the dark period will havé worn off.

5.3.1.3 Conclusion: The effects of sleep and ‘darknéss
Returning to the gap between the two graphs of figure 10a at 10 hoﬁrs,
nearly half the gap is left still unaccounted for when thé éffécts of

darkness revealed by the control experiment 5.3.2.2 above haQé
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been allowed for. There can be no doubt then, on the basls of flgure 10a
(and later experiments show this even more clearly), that decay of the

McCollough effect does not proceed as fast iIn sleep and darkness as when
light is entering the eye. Later experiments investigate whether or not

decay is totally arrested in darkness (5.4.2, 5.5).

The object of experiment 5.3.1 was to find out why the arrowed points
on figure 9 are as high as they are. The principal reason seems to be
that the McCollough effect suffers considerably less decay when the subject
is asleep than in the day time. It Is possible also that a slight re-
cuperation of the McCollough efféct from earlier decay occurs In darkness.*
The fact that the afrowed polnts are actually above the level of the
previous evening's readings cannot be ascribed to the effects of dark
adaptation on the making of hue matches since these arrowed readings were
made two hours after waking. Dark adaptation probably elevates the readlings

for at most 3-5 min after opening the eyes.

%* For further Instances of elevated readings, see figures 13 and 18
of sections 5.3.6:.1, 5.5.1. '
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The precedfng experiment (5.3.!)_had shown that sleep and/or
darkness reduce the rate of decay of the McCollough effect considerably
. and perhaps totally. The next experiment investigates whether absence
of light, absence of patterned light or sleep was the necessary condlition

for arrest of decay.

5.3.2 To compare the decay of the McCollough effect In the normal

environment with that In darkness and by unpatterned‘lllﬁmlnaflon

AEEa'at”S:‘ The pre- and post-exposure measurements were made using
apparatus M, with test card FZ at 65 cm. The oblique orthogonal red
and green'McCollough stimuli of 2.2 cyclés/degree were presented by the
two projectors wfth shutter (E]), with a timing cycle of 6 sec on, 3 sec

off and viewed binocularly for 20 min.

Experiment 5.3.2.1 Darkness versus the normal environment

Immediately after making the four post eéXxposure settings on each
eye a light-tight patch was fixed with black plastic adhesive tape across
the eye socket of the subject's left eye. The subject then spent 6
hours in ordinary activities by .daylight before the patch was rapidly
removed and hue settings were made using the two eyes alternately

Further readings were made over the next hour.

Results: Figure 1la shows, on 'log/log coordinates the readings made
using the two eyes. The time origin Is at the end of the McCollough
exposure. Figure 11d shows the results for the eye which had been
covered, plotted on log/log coordinates but with time origin at the
removal of the black patch.

Figure llc shows the results of a control run in which, following

a 10 min McCollough exposure, both eyes were exposed to the normal

environment for 96 min.
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Comparison of the effects of the ordinary environment (open
symbols) with that of (@) darkness, (b) diffuse illumination,
on the time course of the McCollough effect (¢) control run:
decay in the ordinary environment. Error bars show twice the
standard deviation. (d) The later readings on the covered
(left eye) of figure 1la replotted on log/log coordinates with
time origin at removal of the black patch.
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Findings: Upon femova] of the light-tight patch the readings show a

distinct difference (x 4) between the strengths of the aftereffects in

the two eyes. A significant difference persisted for 17 min. After the
patch had been removed,decay followed the type of course which we have
already noticed following a night's sleep (experiment 5.3.1). On a log/
log plot with time origin at the end of the McCollough exposure, the

decay following removal of the black patch Is very steep (figure 11a),

but If a new time origin at the end of the period of darkness Is used,

the decay slope is similar to that observed when induction of a McCollough
exposure‘is.followed by admission of light to the eye (fligure 11d). This

phenomenon s investigated in experiment5,5.

Conclusion: This experiment shows that sleep was not an essential

feature for producing the arrest of decay in experiment 5.3.1.

.Experiment 5.3.2.2 Unpatterned stimulation versus normal environment

Immediately after making the four post exposure hue matches a fine
uniform tissue (Chartwell gateway tracing paper) was stuck with tape
across the eye socket of the subject's left eye. The grain of the paper
was not visible at this distance from the eye and no contours were
‘'visible through it (though there was a shallow gr?dient of intensity
towards the room's windows). The paper dimmed the light by a factor
of tv’vo. |

Affer a few hours spent in ordinary activities by daylight (at
about 1.1 log ft Lamberts) the paper was rapidly removed and hue settings

were made monocularly on the two eyes.

Results: ‘Figure 11b shows the readings for the two eyes for two subjects

pefore and after the tissue was affixed. For DMM the interval was 2 hours,

for VM & hours.
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There Is no significant difference between the rates of decay In

the two eyes of each subject.

Conclusion: Unpatterned light produces as large a decay of the McCollough
effect as the normal environment. Further experiments in which decay

occurs in an unpatterned environment are described in 5.6,

5.3.2.3 Discussion: The use of one eye as a control

The practice of using one eye as a control for an experiment which
is proceeding simul taneously in thg other eye needs justification.

We have already seen (experiment 5.1, Table 3) that the rate of
decay in each eye was, to a first approximation at least, Independent
of the affereffécts In the other eye. _Experihent 6.3.1 supports this
impression. It also reveals, however, that there is a considerable (25%)
binocular element in the McCollough effect. But since this element seems
to be undetectable except by binocular testing | assume that Its
presence does not affect the results obtained by the monocular testing
at present under discussion. Transfer of the McCollough effect from oné
eye to the other monocular channel Is below 10% (experiment 6.2.1),

A comparison (see figure 11) of the decay which took place during
exposure to.the normal-environment under monocular (figure 11a and'b)
and binocular (figure 11d) conditions suggests that a glmultaneous
contrél fﬁn performed In the other eye Is about equivalent to a control
run on another day. It Is probably, indeed, more reliable since the

metabollism will be more similar for the two eyes.

Experiments were next performed to find whether decay was hastened
by exposure to an environment rich in edges. Only one of these Is des-

cribed In detall, the rest are summarised below.
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5.3.3 Decay of the McCollough effect in a strongly patterned environment

'If subjects with a McCollough aftereffect view a test fleld con-
tinuously at usual luminance levels (1.7 log ft L) the 1llusory hues fade
completely within 5-20 min. | have ;erformed several experiments to
Investigate this acceleration of decay by exposing one eye (after bino-
cular McCollough exposute) to achromatic gratings with white stripes at
1.7 log ft L and the other to an unpatterned field of the same average
luminance. Aftef 10-20 min, the decrease which had occurred In S, the
difference between the hue settings, was about 40% greater for the eye
which had viewed the grating(s). The largest rate of decay was produced
by chromatic gratings parallel to the gratings which had been used to
induce the effgct. These binocular experiments were discontinued because
It seemed impoﬁsible to devise a neat control in which space average
luminanceland local luminance of the light bars could be matched in the
two eyeé and also because | heard that Diane Skowbo was about to publish
similar conclusions.

Skowbo, Gentry, Timne? and Morant (1974) gave 10 min McCollough
exposures to three subjects and compared the decay which occurred - on
different occasions = during»SO min spent in viewing 1) achromatic gratings,
if) homogeneous coloﬁred fields, and i11) the 'natufal' Indoor and outdoor
environment. (Each 50 min period was followed by a further 7-12 min
spent !n';iewiﬁg homogeneous flelds, before the measurements were made.)

Decay was two to four times greater when exposure was to the achromatic

gratings than for the other conditions.

The technique developed In chapter eight, for ﬁeasurlng the chromatic
aftereffect separately at any orientation, later offered a useful way of

exploring the effect of an achromatic grating on decay.‘ It made it
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possible in effect to perform experiment and control simultaneously

in one eye. Below is a pilot run usfng this technique.

Experiment 5.3.3.1 To investlgate the effect upon the decay of the

McCollough aftereffect of continuous expogure to

an achromatic grating

The apparatus and procedure were identical with those described
for experiment 8.1.1 (on the Induction of multiple orientation=
contingent aftereffects) to which this experiment in fact formed a
sequel.

Apparatus 53 was used to present six gratings at six orlentations
" at 3o° to each other in red and green light for a total of one hour.

After the subject had rested for 10 min in darkness, test apparatus
MZ was used to measure thé resulting aftéreffects at orlentations about
" g% apart (figure 12; 3.38-3.45 p.m.). The solld and dotted bars indicate
the orlentations at which red and green gratings respectlvely were
presented. Green aftereffects are plotted upwards. The absclssa shows
the orientation of the test grating T‘ (Inset below). Displacements
of the plotter pen which correspond to green orlentation-contlingent
aftereffects are plotted upwérds (scale in cm). Then, for 12 min (3.46-
3.58 p.m,) the subject viewed continuously, though without fixation, an
achfomatic horizontal grating (of luminance 24 cd/m2 on fts white stripes
and 2 iog'dnits contrast). Its spacing was identical with that of the
gratings used to induce the chromatic aftereffects.

Twelve minutes' rest in darkness followed.* Then the subject made

x This dark perlod was Introduced because it had been noticed In the earlier
experiments that the test gratings were temporarfily much less sharply
visible (cf. Blakemore and Campbell, 1969b) when their orientation was
the same as that of the achromatic grating, and that this Impairment of
visibllity wore off after about 3 min spent In the light or in darkness.
since the McCollough effect was known to be little affected by darkness,
(experiment 5.3.2.1; MacKay and MacKay, 1975b) it seemed a good policy
to separate the various factors by walting for a few minutes in darkness.
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Figure 12

The temporary reduction of the McCollough aftereffect at the horizontal
orientation, produced by viewing a horizontal achromatic grating for 12

min (A.10-A.1 p.m.).

hue matches in the usual manner progressing clockwise and later anti-
clockwise by steps of about 5°. After half a minute at normal room
illumination, further hue matches were performed with the test grating

orientations presented in random order (with a view to randomising
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the effects of chromatic adaptation on the subject's hue settings).

Results: Figure 12 shows the angular distribution of the aftereffects
before and after exposure to the horizontal achromatic grating (at 3.46
-3.58 p.m.).

bn the clockwise traverse at 4.09-4.13 p.m. the test grating appeared
colourless when it was within 30° of the horizontal. On the antl-
clockwise tréverse, however, (4.14-4.18 p.m.)a pink hue was noticeable
on the test grating when It was horizontal. And by the time the hue
matches were made In random order (4.19-4.26 p.m.), the hue seen on the
grating when it was horizontal was comparable with that seen when It was
tilted by 60° to elther side.

, The measurements show a temporary ellimlnation of the chromatlc
a?:ereffect near the horizontal and subsequent recovery to above 50% of
the strength at the adjacent maximal This recovery took place within the
27 min since the end of exposure to the achromatic grating, and probably

- since fhe aftereffect was so little visible at 3.09-3.13 p.m. - during

the 10 min of exposure to the dimly lit test card.

Conclusion: When an achromatic grating is viewed continuously for a few
minutes, pre-existing McCollough aftereffects within about 30° of the
grating's orientation are rendered temporarily invisible. Appreciable

recovery occurs within ten minutes of subsequent exposure to light.

5.3.3.2 Discussion: The recovery of a McCollough aftereffect from the

.

". reduction in saturation which is produced by viewing an

" achromatic grating

Graves (1976)#* and also Skowbo and Clynes (1 |
found spontaneous recovery. In ynes (1977) have Independently

+ As reported by Keith White (1976, pp. 32, 80).
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Skowbo et al's paper (1974) the difference between the amounts of
decay produced by the achromatic grating in experiments | and || also
Invités interpretation in terms of a recovery which takes place while
viewing the 'homogeneous fields'. For it is the interrupted exposure
to the achromatic grating (experiment 1) which produces the smaller
drop iIn aftereffect strength (in spite of the fact that the total Interval
between first and last reading is 23 min longer than in experiment ).

The next question Is whether these effects of an achromatic grating
- viz. accelerated decay with subsequent recovery = are the result of
a fresh superimposed McCollough exposure or of some other aftereffect
{nduced by the achromatic grating. Keith White (1976, p. 80) with
Graves reports tenFatlvely the interesting Hlscovery that 'prolonged
viewing of achromatic gratings may reduce the apﬁarent saturation of
chromatic gratings' in the absence of a McCollough effect. Graves (see
white, 1976, p. 32) has also found that the magnitude of the reduction
of the McCollough effect by a given period of viewing of achromatic
gratings Is nearly 'independent' of the extent to wh!ch.the McCollough
effect has been allowed to decay before the achromatic gratings are
viewed. White and‘Graves therefore incline to the view that the reduction
of the McCollough effect may be the result of 'a desaturating iﬁfluence
entirely independent of . . . contingent after effects' (Whlte,.l976,
p. 8). Tﬁe fact that In experiment 5.3.3.1 recovery occurred rapidly

once light was admitted to the eye though not during the preceding 10

min of darkness Is perhaps a useful clue towards the identification of

this tinfluence'.

5.3.4 The making of measurements as an influence on the rate of decay of

the McCollough effect

The fact that viewing an achromatic test card reduces the magnitude
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of the observed McCollough effect revives the question already ralsed

in chapter’ﬁ.z.z;a, as to how far the procedures of measurement them=
sel;es affect what is to be measured. In our apparatus the subject

views not only an achromatic field which will presdmably reduce the effect
‘(5.2.3), but also, foveally, a 5;6° x 1.9° area of tinted stripes which
will act as a fresh McCollough stimulus with_a'pett tendency to Increase
the subject's McCollough aftereffect.

Taking the decay course as a whole, the nett effect of a moderate

amount of measurement seems to be smali* . (see below, 5.2.4.3), but

the maximum disturbances that can be produced by the above two factors

must first be considered.

5.3.4.1 'Rapid local decline of readlings

Groups of measurements often show a feature which suggests that
testing does affect the measurements, if only tehporarlly, within a
group of three or more readings, involving 1-3 min viewing of the test
field, the readings often fall at a rate much more rapid than the average
rate of decay of the graph. Thus, for example 10-20 min after the
McColiough expoéure, the local fall within each 2 min group of readings
may be 10%, and this equéls the overall drop over the ten minute perlod.
When a new group of readings is started the reading has generally
recovered and is slightly above the last readings of the preceding group.
guch recovery occurs within as little as 2 min. This pattern of declfne
and recovery can be seen in the first four groups of readings of figure
3b, and throughout figure28 a, b and ¢. In figure 28 b and c there is
no averaging of the raw readings fér the first 9, 1000 min respectively.

The 20% spread of the readings about the mean decay course is not pfoduced

so much by random variations as by this systematic decline of the readings

A —————

* This is the case at ordinary luminances of 1.0 log ft L upwards. At
jower luminances decay differs considerably acenrding as some or no
readings are performed (see 5.4.4).
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during each group of measurements. When a long group (of 8 or more)
readings is taken the decline does not continue Indefinitely but is
largely completé within about 2 min i.e. within the first two or threé
readings (cf. figure 3a, b = the last group of readings in each). The
absolute magnitude of this effect Is greatest when the McCollough effect
Is large, but as a fraction of the McCollough effect it remains roughly
constant (cf. figure28 a, b c). The times (about 2 min) which this
effect takes to reach saturation and to recover are reminiscent of those
described by Blakemore and Campbell (1969a, b) for the reduction In
visibility of gratings. But the possibility that the phenomenon Is to

some extent a property of the McCollough mechanism remains open.(9.3.1)

Summarx} The making of readings using our test épparatus brings about
a 10% decline of the readlngs In the course of 2 min of readings, but

most of this decline is only temporary.

5.3.4.2 The effect upon the subject's McCollough aftereffect of viewing

coloured gratings in making the hue matches '

Unsaturated colours are quite effective McCollough stimull; an
exposure to gratings in‘which the usﬁal red and green filters were
replaced by 'rose pink' and 'pale green' (Cinémoid 54, 2 layers; and
38, 1 jayervrespectively) produced aftereffects only one third less
strong In the same time. In our apparatus the 5° x 2° window§ of the
tést figure take on saturations which closely match these cinemoid
filters when the knob Is turned to positions corresponding to a réading
of S = 2cm. | have therefore simulated a 2 min period of making
readings, in which the colour mixer Is turned to such settings, and have
measured the McCollough effect which this exposure to the test field

induces in initially unbiassed eyes. The average effect Induced In
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several'z min sessions had an Initial strength of S = 0.05 cm. This
is so small as to be invisible, but it makes a just detectable shift in
the hue match settings for 1 or 2 minutes.

To galn an ldea of the upper limit to the effect which the coloured
windows could exert upon readlng#, an 8 min simulated sessicn was also
performed In which the colour mixer was turned repeatedly to Its two
maxima (this would correspond to an effect of S 6 cm). The resulting
aftereffects had an initial magnitude of S = 0.3 + 0.05 and took 30 min
to disappear. In practice such strohg hues have never been viewed for

even half this length of time.

Conclusion: The viewing of the coloured windows of our test figure for
Conclusion
2 minutes of making measurements increases the effect to be measured
for 1-2 min by at most 2%

As a systematic rise in the readings is never In fact observed (see
5.3.4.1), the above increase in McCollough effect is presumably concealed

by larger factors making for a decline of the readings.

5,2.4.3 Does measurement affect the overall form of the decay curve?

several runs have been performed with the minimum of measurement,
for comparison with those in whichka large numbér of readings were taken.
Three runs involving very little measurement are shown in figures 3a and
La, the upper graph of figure 9, and figure 11d. THe values of -P foF
these runs (-0.29, -0.26, -0.22 and -0.30 respectively) are not notlﬁeably

different from those of runs In which many more readings were taken.

summary: The effects of exposure to the achromatic and the coloured

gratings of our test card are short-lived and are such as to partially

cancel each other. A moderate amount of measurement is without significant
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effecton the overall course of decay of the McCollough effect. (See

also 5.6l

5.3.5 The colour of light entering eye during decay

It seemed possible that the rate of decay of the McCollough after-
effect might differ according as the same or different cone systems were
principally excited during induction and during decay. Red and green
interference filters were worn on the two eyes for some four hours
following binocular exposure to a red or to a green grating. Small
differences in decay rate were found but it seemed probable tﬁat these
were attributable to the different degree of attenuation by the filters.
So in subsequent experiments an interference fllter was worn on one eye
while the other was covered by a neutral filter of matching attenuation. '
No significant difference was found between the decay in the two eyes,

but it was noticeable that decay was slower when dimmer filters were

worn. This phenomenon iIs further investigated in experiment 5.4.4.

Conclusion: The colour of the light viewed during decay makes no obvious
difference to the rate of decay of theAMcCollough effect.
In view of the very broad spectral sensitivity of the cones this

result was probably to have been expected.

5.3.6 The state of the subject

5.3.6.1 Chemical Intake

It Is noticeable that the measurements of the McCollough effect
during decay (and of the initial aftereffect on different days) suffer
quite large(152) fluctuations. Some, at least, of the fluctuations during

decay appeared to be uncorrelated with the subject's recent visual dlet,

a—

%« See, however, footnote to 5.3.4.
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and we have been inclined to attribute them to metabolic varlations.
For example, we have quite often found, when tired in the evening, that
a cup of sweetened Nescafé seemed to produce a noticeablevlncrease in
the colourfulness of a faded aftereffect. Figure 13 shows, arrowed, the
readings on one such occasion, made 8 min affer drinking the coffee. The
suggestion that the McCollough effect results from modiflcations In
synaptic connectivities (Mackay and MacKay, 1974a, 1975b) leads one
Indeed . to expect that drugs which are held to affect synapses will
affect the aftereffect. The problem, however, even in the case of a weak
- drug like the Nescafé above, is to know how much of the alte?atlon In
the aftereffect Is ascribable to the effects of the drug on the McCollough
mechanism itself and how much is ascribable to the effects of the drug
on the many other parts of the subject's visual and perceptual system#*
which are processing the signals from the achromatic test card.

One type of experiment** would therefore consist In monltoring some
other visual skills besides the McCollough effect while the subject Is
under the influence of the drug to see whether the McCollough effect Is
affected more than those other parameters (e.g. visual acuity and the
perception of pale colours) which are Involved In the judgement of

McCoilough aftefeffect strength.

»

* As subjects In experiments by my husband (1976 unpublished), Keith
Bradshaw and | have both found that drugs such as hyocine and ephedrine
severely affect ones carefulness in hue matching, ones abllity to
focus well and even ones power of keeping awake and . the eyes open!

*% Not yet performed so far as | am aware.
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FfOure -13 Actors affecting the decay of the Mcrnliough effpr,

Nescafe?1/6“ read™n9S "ere made 8 " in aftor tirinkin9 3 sweetened

Note 1incidentally the even greater elevation of readings at q «
gs at am

after a night"s sleep (speckled).
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Another type of experiment would be to make all measurements when the
subject is in as nearly as possible a normal state, [.e. before consumption
of the drug and after its effects have worn off. The decay of the McCollough
effect whicﬁ takes place in the Intervening hours under the Infiuence of
a drug and of a placebo could then be compared. Professor C.C.D. Shute
(1978) has provided data of the second type (though without, apparently,
administering placebos). Drugs which were considered likely to affect
'ceﬁtral neurones' elther by hyperpolarisation or depolarisation were
administered in a single dose Immediately following the first test after
a McCollough exposure. By two hours later, the decay, for all those
runs in which hyperpolarising or inhibitory drugs had been consumed, was
one half or a quarter less than in the normal runs. Professor Shute
takes his results as support for 'the hypothesis that the McCollough effect
strength reflects the level of central Inhiblition of the adapting colour
and Is the expression of a forgetting mechanism for breaking unwanted

associations between colour and pattern'.

5.3.6.2 Time of day

The fact that sleep and darkness permit some kind of reserves to be
bullt up (5.5 ) suggests that there might be a.dependence of the
initial strength or of the subsequent decay rate of a newly induced effect
upon the time of day at which the McCollough exposure takes place. Both
factors unfortunately show considerable random varifation (up to 20%)¢
Table 6 shows the values of f3 for two subjects following exposures at
different times of day but under otherwise identical conditions.

The trend towards slower rates of decay cannot be ascribed with
certainty to the subject's internal s.ate, since not all factors (in

partlcular the ambient level of Illumination) were controlled.
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Table 6: Varlation of rate of decay with time of day

DMM: Right eye exposed 20 min.

Time Date B

9.47 a.m. 1 May 1973 -0.19
12.20 p.m. 13 August 1973 -0.15
3.24 p.m. 30 April 1973 =0.12

VM: Binocular exposure, 10 min.

Time Date B
9.56 a.m. 2 April 1977 -0.23
9.06 p.m. 16 January 1975 -0.18

Conclusion: The decline of the rate of decay as the day proceeds is not

- above 30%.

5.3.7 Summary: Factors influencing the rate of decay of the McCollough

effect
Decay of the McCollough effect is not Spontaneous but depends for
each eye upon the visual input to that eye. Light, pat;erned or unpat-
terned seems to be the gs;ential factor for bringing about recovery from
the McCollough aftereffect, for no decay occurs in darknéss and appreclable

decay occurs with diffusg illumination. The patterning of the visual
stimulus Is, however, not without significance, for accelerated decay Is
brought about by exposure to achromatic gratings whose orlentations are
élmilar to those of the Inducfng gratings.

The subject's physiologlical state possibly affects the rate of décay
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5.4 The influence of darkness and of other levels of illuminacion 06

the decay of the McCollough aftereffect

0f the above factors which Influence the rate of decay of the
McCollough effect the most potentially informative Is the amount of
1ight entering the eye. We shall consider this asbect.more closely in
sections 5.4 and 5.5, dealing first with the question as to whether a
small decay, or none at all, takes place In darkness. In the experiments
so far (5.3.1 ) a maximum of 5 hours was spent In contlnuous
darkness. In order to give a small decay a better chance to reveal

Itself the dark period was extended.

Experiment g 4,1 Decay of the McCollough aftereffect in an eye from

_which light was excluded for 24 hours

5.,4,1,1 Simultaneous induction in control eye*

Apparatus: The pre and post exposure measurements were made using test
apparatus M' with test figure Tz at 67 cm. Oblique red and green gratings
of 2.2 cycles/degree were presented binocularly by the two projectors

with shutter (El)’ for 20 min, with a presengation cycle of 6 sec on,

3 sec off.

Method: !mmédiately after the end of the McCollough exposure the subject
made four pairs of hue match settings with each eye (used alternately)
and then, the rooﬁ being still in darkness and with the right eye closed,
a light tight black patch of several layers of black card and black
plastic tape was stuck to areas of black tape on the face which had been

prepared beforehand. The room lights were turned on and leaks in the

% Experiments 5.4.1.1 and 5.4.1.2 were published In MacKay and MacKay
(1977a, 1978).
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STRENGTH OF CHROMATIC AFTER-EFFECT LINEAR-LINEAR PLOT

ONE EYE OCCLUDED FOR 24 HOURS FOLLOWING 20 min EXPOSURE OF BOTH EYES TO COLOURED GRATINGS
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black patch sealed as they became vislble., Further readings on the
left eye were made at intervals until the following morning.

VTwenty-four hours after It had been put on, the patch was removed
from the right eye, the subject faced the test fleld,opened the right
eye and commenced measurements using ft. Ofdinary 11fe and further

measurements on both eyes at intervals were continued through the

second day.

Results: Figure 14 shows the measurements on each eye as functlons of
the time In hours from the end of the first exposure.

No detectable decay of the McCollough effect in the righi eye
occurred during the twenty-four hours in darkness. The subject considered
that the hues seen when the patch was removed looked as saturated as
they had done immediately after the McCollough exposure. The hue match
settings were If anything above those made before the patch was put on,
The readings for this eye were then four times as large as those on the
eye which had been recelving 1ight normally through the previous day.
One and a half hours later (long after the effects of dark adéptat(on
had worn off) the McCollough effect seen by the right eye was stil)
about twice as strong as that in the left eye.

For many hours aftef removal of the black patch, the form of the
decay course of the 'covered' (right) eye's effect was similar to that

observed in the left eye on the preceding day.
summary: The McCollough aftereffect suffers little or no decay In an

eye'from which. 1ight is excluded.

Although the decay courses of the aftereffects In left and right

eyes In the previous experiment were closely similar, they were not completely
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{dentical. It is possible that the second day's aftereffect decayed
more rapidly because the day was sunnier, or the subject's metabolic
state was different or because there is a binocular component to the
McCollough effect which could decay only when fhe two eyes were simul-
tanequsly In use. On the other hand the difference in decay rate
might Indicate that the McCollough mechanism had been undergoing changes
during the twenty-four hours In darkness which enabled [t to fade
faster once light entered the eye again.

The néxt experiment seeks to separate these two possibilities by
arranging that conditions of llghting and metabolism should be Identical

for the two eyes throughout decay.

Experiment 5.4.1 Decay of the McCollough aftereffect In an eye from

which light was excluded

5.4,1.2 Simultaneous decay In control eye

Apparatus-and Method: The pre and post exposure measurements were made

using apparatus M] with test figure T2 at 67 cm, On the first day,
oblique orthogonal red and green gratings were presented‘monocdlarlx,
(the other eye being closely covered) using two projectors (E,) and

thé presentation cycle of 6 sec on 3 sec off. Immediately following
the exposure one min was spent In making 4-5 pairs of readings on this
exposed eye before it was covered by a light tight black goggle sealed
to the fa;é by black plastic tape. The next morning, 12% to 25 hours
later, the other éye was>gf9en a McCollough exposure identical in every
respect to that of the preceding day. This was followed by 1 min spént
{n making 4-5 readings on the newly induced effect, The subject then sat
in darkness with both eyes closed for 2} min-bmin while the black, patch

was removed. Readings on the two eyes alternately were then commenced.



DECAY OF CHROMATIC AFTER-EFFECT IN THE TWO EYES
UNDER IDENTICAL CONDITIONS OF LIGHTING AND METABOLISM
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Figure 15

Three runs on two subjects showing how similar -k

decay-slopes of the PCCA for an eye exposed to t- "Ifgnitudes and

aRd theA KEBt covered for 12* to 25 hours, to those for I h~ Stimu,us
» wiuse ror the control ~eye

freshly exposed.
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The subjects remained in one room 1it at 1.1 logft L for most of the

day making measurements at intervals,

Results: Figure 15 shows, for each eye of two subjects, the log/log
plots of the measurements of the aftereffect (S cm) agalnst time spent

In the light since the end of McCollough exposure.

Findings: For the first 5 min after removal of the goggles, readings
on the dark adapted eye were a bit erratic but subsequently the readlngs
and subjective appearance of the hues seen on the test fleld became |
very closely similar for the two eyes.

The pair of runs (of VM, figure 15b, c) rule out the possibllity

that a steady bias in either eye was spuriously rendering the time

coursesparallel.

Conclusion: The McCollough effect does not decai appreclably during
25 hours of darkness,

The fact that in figure 15 b and ¢ the results for the ‘covered!
eye droop slightly below those for the eye exposed 24 hours later, may
be attribugable to random 'thermal! processes and suggests that over a

period much longer than 24 hours storage might begin to fall.

5.4,2 Retention of the McCollough efféct In darkness: othér authors

Skowbo et al. (1974) have claimed that the McCollough effect decays
by the same amount In the 'natural environment' and 'in darkness'. |t .
must be pointed out, however, that their periods of 'darkness! [ncluded
12, 35 min of 'exposure to homogeneous fields.in experiments (1, !
rgspectively'. The percentage of decay which they observed in these

experiments accords well with that observed by Riggs et al. and ourselves
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after similar times (12 and 35 min) spent in the light. Diane Skowbo
has since wrftten (personal éommunlcatlon, 1974) that she has 'induced
effects‘in both eyes and had subjects wear an eye patch (black) over
one eye for several hours. After this period, the effect appeared .

stronger in the eye that had been occluded.'

5.43 Decay of the McCollough effect at scotopic and mesopic levels

of illumination

Decay of the McCollough aftereffect appears to be brought about by
having light enter the eyé and to be arrested when light is cut off
(5.3.1). The question arises as to how sharply and at what luminance level
the changeover from decay to no decay occurs. - Stromeyer (1974) has
found that the McCollough effect is visible at very low scotopic levels
of illumination (below 10'“ ml, see 2,4.7). Does it then decay at these
luminance levels? Does an alteration of rate occur in the region of the
rod/cone break In the dark adaptation curve?

The experiment below was in the nature of a pilot study on one
subject, for although the qualitative findings are of a sufficliently
interesting kind to justify more attention, the experiments ran up against
a snag. This snag is that the ;tate of adaptation of the eye Is diffefent
at the end of each of the periods spent at a different steady luminance,
and this probably affects the hue match settings appreciably for at least

a minute or two (cf. 5.3.1.1). N .

| Experiment 5.4.3.1 Decay of the McCollough effect at various luminance levels

Runs were performed in the manner of experiment 5:1; a McCollough
exposure lasting 10-30 min being followed immediately by about 4 reéd!ngs

jasting for at most 3 min. The subject then spent up to 2 hours in
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normal laboratory surroundings at one of 6 steady luminance levels,
ranging from the normal indoor level (4o cd/mz) to near darkness (7 x
10'“ cd/mz). At the end of this period the subject viewed the test
card Ty at 0.5 log ft L and made the hue match settings as rapidly as
possible. Further readings were taken at intervals later, with 1ife at
ordinary levels of Illumination intervening.

To attaln the lower luminance levels the subject wore neutral density
fl1ters continuously for the two hours (and additional blue fllters for
the runs at scotopic levels). In some runs an artificial pupll was worn
on one eye to test whether this made a noticéable difference to decay.
Two stripe widths* (2.5 and 1.3 cyclés/degree) were used on different
occaslons for some mesopic and scotoplic runs. The wide grating was
used so that the aftereffect could be visible on a test fleld with
resolvable bars and be viewed for a considerable part of the two hours.
The broad inducing patterns subtended 70° x 70° at the subject's eye.

To test the possibility that, at scotopic levels of illumination,
decay might be greater in regions where the density of rods Is high, a
comparison was made after 2% hours at 2 x 10-3 ml of readings performed
a) viewing the 'windows' of the test field foveally and b) fixating (with

the right eye) near the right hand apex of test field Ti l.e. some 8°

from the ‘'windows'.

“"Findings:

all of the above luminances. [In the mesopic range as Stromeyer‘(lS?b)

The McCollough effect was visible, on sultable test cards; at

% The test field Ty with measuring apparatus M, was viewed from 65, L6
cm to approximately match these inducing stimull,
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reports, the colours are more saturated (when the test card Is at about
0.3°1.5 cd/m ) than at any other level. In the upper part of the
scotopic range (above § x 1073 cd/m ) both green and plnk McCollough
hues were clearly visible. At lower levels (about 2 x 10 -3 cd/m ) only

the difference In pinkness between the twa halves of the (1.3 cycles/
degree) test field was detectable and one had to walt for from 2-10
seconds for this colour to 'come up! by what felt 1ike a process of
Iintegration. After a 20 min McCollough exposure the threshold for
seeing the aftereffect was at 1.2 x 107> cd/m?,

Table 8 shows that at scotopic levels no appreciable decay occurred.
Even above the rod/cone break at 0.3 cd/m% decay was stll! zero. With
increasing luminance decay gtadually Increased. At dim Indoor levels

Table 8 Variation with luminance level of the decay, B, of the
McCollough effect

. 'S
Date Luminance level Duration B(= logt )
(min) SQ
N
log=—
T° .
5.11.76 43 cd/m? 40 0.30
18.4.75 1.1 cd/m? ‘ 20 0.12
(unpatterned white field)
30.11.76 0.3 cd/m? 129 near 0
Just above rod/cone break
25.10.76 1.7 x 1073 cd/m? 152 o
29.10.76 0.03-0

2 .
(10 cd/mz- 27 cd/m") it was found that éxposure to the achromatic test
fields exerted a marked Influence on the rate of decay even though the

lighter areas of the test card had a lower luminance than the lighter
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areas of the environment. Brief, occasional exposures to the gratings
were sufficient to double the overall value of p during a period of
two hours. At 43 cd/m2 the effects of testing were much less marked
(as remarked in 5.2.h;3).

In those runs at the lowest'intensity levels In which no decay
occurred during two hours of wearing filters, subsequent decay when the
goggles were removed was rapid. If the time origin was taken at the
time when normal illumination (about 40 cd/mz) was readmitted to the

_eyes, [3 took values in the range =0.26 to =-0.35.

Concluﬁions: Although the McCollough aftereffect is visible down to
1.2 x 1073 Cd/mz and particularly strongly visible In the mesopic range
only moderate decay of the effect occur$ in the ordinary environment at
mesopic levels and probably none at scotopic.

At modest luminance levels,exposure to pattern Is a more powerfu)

factor than the ambient luminance level in bringing about decay.
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5.5 Does the McCollough mechanism undergo no change in darkness?

The experiments above (5.4.1.1, 5.4.1,2), demonstrating retention
of the McCollough effect In darkness, might at first seem to show that
the state of the McCollough mechahism Is completely 'frozen! whenever
11ght is not entering the eye. On this view, however, it would be
expected that when the decay of a McCollough aftereffect Is traced from
the day of induction through to a second day, the second day's readings
could be brought into line with those of the first day simply by omitting,
from the absclssa, the hours spent in darkness., It will be remembered
that in experiment 5,1 the readlngs for the second day of the decay |
process did not fall upon the extrapolation of the first day's graph
on any coordinates tried, and a slope was obtalned some ten times steeper
than that of the first day when plotted on log/]og coordinates. Flgure
16 shows the effect on such results of omitting (at the vertica) dotted
lines) the hours spent in.derkness at night. 1t makes It clear that even
when only the time spent in the light Is counted, the results for later
days still fall very steeply and are not brought into a simple relation
to those for the first day. (The latter point s true on other co~
ordinates too.) So although the McCollough effect undergoes decay only
In the light, the state of the mechanism mediating the aftereffect is
not frozen In darkness. The situation evokes rather the Image of a
'cease~fire' during which forces are redep!oyed behind the lines, to
better advahtage, so that when hostilitles resume they do so with greater
vigour and effectiveness than before the lnterruptlon'

As the second day's ponnts follow @ curve somewhat similar to that
of ‘the first day (cf. figure 10c) it seemed possible that the time of
waking on the second day was the new zero for a3 refreshed decay process,

Table 9 summarises for several runs from experiment 5.1, the effects on
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the second day's log/log slope of coputing the time In dtfferené ways. .
For columns a)and b) the time zero is at the end of the McCollough
exposure; for a) the total time elapsed Is‘plotted, for b) the 500 or
so min of darkness at night are omitted. For c) the time zero Is taken
at the minute of waking on the second day. (Resﬁlts were also calculated,
in view of the ideas of Jones and Holding.(see 5.6), with time zero at
the taking of the first reading on the second day.v But the points then
no longer fell on straight lines and the slopes of the groups of points
became very miscellaneous.)

The values of P given in table 9 are only approximate because the
range of values through which the aftere%fect fell on the second day was
not large (typically S dropped by only 0.3 or 0.6 cm); the number of
readings was not large (upwards of three) and readings did not commence
until at least an hour after waking. Nevertheless it was noticeable
that taking the time origin at or near the time of waking (column c)
systematically gave the straightest lines,and for these [3 took values
similar to, or only slightly steeper than, those for a newly Induced
effect. Figure 17 shows a typical plot. (In figure 28 c, experiment
6.3.1 , these same results are shown with the time zero at the end of
the exposure: P s then =3.0,)

The second day's decay was more closely investigated by Inducing

an effect in the evening so that the range of values covered next day

should be larger.



Subject VM

End of McCollough exposure | Overnight Time of Slope, P » of log/log plot
dark period waking on
second day

Time Date o a. .. ....b . ..e¢
9.50 am - 5.2.73 i 540 min approx. 7.45 am approx. | -1.1 -0.72 -0.20
11.24 am 13.8.73 540 min 7.45 am approx. | =-2.30 -1.50 -0.53

figure 9

(20 min)
12.50 pm  6.11.73 460 min approx. 7.40 am approx. | -3.60 -2,40 -0.50
12.17 pm 9.12.76 L80 min 8.00 am R -1.20 .~0.82 -0,22

‘ figure28c L -2.60 -1.80 -0.47
g Both -2,50 =-1.70 -0.43
2.40 pm 17.3.77 540 min approx. 7.42 am -3.00 -1.70 -0.W
~ figures 17,28d| - -

R 11.04 am 20.12.76 - | 555 min approx. 7.45 am appfox. R -3.50 -1.60 -0.54
L 1.19 pm figle - | L-2.80 -1.50 -0.50

Table 9  The slope, B, of the aftereffect's decay on the day following a McCollough exposure,

time being computed as:

a. total time elapsed from end of McCollough exposure;
b. total time spent in the light since end of McCollough exposure (night time omitted);
c. time spent in the light since waking on the second day.

661
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Time origin at waking at 7:42am on 18 Mar.77

‘Figure 17

The decay of a McCollough effect during the 'day following the McCollough
exposure, plotted on log/log coordinates with origlin at the time of
opening the eyes on the second day (18 March 1977).
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Expériment 5.5.1 'To investigate whether an aftereffect which has

already decayed somewhat resumes where it was

interrupted'by‘dérknéss

Apparatﬁs M, with test card F2 at O.S log ft L was viewed from 97 cm
while making the pre and post eéxposure measurements binocularly. The
Induclng exposure was to alternate red and green oblique gratings
viewed binocularly in a tachistoscope (ES)' A presentation cycle of
9 sec on, 9 sec off was used during a 20 min exposure,

At the end of the exposure the subject spent 0.8 min in the dark
‘then 85 min contlnuously at 0.5 log ft L making readings and engaging In
normal Indoor life. The subject then put on light tight goggles and
went to bed near the apparatus. After k96 min of darkness the apparatus
and room lights were swltched on agaln (0.5 log ft L) and the goggles
removed at 7.27 am. Further hue match settings were made immediately

and throughout the day (15 February 1977).

Results: Figure 18 shows the decay of the McCollough aftereffect, a)

on linear/linear and b), c) and d) on log/log coordinates. |In a), b) and
c) the time origin is at admnsslon of light to the eyes Just after the
end of the McCollough exposure, ind) it is at the opening of the eyes

In the light on the second day.

Findings: The graphs show the features which have been remarked above,
but here,as there Is nearly one log unit of decay on the second day, the

conclusions can be drawn with much greater conflidence.

Rate at which decay resumes: The results for the second day's decay do *

not fall on the ext-apolation of the first day's curve on any coordinates

a) b} = even when the hours of darkness are omitted, c) When the: second
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fig I8 D«oy of McCollough «Ifnet on Iko day alt., induction
b
ii VM . binoculor darkness
v ov.
s
500 1000 1500 r
15 Feb 77

hours of darkness omitted

o.b.c: Time origin ot 9:47pm on 14 Feb 77
diTimo origin at waking.ot 7.26om on 1J P,b 77

( end of McCollough exposure, 9 46pm)

day"s readings are plotted on log/log coordinates with time origin at
the moment of admitting light to the eyes on the second day, they fall on
a straight line of about the slope usually found following exposure on
the first day. A slope of -0.37 in d) is to be compared with B = -0.36

in the early part of b)
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Level at which decay resumes: For 30-40 min after the opening of the

eyes on the second day the aftergffect was Judged to look subjectively as
strong or stronger than it had before sleeping the previous evening, and
the hue match settings independently confirmed this Impression. (The
subject considered that all uncomfortable and detectable signs of dark

adaptatlion had passed off after 7 min.)

Conclusion: When a McCollough aftereffect which has already beenldecaying
for some time is interrupted by a period of darkness, the aftereffect

i) does not decay in darkness but,ﬁ) does not resume its course at

_elther the rate or the level at which it was interrupted by darkness.

The rate of decay is more rapid than before the period of darkness, takling
a form similar to that of a new19 induced McCollough effect (with time
origin at the time of admitting ligﬁt* to the eyes). . The magnitude of

the aftereffect does not decrease and If anything recuperates.

5.5.2 Summary: The effects of light and of darkness on the decay of

the McCollough effect

The rate of decay of the McCollough effect is influenced by the amount
of light entering the eye. At ordinary light levels (1.0 log ft L upwards)
and with continuous illumination, its decéy course proceeds at what we
might call the 'standard'.rafe; the magnitudé of {he afterefféct is
halved for every 8-fold increage in the time spent in the light, time

being measured from the admission of light to the eyes after the end of

% |n view of the findings of section 5.4.4.| that very little or no decay
occurs at dim luminance levels where the subject can nevertheless see
tolerably well, the luminance level should probably be specifled here
as at least 0.5 log ft L.
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the McCullough exposure. At low light levels (below 0.5 log ft L)
the rate of decay is slower. In darkness no decay occurs.

When a period of decay in the light is followed by a period of
darkness (e.g..é night's sleep) the subsequent decay does not resume
where it was‘halted by darkness, but proceeds.- as If freshly induced -
at about the 'standard' rate.

bThe latter facts suggest that though It is the admission of light
to the eye which promotes events which gradually lead to the resetting
of the state of the . visual mechanism, the use of the eye depletes a

reservoir of some material or condition which can only be restored when

light ceases to enter the eye.*

% This idea suggests that the decay rate of the McCollough effect might
be influenced by the length of time that the subject has been awake.
A small 'time of day' effect has been found (5.3.6,2)
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We have already giyen some consideration to the questlion as to what
t
time should be taken as origin for the decay of the McCollough effect (4.3.3.1,

5.1.2.4, 5.3.2, 5.4)," The time at which light is admitted to the eye

after a perlod of darkness appeared to be the origin for the power law
decay during the ensuing period in the light. The next experiment (S.G.i)
brings out further'evidence supporting this view.

In 1975 Jones and Holding made the interesting suggestion that, In
 the absence of testing, in the normal environment decay proceeds very
slowly,and that it is the viewing of achromatic gratings which Initiates
the kind of decay process which has been hitherto reported - 'Introducing
a test seeﬁé to begin a decay process'. Once started by a first test
this decay process continues In the absence of further testing. These
claims were basgd on the following experiment, Subjects in groups of
10-16 were exposed for 15 min to McCollough stimuli. One group made
measurements on their aftereffect immediately, the others when Intervais
of 8-120 hours had elapsed. Only at 56 hours and 120 hours {2 & 5 days)
were there significant differences between the groups; at the fifth day,
the average aftereffect for those subjects who were being tested for the
first time was sigrtimes larger than for those who had alreédy been
tested one or more times. |

They offér two possible interpretations of Fheir data; Ih terms of
an 'extinction trial' and of the 'rendering of the memory trace labile
by recall'. '

Experiment 5.6.1 investigates Holding and Jones's claim that 'simple

decay seems to have little or no effectoverthe intervals (8-120 hours)

tested'.
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Experiment 5.6.1 Decay of the McCollough effect in the absence of testing

Using the methods and apparatus described In experiment 5.1, four
experiments were performed on one sﬁb]ect in which the first test was
not made until the subject had spent 24 hours, 4 hours, 10 min, 4 min in
‘ordinary light. For the first two experimen;s this period was spent in
ordinary life, in the other two it was spent viewing a large plain
white card at 1.1 log ft L. For each run there was an appropriate control

run at another time either in the same eye or the other eye.

5.,6.1.1 Delayed test at 24 hours

The McCollough exposure was binocularly for 20 min to a red vertical
and green horizontal grating (2.2 cycies/degree) using a presentation
cycle of 7 sec on, 1 sec off, The right eye served as contfol. Its
aftereffect reading was 4 cm immediately after exposure, .After twenty-fouf
hours spent in ordinary life both eyes registered 1 cm and the aftereffect

was Jjudged marginally stronger with the left eye.

5.6.1.2 Delayed test at L hours

Four identical binocular exposures to oblique red and green gratings
(1;3 cycles/degree) were performed within a two month period. Three
were controls.in which ﬁhé aftereffects in each eye were measured
immediately after exposure. Figure jga shows (unfilled symbols) the
results for one of these controls, and (filled symbols)'the aftereffects

in the two eyes on the 'delayed test' run.
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icommencement of testing
on 1Dec 70
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\ r
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Fiaure 19 ™Delayed testingl vs. testing shortly after the end of the
- a MeCol lough exposure
The magnitude and subsequent decay of the McCollough effect when
test is not made until (Ffilled symbols) a) hours, b) Kk min, c¢),d) 10 min
fter the end of the McCollough exposure. In control runs (open symbols)
testing commenced 1 min after the end of the exposure. Figures a), b), c©)
have time origin at the admission of light to the eye shortly after the
nd of the McCollough exposure. In figure d) the data of figurée) are
dotted with time origin at the commencement of testing (arrowed in c)).

the first
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5,6.1.3 Delayed test at & min

Identical 8 min monocular McCollough exposures to‘gratlngs of 3.2
cycles/degree were given to left and right eyes respectively at 9.56 am
and 1.56 pm on the same day. Following exposure, 0.8 min was spent In
darkness, and then 1 min, 4 min fespect!vely In gazing, with defocussed
eyes, at a white card subtending 60° and 11luminated at 1.1 log ft L;
Figure 19b shows the subsequent monocular measurements of the aftereffects
made at a steady luminance of 0.45 log ft L (10 cd/mz). These log/log
plots have time origin at the moment when 1ight was admtttéd to thé eye;

Arrows mark the start of viewing the test gratings for each eye;

5.6.1.4 Delayed test at 10 min

The right and left eyes were given identical 10 min McCollough
exposures at 10.30 am on different days. The white card was vtéwéd, as
above, for 1 min, 10 min respectively on the two occaslions béforé réadlngs
commenced. Figure 193¢ shows the measurements on log/log coordinates
with time origin at the admission of light to the eye. Figure 19d shows
these results replotted with time origin at the arrows, i.e; at the

commencement of viewing the test fleld.

Findings: Throughout.their decay courses the magnitudes of the results
for the delayed test run and the control run are closely similar at
equal times after the admission of light to the eye. They are not
similar when compared at equal times aftef the first test; There aré.
sighs that the first reading In the delayed test cases Is marginally
above the control, and drops rapidly during the first minute of testing;
but this may bevno different from the pattern of rapid decay already
observed within most groups of readings during the exposuré to gratings

(5.3.3.1 and 5.3.4,1 ).
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5.6.1.5 Conclusion:

Provided that light at normal inténéittés'(aboVe 10 cd/mZ} s
entering the eye the general form of the decay course Is closély simllar
whether a test has been performed or not. Even’unpattérnéd'llght produces
decay. There seems no reason to think; with Jones and Holding, that
only a smajl decay of the McCollough effect takes plécé tn normal 1ight
In the absence of testing, nor that exposure to a test grating Is a

necessary 'trigger' for a more rapid decay process.

5.6.1.6 Discussion

Since all the above experiments used monocular méasﬁrément théy"
leave open the possibility ghat the binocular componént of thé McColloﬁgh
effect (6.3.1 ) may behave differently. Runs simllar to those above; but
using binocular exposure and testing have, however, been pérformed by
kelth White (1976, p. 27) who found (with delayed tests at | hour to 7
days after exposure) 'no large or systematic differences which could be
attributed to the repeated vs delayed test sequences'.

How then can we account for the results of Jones and Holding?
Keith White points out, being familiar with the apparatus used by Jones
and Holding, that the readings upon which Jones and Holding base their
comparisons all correspond to very small saturations. He mentions that
the largest difference between groups after 24 hours Is smaller (by 36%)
than the difference which Fidell had obtained between subjects, none of
whom had been exposed to a McCollough stimulus:

The real puzzle therefore is how Holding and Jones obtained such
small readings from the group who were tested at 0 hodrs. Inter-subject
di fferences qénnot be ruled odt as a contributory factor (cf. 5.1.2,

5.8.1) but a second possibility is that the use of a cancellation
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technique without any combarlson area (2.8.4.5 ) led to spuriously low

readings for the stronger aftereffects.



211

5.7 The additivity of McCollough aftereffects induced at different times

The rate at which the Mcéollough effect decays depends not only
upon Its current strength but also upon the lengih of time for which
it has been decaying. Thus two aftereffects of equal size may have
decay rates (gé) differing by a factor of 100, If one Is the aftereffect
of a recent s:;rt exposure and the other the result of a long exposure
which ended several hours previously. The question naturally arises as
to what happens when two exposures are administered to one eye with an
interval of minutes or hours between them. Does the second exposure

obliterate the aftereffects of the first or can both aftereffects proceed

simultaneously in one eye? If so, do they proceed Independently or Is

there interaction?

Experiment 5.7.1 A qualltative demonstration of residual aftereffects

The apparatus and methods of measurement were as in experiment 5.1.
The inducing stimuli were red and green oblique gratings (2.5 cycles/
degree) presented by the two projectors (El) to the left eye. Apparatus

M. with test card T2'at 96 cm was used for measuring the aftereffects.

1
Over a perfod of 10 days the subject was exposed to McCollough
stimull for periods‘of 8-20 min a[most every day. (SeeAdIary below
figure 20.) From 21-25 May the stimuli had one pairing of colour and
orientation and on the f!ﬁal two days, 26, 27 May, the palring was
reversed. . ’

Figure 20 shows a 1inear/linear plot of the aftereffect measurements

from 22-28 May.

Findings: From 22-25 May a progressively larger bias was accumulated

from day to day. On the 26 and 27 May the aftereffect decayed,after

the reverse exposure,with abnormal rapidity ( P = -0,67, -0.53
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respectively), passed through zero and reverted fo the polarity of the
preexposure blas. The observed aftereffect on both these days indubitably
returﬁed to the hues indicated by the measurements.

By June 1, with no intervening exposures to oblique McCollough
stimull the eye had returned to neutral and was showing, if anything,
a very gmall reverse bias. The blas of the 26, 27 May is not therefore
attributable to a permanent‘agtigmatic bfas.

In computing the values of F for the drop in aftereffect ;n the
26 and 27 Hay the magnitude of S was measured from the usual zero
(corresponding to zero McCollough effect). But if we allow for the
initial bias, taking it as a base leve]_witﬁ a near steady value;ln the
region’ of 0.8~0.3 on each of the two days-which can be simply added to
the readings, shallower, straighter log/log plots are obtained, Table ]O -
shows the variation of P » the slope of these plots,wlth the asshmed
value of the steady bias. Time origin is taken at the end of the approp-
riate exposure on 26, 27 May. .

Table 10 The variation of B, the slope of the log/1og decay, when a
steady bias Is added to the readings

Value of steady bias 4

added to ordinate (¢m) B

0 ‘0.67 ) -0.53
0.3 '0-36 ) _0.32
0.4. -0.31 _

0.5 -0.28

0.6 -0.25

0.7 -0.23

0.8 -0.21

It can be seen that when a steady base level is taken at about the leve]

(0.7, 0.3) of the pre-exposure biasses for the respective days (26, 27 Méy)
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tnormal! values for the decay of the superimposed recent aftereffect

are obtained in the region -0.2 to -0.3.

Conclusion: ' These results suggest that McCollough aftereffects are not
completely obliterated by subsequent McCollough exposures, and that,
at least approximately, the aftereffects from earllier and later MECollough

expoSure§ are straightforwardly added.

Discussion: Other authors

Other observers have Independently remarked on the above swing
back through (or from) zero. Kelth.Bradshaw (personal communication,
1975)’performing experiments on the same subjects on successive days,
! routinely 'neutralised' the previous day's blias by glving a
short McCollough exposure to the reversed stimuli. He remarked that
in three-quafters of cases, though the aftereffect was reduced carefully

to zero, It weakly reappeared after half an hour or more. Sigel and

Nachmias (1975, footnote 4) have observed the same phenomenon.

In the above calculations (TablelQ) the earlier aftereffect was crudely
assumed not to be_deéaying at all, Cases where both aftereffects are
decaying appreciably will next be considered so as to see whether thelr

" two decay rates are separately preserved.

éxperlment 5.7.2 To investigate the change in aftereffect strength and

the form of the subsequent decay when a long McCollough

‘exposure is followed at a later time by a second exposure,

Exposure and measurements were performed with the apparatué and
general me thods employed in experiment 5.1, The measurements were made
using apparatus M‘ with test card Ty viewed at 67 cm and 0.5 log'ft L.

Exposure was to red ana green orthogonal oblique gratings (of 2.2 cycles/



Tablell

Magni tudes of a-e immediately before and after a McCollough exposurer

Colour-orientation, Pairing of later exposure:

Date Second
exposure
condition Opposite to that of . Same as that of
& duration earlier exposure earlier exposure
A-e After  Magnitude of | A-e After Magnitude of
before change in before change in -
a-e a-e
Long second 16 Jan. 1975 L Binocular -1.90 -1.05 +2.95
exposure figure 22b Same
R 9 min +0.24  +2.60 +2.36
15 Jan. 1975 L Binocular +1.50 +3.60 +2.10
figure 22a Same '
R 14 min -0.23 +2.50 42,73
Short second 20 Jan. 1976 L Binocular +0.74 -0.07 -0.81
exposure figure 23a Opposi te
' figure 23b R 1.6 min +1.21  +1.68 +0.47
Short (control): 10 March 1977 L Binocular -0.14 +0.70  +0.84
exposure figure 23c Opposi te
figure 23d R 1.6 min +0.37 -0.59 -0.96

S12



Figure 21
Long second exposure

Colour/orientation pairing
reverse of that of first

exposure.

L.y. 6. 1. 75.

216

Colour/orientation pairing
same as that of first exposure,

VM
L«y« 15. 1. 75.
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degree) presented by the two projectors (El) and viewed at 96 cm. A
presentation cycle of 6 sec on, 3 sec off was used throughout.

One eye was given two McCollough exposures separated by an interval
of over 20 min, the strength of the aftereffect being measured at
frequent intervals before and affer the exposures.

In separate runs the paliring of colour and ofientatlon during the
second McCollough exposure'was the same or thé reverse of that used for
the first exposure. The second exposure was elther 'short' (1.6 min)
or 'long' (9 or 14 min) as compared with the first (20 min).

The other eye was also exposed as a control during elther the first
or the second McCollough exposure, being covered by a black patch during
the remaining exposure. The aftereffect In It was also measured at
intervals. Between making measurements and viewing stimulil the subject
engaged in normal indoor life (at about 14 ml). On éeveral other
occasions, when the eyes were as free of blas as possible, .'short’
monocular McCo]Iough exposures ©f 1.6 min were given and the after-
effects measured under conditions which replicated those which had

obtained above.

.

Results: Tablell shows the magnitudes of the changes In aftereffect
strength produced by the 'long' and by the 'short' exposures. Figures

2| and 22 show results corresponding to the 'long' and 'short' second

% FIgure'Zl

The resulting decay course when two exposures ate given on one day to
the same eye. A monocular exposure to the left eye was followed after
an interval of 13, 23 min respectively by a long binocular exposure to
stimuli whose pairing of colour and orientation was a, the reverse and
b. the same as those of the first exposure. The durations of the first
and second exposures were respectively a. 20, 9 min, b, 20, 14 min
(1og/log plots with time origin at end of first exposure) of 'X', the
difference calculated from a., b. respectively, between the readings
following the end of the second exposure and the level of the extra-
polated decay course of the first aftereffect (dotted). (Log/log
_plots with time origin at end of second exposure.) Filled symbols
show the decay of the effect in the control eye.



Figure 22

Short second exposure

Colour/orientation pairing
reverse of that of first
exposure.

| eye 20.1. 76.

218

Colour/orientation pairing
same as that of first
exposure.

VM
Reye 20.1.76



219
exposures. The decay of the aftereffects in the eyes which recelved two
exposures are shown in parts a)and b)of figures 21 and 22 on logarithmic.
coordinates with the end of the first eéxposure as time origin, (Negative
values of S corresponding to a reversal of hue, present a difficulty on the
logarithmic scale and have been plotted downwards from the second axis In
figure 2]la. Parts a, b show the results for runs In which the two
successive exposures had, respectively, the same and reversed pairings of
colour and oriéntation. Parts ¢, d of each flgure sHow (open symbols) '
the difference(calculated from a, b respectively) between the readings which
follow the second exposure and the extrapolated decay course (dotted) of
the first aftéreffect. For these log/log plots the origin is at the end of
the second exposure., Ffor comparison; the aftereffects produced In a .,
previéusly unbiassed eye by an exposure identical to the second exposure

are also shown in c and d (filled symbols).

Findings: Tablell shows that the change in aftereffect stféngth as a
result of a second exposure Is In general slightly smaller when the first
and second exposures have the same pairing of colour and orientation,
than when they have reversed pairings. The difference is In keeping with

the gradual approach to saturation during a continuous exposure to

Figure 22

The resulting decay course when two exposures are given en one day to the
same eye.

A thirty minute binocular exposure was followed after an Interval of 39, 116
min respectively by a short (1.6 min) monocular exposure of the left and

right eyes to stimuli whose pairing of colour and orientation was a. the
reverse, b. the same as those of the first exposure, (Log/log plots with

time origin at the end of the first exposure.) Figures ¢ and d show (open
symbols) the decay of 'X', the difference calculated from a and b respectively,

of the extrapolated (dotted) decay course of the first aftereffect, (Log/
log plots with time origin at end of second exposure.) Fllled symbols show,
for comparison, the effects produced on another day by identical 1.6 min

exposures.
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McCollough stimuli (see'experiment 5l8 ]

Parts aL b)of flgures 21 and 22 show the’ very rapid decay which
follows the second exposure.' When however, te is. assumed (ftgures c,
d} that this decay consists of two Independent parts = Based'on ttme '
zeros separated’ as approprtate, by 13 or 116 mtn, the calculated decay
of the later constituent takes the familtar power law form. with P In
the range 0.1k~ 0. 38 For those runs in which the patring of calour
and orlentation In the second exposure was the reverse of that tn the
first, the decay rates, P » of the decay of X are partlcularly‘stmtlar
to those of the early part of a and the control In c; when'the'secend
exposure had the same pairing of colour and orientation as the first the

decay of X was slgnificantly steeper though It fel] still within the

normal range of values.

Conclusion: Toa first approximation, the effects Induced by an earlier
and a later McCoIIough exposure decay Independently, Each takes a power
law course with its own time zero at the end of its own McCollough
exposure, In the case of two successive exposures in which the pairing of
colour and orlentatlon is opposite, this Independence of the two decay
processes seems to be complete. When the stimuli are the same for the

two exposures there are signs of some degree of Interaction; the magnl tude
of the second aftereffect is slightly smaller and the decay rate a little

more raplid than for the controls.*

* Keith White's (1975) similar independent study leads to the same
conclusions as to differences in magnitude and decay rate,
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§.7.% ‘Neutral tsation'

The abové conclﬁstons havé a practical consequence for the conduct
of experiments on the McCollough effect. Once a McCollough aftereffect
has been induced the only way to remove [t seems to be to walt for several
days in the 1lght. ‘'Neutralisation' by a further exposure to coloured
gratings, only conceals (temporarily) the ear]tér'aftéreffect, by adding an

opposite fresh aftereffect,and does not remove the original physlological bias.

If successively Induced McCollough aftereffects lie,.llké archaeological
layers, each pursuing Its largely independent course of decomposition,
this 1s a clue towards a picture of the mechanism of the McCollough effect:
[f changes, either in the cells themselves, or in the lateral connectibns
between neighbéuring cells, are envisaged as responsible for the McCollough
aftereffect, these cells or connections must now be each Imagined as
undergoing 'recovery' or modification at a rate which depends upon how
long ago their own modification was brought about and largely oblivious of
later McCollough stimuli which,meanwhile,effect changes Ln other cells or
intercell connections. The populations or sites corresponding to red
and green Qt the same orlentationrare apparently completely lﬁdepgndent,
hut - there is a small degree of saturation and interaction at sltes

corresponding to the same colour and orientation.



222
5.8 Growth of the McCollough effect

It was intriguing that subjects in experiment 5.1 (e.g. figure 5)
took widely different times to attain the same strength of McCollough
aftereffect, and yet thereafter showed closely similar decay rates.

Hajos (1968) had found that‘the McCollough aftereffect strength
increased with exposure durations (up to 16 min) In a fashion which
ylelded a nearly straight line on a log/log plot (of slope 0.31 to 0.44),
The purpose of experiment 5.8.1 was to see whether the slope, or the
Intercept, or some other aspect of the growth curve, distinguished

subjects who showed different rates of acquisition of McCollough after~

effects.

Experiment 5.8.1 The McCollough aftereffect as a function of exposure

duration
Apparatus: As in experiment 5.| measurements were made using apparatus

M, with test card Ty at 65 cm from the eyes and éxposure was to red and

1
green oblique orthogonal gratings of 2.2 cycles/degree projected in a

6 sec on, 3 sec off cycle by apparatus E] onto a screen at 97 cm from
the eyes. Chin rests were used for both exposure and testling,

‘Tﬁe thirfeen subjeﬁts Qere Ishihara normal and could read print
2 mm high and smaller at the distance, 97 cm, of the projection screen.
All but VM were naive. Many of the subjects for this experiment were
speclally selecteJ on the basis of a personality test (Edwards Personal
Preference Schedule) as having extreme values of E (extroversion) and
for'N (neuroticism). * The testing of their McCollough sensitivity formed

part of a more extensive exploration of their performance of various

* Terms invented by Eysenck (1957).
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visual and motor tasks by an und;}graduate, Mr. M. Einarsson. Subjects
‘were given practice in the hue matching task before they made their
monocular pre-exposure settings.

The binocular McCollough exposure was interrupted after logarith-
mically Increased intervals (typically 1.5, 3, 6, 12, 24, 36 min), for
the rapid taking of 4 pairs of match settings on each eye. Each Inter-
ruption of the McCoilough exposure lasted about 2 min. The subjeét was
asked to close his eyes while his chair was turned from the one chin
rest to the other. Exposures were terminated when the subject's after-
effect brdught him near the limit of the range of hue saturations which
the apparatus could provide. Comments on what the subjects saw were
not invited but the subjects generally made surprised remarks on the
aftereffects. Those whose measurements seemed to point to larger effects
commented on the colours after fewer minutes of exposure. The pink
aftereffect generally evoked comment rather than the green but one
subject (BP) remarked only on the green until, at lagg, after 40 min of
exposure, he hesitatingly reported 'greyish pink' on the other half field
(hitherto'described'a§ '"less green')., Figure 23 a showsresults for two
subjects whose build up rates fell at the extremes of the range and
figures 235 and figure 30 (7.1.1.1 ) show - results for a
further three subjects. ‘On the time axis Is plotted the cumulative total
time, T, for which the subjects had been exposed to the M;Collough
stimuli (i.e. omitting the time (about 5 x 2 min) spent in measurement);
Table 12 summarises ldg/log'plots for all thirteen subjects, It glves

the slope, &= log SZ/SI » and the level reached by thelr graphs after

log T2/T]

20 min of exposure.
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Tablel2 Growth of the McCollough after effect

ag a function of Exposure Duration.

Subject LA KA MA KB JI | SK SM W™ JN BP CR LS SV
Slopesof » 63| .57) 76 59| .72) 51| .69 | .66] .58 .64 | .66 | .65 ]| .67
of :
logflog‘ .63 <54 .60 59 .82 <59 .69 .66 .58 .76 .65 .57 .67
plot )

.Strength of 1.6 2.5 2.5] 4.6 | 5.9} 2.0 1.9 4.0 1.4} 2.6 2.2 1.7} 1.3
McCollough ’
Effect 1.7 3.6 2.3 4.9 6.2 ] 1.8 1.9 3.7 1.7 2.2 2.4 1,4] 1.4
after 20min

exposure

Sex F M M M F M F F F M- F F M
Aée 21 22 " 24 26 22 44 22 39 22 22 21 21 24

YA A
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Findings: In every case the log/log plot of McCollough aftereffect
strength against total exposure duration was a straight line.

The slope, o , did not differ greatly from subject to subject,
or between the two eyes of any subject. The overall average value for &«
is +0.64 + 0.07. On the other hand, the aftereffect strength which
subjects had acquired after any given time differed by as much as a
factor of four and even the two eyes of one subject could show a con-

siderable difference.

5.8.1.1 Source of intersubject differences

The origin of these large differences has not yet been identified,

The difference between KA results for his two eyes suggested an
optical origin for the differences. But KA right eye had only marglinally
better acuity than his left . In other subjects too there was no obvious
correlation of acuity with McCollough effect; thus, for example, SVs left
eye had much better vision than his rigﬁt and MAS right eye was distinctly
petter than his left,

Sensitivity to pale colours was measured in several subjects‘wlth the
thought that it might be related to the separgtion of the spectral peaks
for the subjects' red and green coné populations. The results for JI and
JN (whose McCollough effect strengths fell at opposite extremes of the
range) showed only a 20% difference In the saturations which they found

just detectably pink or green (JN was the less sensitive).

Figure 23 Build up of McCollough effect

The growth of the difference S between hue match settings at the two oblique
orientations for four subjects, plotted on log/log coordinates as a function
of the cumulative total time spent exposed to the McCollough stimull, In
each case the two eyes viewed the same stimull binocularly, Left eyes
fi1led symbols; right eyes open sumbols,
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Age of the subject does not appear to be a dgclsive factor: the
four subjects of figure23 were all aged 22-26 years.
Mr. Einarsson's study revealed no correlation of the differences In
responsiveness to McCollough stimuli with E, N or any other parameters

which he measured,

Conclusion: As a function of exposure duration, measurements of the
growth of the McCollough effect fall on a straight line on a log/log
plot, with a slope of &= 40,64,

Although the growth rates, « , were so similar for all subjects
tested, the intercepts of the plots differed greatly, and could also be
widely different for the two eyes of one subject. The origin of these

differences has not been identified.

5.8.2 Discussion: Other authors

These results give a higher rate of growth, &« , for the McCollough
aftereffect than those of Hajos, but accord well with those of Riggs
(1974). | have already suggested (2.2) that the nett rate of increase
in Hajos's experihent Is slower than in that of Riggs et al. because
considerable decay occurred during each of Hajos's lengthy and brightly
11t interruptions for measurement. The similarity of our results to
those of Riggs et al. suggests that our Interruptions were sufficlently
brlef and dim to make no appreciable difference to the nett rate of

increase.

5.8.3 The mechanisms of growth and decay

It is tempting to see a connection between the processes of growth
and of decay of the McCollough effect,

chapter evidence has increasingly accumulated that decay of the McCollough
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aftereffect is not primarily an endogenous process, but a result of
ongo}ng actlvity which takes place when Iight s entering the eye, |f
so, then both the processes of decay and of acquisition of the McCollough
effect may be seen as insténces of a single kind of modification of the
visual system in response to the patterns of incoming events,

Since decay proceeds more slowly at lower light levels | have made
a small investigation to check how the rate of growth of the McCollough
effect depends on the luminance of the inducing stimuli,

The subject wore 3 mm artificial pupils and vlewed the McCollough
stimuli through neutral density filters covering (on dIfferentroccasions)
a 2 log unit range. The McCollough effects, acquired after 20 ﬁln
exposures, increased linearly with the log of the stimulus Intensity,*
Further experiments are planned to determine whether it is the slope, &
of the log/log growth graph or its intercept which Is altered by the

luminance change.

% Keith White (1975) obtained results on two subjects (without artificial
pupils) which fall to either side of mine.
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Chapter 6 Relations between the two eyes in the McCollough effect

Having two eyes makes posslbie a number of experiments for elucldating
the locus of the McCollough type of effect. Below,these are termed
dichoptic, transfer and binocular studies, though obviously these sltu-
ations shade into one another.

The transfer sectlon reports experiments in which only one eye
was exposed to the McCollough stimulus. The dichoptic sectlon deals with
exposures of the two eyes synchronously to different stimuli, each eye's
stimulus containing at least one aspect (colour or orientation) of the
McCollough stimulus. Whereas In these two sections measuréments were
made monocularly, the binocular studies deal with measurements made

using the two eyes to view the test card.

6.1 Dichoptic Studies

In November 1972 my husband and | found, as mentioned already in
section 3.3.1 , that dichoptic presentation of the colour and pattern
aspects of the McCollough stimuli produced orientation-contingent after-
effects In each eye (MacKay and MacKay, 1973). At just the same time.
Over, Long and Lovegrove (1973) were independently reporting negative
results in 6 subjects following somewhat similar dichoptic stimulation
(their 'dichoptic constant’ condition). -Thls led us to repeat and extend
our investigations using improved versions of our presentation and
measuring equipment. These experiments only strengthened our conviction
that pattern-contingent aftereffects such as we had described are
inducible in most subjects. Besldes using grating stimull, we extended
our experiments to arrays of spots at differing magnifications to see

whether spacing-contingent chromatic aftereffects 1lke those of experiment
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7.1.1 were also Inducible dichoptically. (MacKay and MacKay, 1975a.)

The temporal properties of the McCollough effect established in
chapter five are usefu]'as 'finger prints' by means of which to recognise
whether such dichoptically induced effects are genulnely akin to the

McCollough effect.

Experiment 6.1.1. The time course of decay of dichoptically induced

orientation- and spacing-contingent aftereffects

Testing: The apparatus M] with test card T2 or T3 at 75 cm l1luminated
at 4 mim was used for making the pre~ and post-exposure measurements. The
two eyes were tested alternately, the other eye being confronted mean-

while by a black shutter.

Exposure: The apparatus used for synchronously presenting achromatic
patterns to one eye and unpatterned coloured fields to the other has been
described fully in chapter 4.1.5, It consisted of a small lamp with
red and green éévgb]grcolour.filteré set close to one eye, and two
projectors with a shutter (El) producing achromatic Images which were
visible by the other. The grating patterns subtended 2.5 cycles/degree.
The hexagonal arrays of white spots on a black ground which were used for
both exposure and testing subtended 1.8 and 4.8 dots/degree. The
luminance of the white areas of the achromatic exposure patterns and of the
" coloured flelds was 8 mlm.
Exﬁosures lasting 15-20 min with a presentation cycle of 6 sec on,

3 sec off were given using gratings, to fifteen subjecté and using hex-
agonal arrays of white dots on a black ground to 10 subjects. Six of the
latter were new to dichoptic McC9110ugh-style exposures. |In a majority -
théugh by no means all.- of the runs the patterns were presented to the

left eye and coloured fields to the right.
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Results: Table 13 shows thé alteration in the verbal reports and In the
recqrded hue métch settings brought about by the dichoptic exposure in
the pattern- and colour-stimulated eyes of these subjects.

The verbal reports were considered 'inconclusive' when the subject
géve an unchanged report of the colouredness of the parts of the test
fleld-whether the post exposure .report was of the 'correct' hues or not.

The decay of the pattern contingent effects was recorded. Flgure
24 shows typical results following dichoptic exposure to a) gratings,
b) spots, plotted on log/log coordinates with time origin at the end of
the exposure. Those results In which the pairing énd colour In the
aftereffect was the reverse of that in the normal (negative) aftereffect
are plotted below the axis. The results of figure 24 may be compared
with flgure 29b of 7.1.1.1 which shows, for the same subject, the
decay of aftereffects Induced by presentlng'red and green gratings or
spots. For this subject the level at which the chromatic aftereffects

were barely visible was 0.2 cm.

6.1.1.1 Orthogonal gratings

For the eye exposed to colourless gratings the hue settings of 13 of

the 15 subjects showed a significant orientation-contingent aftereffect
opposite to' the normal McCollough effect. The hue recorded for each
orientation was the same as that paired with it (in the other eye)
during the dichoptic McCollough exposure. With this eye verbal hue
naming was rellably consistent with the hue match settings.

For the eye exposed to unpatterned colours the hue settings and

verbal reports of 11 of the 15 subjects showed a significant pattern-
contingent aftereffect in the same sense as the normal McCollough effect

(i.e. as observed when colour and pattern are simultaneously pregented



Adaptation
(a) Gratings

(a) Gratings

(b) Larged-green/
small 4-red

(b) Larged-red/
small d-green

(b) Large d-green/
small d-red

(b) Larged-red/
small d-green

(a) Orthogonal gratings ; (b) hexagonal arrays of large/small dots.

Eye tested

Pattern-stimulated

Colour-stimulated

Pattern-stimulated

Colour-stimulated

PCCAs (verbal

PCCA

Verbal
Measured

Verbal
Measured

Verbal
Measured
Verbal
Measured

Verbal
Measured
Verbal
Measured

DA
S
—0-50

—0-19

JB

S
d-0-10

S
+0-2S

Cc
d-007
C

—0-07

S, same as hue originally paired with similar pattern.
C, complementary to hue originally paired with similar pattern.
?, no colour or inconclusive.
— , not recorded.

KB MF
S S
« gr55 -023
C ?
+0-57 d-0-15
KB Jc
S
—005
? ?
—050 4-0*10
C
+040
C ?
d-0*20 d-o-io

T able 13

RH

?
—0-03

+0-12

SH

?
-0-30
s
- 0-55
?
d-0-20

(o3
d-o*io

SH
—-046

+0-42

[oN]

S

0

S
-017

Cc
d-1-0

(o
4-0-40

ii DM
S S

- 0-25 —004
(o3 S

+0-22 4-0-28

SK DMM
— S

+005 -0.30

-0-20 -.035
- ?

o d-0-25

- 0-35 +0-56

Normal PCCAs positive, anomalous PCCAs negative.

and measured) of dichoptic stimulation

Subjects
DMM EM
S S
- 0.57 —0-26
(o} (o3
+0-41 4-0-26
VM AT
S S
-0-25 -0-30
S S
—0-20 —010
C ?
+030 + 0-65
(o} (o3
+ 0-30 0

JM MM

S
-0-32

C C
+003 +027

MY

S
—007

S
—0-40

Cc
+050

?
4-005

RM

(o3
4-0-i6

VM  GP RQ

S S S S S
—0-18 —o0-15 -036 —017 - 0-74

c c ?
4-0-72 4-0-32 4-0-24

Readings are averaged over first 5 min.

€T 9lqelL

d &
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to the same eye). The scatter of the results for this eye was generally
larger than for the other. |t was noticeable that the sensitivity to
colour was reduced by the exposure to alternating red and green light.

The strength of the dichoptically induced aftereffects was In each
eye of the order of 1/3-1/10 that of the normal McCollough effect for
the same exposure time in the same subject.

Time course. The dichoptically Induced aftereffects In each of the
two eyes were as long-lasting as normal McCollough effects of the same
inttial streﬁgth. For the five subjects whose aftereffects were large
enougﬁ to be plbtted, as a function of time elapsed frbm the end of
exposure, the results showed no significant departure from the log/log
stralght line of slope about 0.3 which we had found to fit the normal
McCollough effect (MacKay and MacKay, 1974a). The average duration of

a visible effect for these 5 subjects was about an hour,

6.1.1.2 Hexagonal dot patterns
The aftereffects, though considerably weaker were generally in the
same sense as that found for the orthogonal gratings.

For the eye exposed to colourless patterns most of the measurements

and verbal reports showed the 'anomalous' pattern contingent aftereffect -
{.e. the hue recorded and reported for each test pattern was the same
as that paired with It (in the other eye) during the dichoptic McCollough

exposure.

For the eye exposed to unpatterned colours the measured differences

iﬁ hue settings though weak,'mostly showed a 'normal' aftereffect - i.e.
each test pattern had the hue opposite to that paired with it (in the

other eye) during the dichoptic McCollough exposure.
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No significant aftereffects In the anomalous direction were
reported even under the near 'forced choice'* conditions that were

necessary In about 50% of cases.

"6.1.1.3 Strength and time course

The strength of the effect with either eye was again of the order of
1/3-1/10 of that obtained In the same subjects by adapting monocularly
for the same time to the same patterns In red and green (compare figs. 24 & 7).
The aftereffects lasted 7-25 min but were too weak compared with the
scatter of the results for the time course of decay to be accurately
determined. The rate of decay appeared to be similar to, or somewhat
more rapid than, that obfained usfng gratings. In some subjects the
effects were significantly different In‘strength according as red/green
were paired with large/small dots respectively. This blas is possibly re-

lated to a separate shortlived effect which is Investigated In Appendix

* See 4.3

Figure 24

a) Time course (on log/log scale) of dichoptically-induced chromatic
aftereffects of 15 min exposures to gratings.in one eye plus colour in
other: -

4 -eye pre-exposed to unpatterned colours;
® eye pre-exposed to colourless gratings.

b) Ditto for hexagonal arréys of dots in one eye plus colour In other:

A eye pre-exposed to unpatterned colours, red paired with large dots:
v ditto, green paired with large dots; ’

A eye pre-exposed to colourless dots, red paired with large;

v ditto, green paired with large.
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6.1.1.4 Conclusion

Orientation-contingent chromatic aftereffects are dfchoptically
. Inducible in a high proportion of subjects and have a time course In the
‘normal environment similar to that of the McCollough effect. The after-

effects are opposite In the two eyes.

The eye exposed to unpatterned colour sees a 'normal' McCollough

effect l.ef the test grating takes a hue complementary to that originally
paired with Its orientation. The other eye, previously exposed to colour-
less pattern, sees what we have referred to as the anomalous McCollough
effect, in which the hue seen on each test grating was the gémg as that
previously associated with its orientation.

Similar spacing=-contingent chromatic aftereffects have also been

dichoptically induced.

How then did It come about that after dichoptic exposure Over et al's
(1973) subjects gave as few reports as they did of seeing hues on the
test fields? Experiments 6.1.2, 6.1.3 investigate two respects in which
thelr inducing situation differed from ours = luminance of the tnducing
stimuli énd the dufation of the on period.* From‘these‘l conclude that
although no single factor renders the aftereffects unobtainable, non-
optimal conditions in one or more respects brought the aftereffects below

the detectable level for most of Over et al's subjects (see also 6.1.4 )

* Other obvious factors are the luminance of the test card (
2
the layout of the test card (see 4.2.1 ) and inte i 16ee s
(cf. 5.8.1 and tablel3 abouve). ' rsubject differences
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6.1.2  Growth; retention in darkness

Before leaving the temporal aspect of dichoptically induced pattern~
contingent aftereffects, mention may perhaps be briefly made of some pilot
studies on the growth of these effects and on their behaviour in darkness.
These studies reinfofce the impréssion gained from the above experiment
that dichoptiﬁally induced paftern-contingent chromatic aftereffects
are closely'related to the ofdinary McCollough effect.

Figure’ 25 shows the growth of the orfentation-contingent chromatic
aftereffects in the two eyes as a function of exposure time. The dotted
line,~included for comparison;—éhows the average growth of the McCollough
effect (induced by coloured gratings) for the same subject at about the
same date, under closely similar conditions of exposure and testing.

The decay of the dichoptically induced aftereffects when light is
excluded from both eyes or from one eye for periods of 20 min to several
'- hours'has also been Investigated. As the effects being studied are not
']arge, the following conclusions are somewhat tentative. Considerable,
and possibly total, arrest of decay occurs for both the 'colours' and the
ipattern' eye when the eye is kept in darkness whether the other Is
receiving light or not. When light Is permitted to enter the eye again,

' detay proceeds at the 'normal' rate ( P £=:3 ), with time origin at the

end of the dark period.
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Figure 25:  Growth of dichoptically induced orientation-contingent
aftereffects,

The magnitudes of the effects induced In the eye exposed to
colour @, and to pattern @, plotted on log/log coordinates as
a function of exposure duration., Note that the polarity of the
aftereffects are opposite In these two eyes though they are
both here shown above the axis.

The average growth of the monocularly induced effect in the
same subject Is included for comparison (dotted). The
presertation cycle was In each case 6 sec on 3 sec off,
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Experiment 6.1.3 The effect of the luminance of the Inducing stimuli

upon the strength of the dichoptically induced 0.C.C.A.

The luminances of the coloured fields and achromatic gratings |
presented to the two eyes were separately altered (largely by means of
neutral density filters) so as tb cover, in a series of runs, the range
1.0 to 2.3 log ft L (0.34-685 cd/mz). Apparatus and method were other=
wise as for the'preceding éxperiment. The same presentation timing
(6 sec on, 3 sec off) and duration (15 min) were used throughout the
series. The use of left or right eye as the ‘colours' or 'grating'

eye was randomised across runs.

Results: Figure 26  shows, for two subjects, the variation with Inducing
luminances, of the aftereffects In the colour- and pattern-stimulated
eyes. A different symbol is used for each pair of luminances. (The
aftereffect magnitudes are the difference between average of the last four

readings before exposure and the average of the first four readings after

exposure, these readings being made within 2 min of the exposure.)

Findings: The aftereffects in the colour- and the pattern-stimulated
eyes were always 'normal' and 'anomalous' respectively. The aftereffects
were ﬁot very sensitive to inducing luminance. They were strongest for
{nducing stimuli in the range 0-1.3 log ft L, but were obtainable over a
range of 2 or 3 log units. Aftereffect magnitudes were unaffected by
di fferences between the luminances presented to the two eyes - which were
as great as 2' log units.

The average luminance used by Over et al, (1973), 18 cd/mz, fell well

within the optimum range.
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Figure 26: Initial magnitudes of orientation=contingent aftereffects
Induced by stimuli of various luminances presented to the two

€yes.

Different symbols refer to runs under different condlitions
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6.1.4 Since Over, Long and Lovegrove (1973) had used very brief 100
msec on periods (In order to avoid Interocular rivalry during exposure),

It seemed possible that this was the source of divergence between thelr
results and ours. We did not precisely replicate their conditions, for

we used on periods of 100 msec séparated by off periods of 2 sec, where
they had used intermittent presentation of one colour and orientation

with a 200 msec cycle for 10 sec followed by 10 sec Intermittent present-
ation of the other colour of stripes. Nevertheless we found that even
under our much less promising conditions, aftereffects were sti]] inducible,

though at about half the strength obtained on a 6-sec on, 3 sec off cycle.

Experiment 6.1.5 Variants on the dichoptic stimulus

Below, (table 14 ) are shown diagrammatically the four further
variants of the dichoptic situation in which a full McCollough stimulus
is presented to one eye and only part of It to the other,*

_Subjects were exposed for 15 min to these stimuli using tachis-
toscopes (Eh’ ES) or the two projectors with shutter (E]). The gratings
subtended 1.9-3.2 cycles/degree. Apparatus M] with test figure T, was

1
used to make the pre~ and post-exposure hue matches.

Results: Tableld4 gives the magni tudes of the hue changes induced In
each eye of one subject (VM) and also expresses the effect in the left
eye as a percentage of that in the right, Negative signs are used for

results in which the pairing of colour and orientation In the aftereffect

* | am indebted to Keith Bradshaw for the idea for condition d). The
reader is referred to his much more exhaustive experiments on all
these dichoptic conditions. (Kelth Bradshaw, 1978.)
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Table 14 Interocular transfer of the McCollough effect under dichoptic
‘exposure condi tions

Condition Stimulus 0.C.C.A.s
L R L R Left/ Verbal report on
’ Right% left eye'!s awe.
L }
a +0.49  1.30 135% approx. positive transfer
: 0k 1033
5)\ G [ =0.01 1.47 o no difference between
! ‘ +0.02 1,40 the two parts of test
]§] E§§ field
c) -0.43  1.90 23% definitely opposite
In left eye
d) , +0.40 2,60 5% a-effect Is reverse
of inftfial blas and
definltely of same
palring as In the

. exposed eye

e) [EU
G

<
&
N

} 40,38 -0.47

Two other subjects exposed to condition b) gave barely significant
negative transfer,

is the reverse of that In the right eye. Typical results for the simple

dichoptic situation of experiment 6.1.) are also Included (e) for

comparison,

Findings: The last two columns of table 14 show that 20-30% inter-
ocular 'transfer' can occur under dichoptic conditions in which

one eye receives the full McCollough stimulus while the other views either
colours or pattern. Transfer is positive or negative according as a) the
same colours, c¢) the same orientation of gratings are simultaneoysly

presented in the two eyes., These transferred effects are thus similar
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in magnitude and in their pairing of colour and orientation to the
normal and anomalous dichoptic effects e) induced in the same time
using similar stimuli.

Transfer is not greatly impaired when conflicting orientations are
simultaneously presented to the fwo eyes (compare d) with c)), but It

is near zero when the colours are complementary (compare b) with a)).

6.1.6 Dichoptic McCollough effects: other authors

Al though Over, Loﬁg and Lovegrove (1973) denled that the McCollough
effect could 'be generated by displaying contour information to one
eye and color information to the other!', (using condition e) above) other
authors have subsequently reported 'interopular generalisation' under

conditions a) and c). Keith White (1976, p. 82) presented homogeneous

' coloured flelds to one eye while the other viewed the full McCollough

stimulus. Mikaellan (1975, p. 663) presented an achromatic grating to one

eye and a coloured grating to the other. Significant normal and ‘reversed'

Mccﬁllough effects were reported respectively under these two conditions.
Though it is possible that the brief exposures used bf Over, long

and Lovegrove led to reduced dichoptic aftereffects | am more incliﬁed

to think tﬁat it was their method of pooling the results under 'left

eye' and 'right eye' (rather than under pattern stimulated eye and colour

stimulated eye) which obscured the evidence.

6.1.7 Discussion: Interocular transfer of pattern and colour

It is not easy to accountrsimultaneously;" for the polarity or
the magnitudes of the aftereffects in all five of the above cases, a) to
e) of experiment 6.i.h. If one summarises the situation, as Over's group
have often done (e.g. Over, Long and Lovegrove, 1973), by saying that

pattern information transfers binocularly while colour information does
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not, we have two cases left unaccounted for; the near zero effect In the
left eye under conditon b) and the considerable effect in the right eye
under condition e). Indeed the results under conditions e), a) and c)
show that both colour and pattern information supplied to one eye can
influence the aftereffect seen by the other,
In tryfng to devise a simple explanation for the above results two

points seem to stand out:
i) |If pattern is already being presented to an eye, the pattern information
transferred from the other eye is largely ignored. This Is deduced F}om
the smallness of the difference between the magnitudes of the left eye's
results under conditions c) and d).
ii) Colour: The difference in polarity of these results |s easily explalned
if we assume that the (complementary) colour Information having transferred
Interocularly combines in each case (c and d) with the pattern Information
already present. Such an assumption also fits the 'anomalous!' results
produced under conditions c) and e). In all these cases the transfer = In
a complementary colour —is to an eye viewing an achromatic patterned ffeld.

“When, however, we turn to the cases (a and b) in which both eyes
were presented with coloured fields this complementary colour story seems
to break down, for it is only insofar as the two eye channels have colour
information in common that the pattern information transfers,

There is obviously scope here for further experimental elucidation.

To explain the aftereffect in the eye which has viewed achromatic
gratings during dichoptic presentation of the McCollough stimuli, it
might be supposed that a central colour normalising mechanism shifts the
zero for 'whiteness' in both eyes in the same direction. This would have

the effect of emphasising the complementary colour in the eye exposed to
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pattern so that the patterns are taken to be greenish or reddish
according as red or greén light floods the other éyé;‘ Sﬁch a normal-
[ser might be arranged so as to globally affect the enttré Input to the
other eye, or it might operate for each hemiretina separately or yet
more locally. In the next experiment the unanimity of the colour
message across the retina and then within each hemisphere s dlsturbéd

while keeping the pairing of colour and orlentation unchangéd.

Experiment 6.1.7.1 Global or local transference of colour tnformation

Inthe dichoptic effect? .

The aftereffect strengths resulting from three exposure conditions
were compared (M]'and test card T, at 46 cm). All three conditions
Involved dichoptic presentation of achromatic gratings and colour, but
in the first the flelds seen by the two eyes were of one colour or or{en-
tation throughout while in the second the fields were divided vertically
and in the third horizontally, The divided fields were produced by
slicing the full field colour filters and grating patterns along a mid-
line parallel to one side and pairing them up again, so that two colours
or two orientations were simultaneously visible by each eye. For
example, in Table 15 we see that on the 14 June 1976 the left eye was
presented with red above and green below alternating every 1 sec with
green above, red below, while the right eye viewed, alternately, the two 90°
chevron patterns of 1.9 cycles/degree. During exposure the subject ran
his eye along the divide between the two half fields (or round a fixation
circle in the case of the uﬁdivided fields),

The full field and divided field stimuli were presented by tachisto-
scopes ES and E, respectively. The presentation cycles were dlfferent for

the two tachistoscopes (10 sec on, 10 sec off for ES, 3 sec on, 0 sec of f
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for Eh) but the runs were in all other respects made as similar as

possible.

Results: Table15 shows the magnitudes of the alteration in orientation~
contingent chromatic biasses resulting from 15 min dichoptic exposures

under the three conditions., The pairings of colour and orlentation of

Table 15  The results are called positive in which a pink aftereffect
is seen on right oblique gratings,

Subject Date Exposure ' Duration Aftereffect
condition (minutes) :
Left Right , Left Right
full fleld . [::]}
VM 4 0ct. 1976 Is -0.20  +0.63
VM 5 Oct. 1976 G } 15 -0.45 40,50
| R .

vertically divided field

VM 17 June 1976 EHE; } 15 -0.60 40,20

ECM 17 June 1976 @ 15 -0.03  +0.38

horizontally divided field

VM 14 June 1976 K 15 +0.45  -0,47
H }

DMM 14 June 1976 R 15 +0.20 -0.37

aftereffects are in every case in accord with the concluslons drawn in
experiment 6.1.1.1 » ECM saw no hues onr the test card using her Jeft
eye. In every other case the verbal] reports of the hues seen tallled

with the measurements.
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Findings: Dichoptic aftereffects were induced by both the vertically

and the horizontally split fields as readily as by full field stimuli,

Coﬁclusion: In the McCollough effect the communication of colour
information between the monocular channels does not take place globally
or even on the basis of the average coloured input to a hemisphere, but
on a more localised, possibly point by point, basis.

A further dichoptic experiment concerning the transference of
the pattern Information was unfortunately without outcome. |t was dlrected
- to the question as to whether it is the pattern or its inverse which
becomes paired with the colour input to the other eye. A dot pattern and
its photographic negative were presented to one eye, tHe red and green
unpatterned fields to the other. It had been found (see chapter 7.1.1.3)
that a chromatic aftereffect contingent upon polarity of the contrast is
visible on test figure T7 after pre§entation of the above pattern and
colour stimuli to the same eye. If the corresponding effect occurred

dichoptically it was too small to be detectable.
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6.2 Interocular Transfer of the McCollough effect

In view of the degree of Interocular linkage demonstrated by the
dichoptic results above, it seemed strange that the McCollough effect
should not transfer to an unexposed eye. McCollough (1965b) and Murch
(1972) had reported that none occurred after up to 16 min of exposure,
| have Investigated transfer under the conditions which they used (one
eye covered during exposure and the other during testing) and also under

three further conditfons (experiments 6.2.1.2 to 6.2.1.4),

Experiment 6.2.1 To investigate Interocular transfer of the McCollough

effect:

6.2.1.1 with all light excluded from the unexposed eye

during the McCollough exposure

The apparatus M] with test fleld T at 75 cm was used to make the
pre- and post-exposure hue matches. These were performed by each eye In
a darkened room with a black shutter close in front of the other eye.
The post-exposure hue settings using the unexposed 'transfer' eye were
always completed and a verbal report invited before the subject was
allowed to view the test card using his exposed eye.

" The exposure was for 5- 20 min to red and green oblique orthogonal
gratlngs of 2.5 cycles/degree, all light being meanwhile excluded from

‘the other eye by means of an eye patch and the subject's cupped hand.

Results: Table 16 shows, for 7 subjects, the magnitude of the effect

induced in the exposed eye and the elteretion in the readings made using

the 'transfer' eye. Biasses of below 0.2 or 0.3 are generally not visible.
Only half the subjects (CF‘ Ji, DMM and VM) gavedifferent verbal reports

of hues seen 7 before and after exposure, and they were for the most

eaft hesitant: VM saw a hue change in fewer than half of 16 runs., Never-

theless, such hues as were reported were in accord with the readings.



Table 16 Interocular transfer of the McCollough effect to a covered eye

Subject Sex Time Date Exposed eye ' Covered eye " | Percentage
Condition Duration McC. | Pre- Post~ Change in transfer
(min) a-e exposure exposure bilas
(Scm)| bias bias

CF  F - 8.12.721 R 15 7* -0.27 +0.34 +0.61 49.0

VM F 10.10 am 4.7.73 R 20 4.4 +0.10 +0.68 +0.58 +13.0
11.01 am 5.7.73 | R 20 44 |0 +0.11 +0.11 +2.5
3.33 pm 5.7.73 R 20 3.9 +0.07 +0.25 +0.18 +5.0
3.32 pm 6.7.73 R 10 1.5 +0.09 +0.19 +0.10 +7.0
3.52 pm 6.7.73 R 10 0.7 +0.03 +0.24 +0.20 +30.0
L.15 pm 6.7.73 R 20 4.2 -0.23 +0.10 +0.33 +9.0

AMH . F 9.47 am 5.7.73 R 20 2.3 -0.30 +0.07 +0.37 +16.0
4,35 pm 5.7.73 R - 20 3.9 +0.15 +0.13 -0.02 -0.5

BM F - 1.48 pm 11.7.73] R 20 2.5 | +0.03 +0.34 +0.30 +12.0

MY F 4,35 pm . L 15 2,2 -0.11 +0.01 +0.12 +5.0

DMM M 11.55 am 13.8.73}| R 20 3.55 | +0.03 +0.28 +0.25 +7.0

Ji F . 2.30 pm 13.5.75 L 20 1.2 +0.05 +0.24 +0.19 +5.0

* the calibration of the plotter was different before 23 June 1973.

Results are called positive when they have the same pairing of colour and orientation as the aftereffect in the
exposed eye.

6%2
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Conclusion: Although the aftereffect In the 'covered' eye is barely
visible, the readings from the above 7 subjects suggest that positive
transfer to a covered eye does take place and that it has about 8% of

the strength of the aftereffect in the exposed eye.

In the next three experiments, the reports of other authors
(Baker, May and Mash, 1976 and Mikaelian, 1975b) led one to expect larger
and more visible transfer than in the above experiment, but as thls was

not found the experiments are only briefly reported.

6.2.1.2 White light entering the 'transfer' eye during the McCollough

exposure
An unpatterned white field of 11-17 cd/m2 was presented to the

teransfer' eye either continuously or switched on and off synchronously

with the presentation of the co}oured (17 cd/mz) gratings to the other

eye. |In some runs a fine fixation circle was placed in the middle of the

white field to eﬁsure that the input to the transfer eye was not suppressed.
Testing of the 'transfer' eye in apparatus M].was performed both with

and without a light input (11 cd/mz) to the other eye.

Results: A barely significant positive transfer was revealed by the
readings under both test conditions. This hue change was not visible to

the subject.

Conclusion: Transfer was no larger than under the condition where no
Lonclusion

light entered the unexposed eye during the McCollough exposure.
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6.2.1.3 A steroscopic view during both exposure and testing

In 1976 Baker, May and Mash reported that when viewing conditions
were such as to ensure that nelther eye's input was suppressed during
induction or testing 'it is about as easy to induce McCollough effects
interocularly as monocularly'. They used a stereoscope to present a
25° x 25° view of a shelf and desk top supporting books and other pre-
dominantly vertical and horizontal objects.

A smaller central region (7° x 10°) 'embedded' In this view could
contain monocularly presented views of the inducing gratings, test gratings
or a plain white field. After 10 minutes' exposure to eoloured vertical
and horizontal gratings 10 out of 11 subjects reported poslflve transfer
(3 of them under forced choice conditions). As a routine part of the test
procedure all subjects were 'told to scan the background' before making
thelr forced choice judgement as to which half of the test field appeared
either pinkish or greenish. This change of fixation wlll, of course have
used,in testing,parts of the retina which had previously been exposed to
‘the coloured book spines. The authors explain that the manceuvre was
recommended to the subjects because 'we . . . had sometimes observed that
the McCollough colors would appear suddenly as both eyes became active

looking into the background'.

To replicate the essentials (though not the details) of this
experiment the two eyes were provided with half-silvered mirrors In
which they viewed respectively the inducing gratings and the test fleld

72 of apparatus M] against a common binocular view of a black velvet
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disc which forméd'part of an elaborate thrée'diménstonal object* whose |
purpose was to ensure that nétther'éyé's tnpﬁt was sﬁpprésséd: Thé"
Inducing gratings, test. card and.a binocularly séén'f[xation wire Wéré
all at exactly thé same distance (96 cm) from thé subject's éyés. Each
of the monocular views could be ﬁut off by a black card.

The scatter in the hue matches was very small but no Interocutar
transfer of the McCollough effect was measured or perceiVéd after a 20

minutes' McCollough exposure though the effect In the exposed éyé was

strong.

6.2.1.4 "Interocular generalisatiof after exposure?

Mikaellan (1975b) has reported that “lnterocu]ar geﬁera][satton“ of
the McCollough effect can-occur after exposure under the following con-
ditions. One eye was exposed to the coloured McCollough gratings for
L min, then both eyes viewed the achromatic test flgure for 2-5 min and
tgen the two eyes were tested separately. Of Mikaellan's 27 subjécts;

24 then reported seeing chromatic effects using each eye. The effects In
the eye which had not been exposed to the McCollough stimultl were 'weak!,

Subjects differed as to which colouring they saw with this eyé on the

* The black screen was not only surrounded by a clrcular frame of Féndom
noise with an outer rim displaced 2'' further from the subject, but
also supported about 100 small white polystyrene dots at distances
of 0-2" from Its surface. A wire along which the subject continuously
ran his eye was fixed 1" in front of the velvet background, and the
subject gave hls attention throughout the experiment to the seeing
of the scene in three dimensions. The whole three dimensional object
was illuminated by two lamps and in monocular view lacked any appear-
ance of depth.

In practice it was found that despite all these Precautions suppression
of a kind did take place. But it was suppression of a part and not

of the whole of the eye's input. When the coloured gratings were
presented against the black velvet field the ratings were not seen
either at or for a small distance (about 1/20%) around each white dot,
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vertical and horizontal stripes; for 14 subjects the hues were opposite
In thé two eyés and for 10 they were the same.

To replicate these conditions, 4 subjects who have medium to large
McColléugh sensitivity were exposed monocularly (L eye) for 20 min using
the two projectors EI and oblique gratings of.2.2 cycles/degree. For two
subjects (KU, Jl) all light was excluded from thé ‘transfer' eye during
the McCollough exposure, for two the inducing (though not the test) con-
ditions of the preceding experiment (6.1.2.3) were employed. The
orientation-contingent chromatic effects in both eyes were measured
before and after the McCollough exposure u;ing apparatus Ml with test

The subjects then viewed the test card T, binocularly for over

card TZ' 2
5 minutes and made further monocular hue match settings using first the
‘transfer' eye and making a verbal report on hues seen using It. (During’

the binocular viewing of the test card the McCollough hues became almost

invisible. Shutting the eyes for half a minute revived the colours seen

binocularly.)

Results: ‘Table 17 shows the orlentation-contingent chromatic effects In
both eyes before and after the viewing of the test card. Aftereffects of
0.2 were almost invisibje and changes of beloQ 0.2 are not significant.

'Thé verbal‘reports made using the right ('transfer') eye before and
after the viewing of the achromatic gratings were as follows:

KU before: no difference, slightly pink on right oblique;
after: no difference, very slightly pink on right oblique.

Jf before: slightly pink on left'oblique or no dlfference;
after: slightly pink on left oblique,~no difference or even green
on left oblique. '

VM before: very slightly pink on right oblique;
after: both parts of test field orangey pink; right oblique
yellower.

DMM before: small green effect on left oblique;
after: ‘'very strong impression of left oblique green' immediately
after viewing the test card but one minute later 'no colour
difference at all'.



Table 17 Orientation-contingent chromatic effects (0.C.C.E.s) in the two eyés before and after viewing

achromatic gratings binocularly

Subject Date Stimulus Duration Before Time After Change in 0.C.C.E.
(min) viewing in Right eye
L R test card L R (resulting from
O.C.C.Ef oic.c..EO (min) O.C.C.E. o-c.c.Eo the viewing of
test card)
KU 2.5.76 - 20 +1.82 fO.Zh 5 1.08 -0.12 +0.12
JI 13.5.76 20 +4.28 +0.15 6 3.10 +0.21 +0.07
. , &
VM 24.5.76 18 +3.27 +0.01 9.7 2.44 -0.03 -0.04
DMM 24.5.76 20 +2.70 +0.33 5 +2.00 +0.21 -0.12

(Positive values are given to those orientation-contingent chromatic effects which have the same palring of

colour and orientation-as the aftereffect in the exposed eye.)

UETA
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Findings: The measurements on the Right eye show no significant alteration
as a result of viewing the test card binocularly. The verbal reports -
also reveal no lasting or convincing transfer either negative or positive.
They do, however, suggest that the viewing of the test card produced a
very brief enhancement of the pefceptlon of such blas as was already

present in the 'unexposed' eye.

Conclusion: There seems insufficient reason té Interpret Mikaellan's
report of an alteration in the appearance of the test gratings following
binocular viewing as evidence of interocular transfer (elther positive

or negative) of the McCollough effect.

6.2.1.5 Summary: Interocular transfer

Transfer of the McCollough effect to a covered eye occurs but so
weakly as to be generally not Yislbie. The transfer Is positive but
below 10% of the strength of the effect Induced in the exposed eye.

The degree of transfer Is not noticeably increased elther by a)
having a light input to both eyes, or b) ensuring that nelther eye's
Input is suppressed during exposure and/or testing. Nor Is It Increased

by allowing the two eyes after eXposure to view achromatic gratlings

binocularly.
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6.3 Binocularly observable McCollough aftereffects

In 1976 Vidyasagar elegantly showed that there is a binocular
ingredient in the McCollough effect. He used a presentation cycle which
would, If there were no binocular interaction, have lnduéed no nett
McCollough aftereffect observable by each eye singly, or both eyes jointly.
This cycle had three parts of equal durations, separated by dark intervals;
first, a binocular presentation of McCollough stimull having a particular
pairing of colour and orientation, then a monocular presentation, first
to one eye and then the other, of the reversed pairing. At the end of
30 min when the test field was viewed binocularly, a small aftereffect
appropriate to the binocular part of the exposure was seen. And mono-
cularly, curiously enough, small aftereffects of the opposlite polarity
were also seen.*

Vidyasagar's discovery put me In mind of a finding which I had laid
on one side in 1973 (figure28a ) as needing a sultable control experiment.
After ordinary binocular exposure fo a McCollough stimulus, binocular
viewing of the test card evinced slightly stronger aftereffects (both
measured and reported) than monocular viewing. But without a control
experiment there was insufficient reason to ascribe this difference to the
ﬁcCollough mechanism. At the low test intensities used (ll cd/mz) the test
figure looks considerably brighter when observed by two eyes than with

one (cf. Piper, 1903, mentioned by Helmholtz, p. 530), so that it seemed

% | have replicated Vidyasagar's findings and measured these binocular
and monocular effects on three occasions in one subject and find them to

be approximately 20% of the McCollough effect produced in the equlivalent
time (10 min) by a normal McCollough exposure. Though small, they seemed
to be, |f anything, even more long lasting than ordinary McCollough effects
of the same magnitude.
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possible that similar enhancements of colour perceptions occurred when
uslng two eyes. The control experiments which show that the McCollough

mechanism is Implicated in the above observation are described below.

Experiment 6.3.1 Binocular interactions in the McCollough effect

In every run, identical monocular stimull were presented to the two
eyes. The variable was the relative timing of the presentation of the
stimull to right and left eyes. The aftereffects were measured both

monocularly and binocularly.

Apparatus and Method: Red and green gratings of 3.2 cycles/degree at

+h5° and -450 to the vertical were presented to left and right eyes by
a tachlstoscope (ES)' A presentation cycle of 9 sec on, 9 sec off, and
exposure duratloh of 19-20 min were used throughout the mafn* runs of
figure 27 a . The coloured patterns seen by one eye were presented
either, A, in_phase with those seen by the other eye; B, 9 sec behind,
i.e. @ quérter cycle out of phase; or C, 18 sec behind, i.e. half a cycle
out of phase. These conditions are diagrammatically represented at the
head of figure 27 . The subscripts AI and A2 are used to distinguish
conditions in which: A],tthe two eyes viewed a ;lnglelpair>of coloured
gratings directly (on a screen or over the tops of the tachistoscope
mirrors) and A2, the tachistoscope was used normally with each eye

viewing via mirrors a separate pair of, (matched) coloured gratings.

% For the runs on VM in figure 27 b and figure28 a there were slight
differences in various factors such as the time which elapsed before
the first readings were taken, and the duration and spatial frequency
of the McCollough stimuli. These results are, however, included for
within run comparison of the magnitudes of the binocular and monocular
aftereffects.
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Flpure 27 The strength of the McCollough aftereffects

The strength of the McCollough aftereffects seen monocularly and binocularly
following exposure of the left and right eyes to stimuli which were:
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Under a further condition, D, the right eye was exposéd for 20 min and
then the left (total time 40 min), the Unexposed eye being covered by a
black patch during each monocular exposu;e.

* The apparatus Ml with test field T2 at 94 cm was used for making the
pre- and post-exposure measurements., Since the aftereffects decay
during the measuring session,. the measurements using both eyes and one
eye were systematically alternated (both; left; both; right; etc.) four
times. Before making the above measurements the subject viewed a large
(60 x 60° ), plain white card at 0. 5 log ft L for one minute beginning
close after the end of the exposure. Often a8 second batch of readlngs
was made In the same fashion after 5-7 min had elapsed. When he had
finished making the hue match settings the subject was asked to judge
whether he saw any difference in the appearance of the test figure when

he alternately viewed it using one and using two eyes,

Results: Figure 27 shows the average magnitudes of the aftereffects
measured binocularily and monocularly for four subjects under the above
conditions. The error bars indicate the standard deviation of the

difference between successive monoptic and binocular readings.

Figure 28 shows for one subject the decay of the binocular and
monocular effects induced by exposure conditions a) A', b) Az, c) B, d) c.
The exposure conditions are specified In detail in Table 18 and the
subsequent log/log decay slopes, p » given. Decay took place In a normal
laboratory environment at a) ordlnary luminance levels, b) c) d), a
steady luminance of 11 cd/m . Night time, (shown speckled) fell between

100 and 1000 min.

In figure 28 every reading taken has been plotted (without averaging)
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BINOCULAR INVOLVEMENT IN THE MCCOLLOUGH EFFECT

Exposure : binocular, identical for the two eyes

Ll - O N

L

The decay of the aftereffects observed binocularlv
and monocularly (unfilled symbols, dotted lines) foliol!!65” S°Ud
exposures during which 1ihe feft al right ""viewed:

on a screen

presented simultaneously by a tachistoscooe
(1/4 cycle out o?Pphase, see

lines),
HcCol lough 20 .1.
a) the same stimuli

b) identical stimuli
©) stimul, presented alternately to each eye

phase)! PreSe"ted S° SS "° C°nf" Ct "n the tw° (i cycle out o"

Log/Z/log plots. The scales on the abscissae of the i
various graphs i ffer.

The slopes, I3 , of the solid and dotted lines and )
exposures are given in Table 18 particulars of ¢phe



Subject:
VM

Exposure Conditions

Slopes, ﬁ ,
of log/log plots
of Figure 28

Figure Stimulus Binocularity Presentation Spatial Date Time Binocular Left Right
cycle frequency ‘
a) 10 sec on, 2.2 c/degree 8.1.73 9.30-50 am | -0.49 -0.33 -0.27
in phase L sec off
(simultaneously
identical to
left and right)
b) 9 sec on, 3.2 c/degree 14.2.77 9.27-47 pm | -0.36 -0.38 -0.30
in phase 9 sec off :
(simultaneously .
similar to
left and right)
c) 9 sec on, 3.2 c/degree 9.12.76 11.56-12.16 | ~0.2] -0.29 -0.20
. 1/4 cycle out 9 sec off
of phase
(alternate
monocular
exposures)
d) 9 sec on, .3.2 c/degree 17.3.77 2.20-40 pm |~0.33 -0.34 -0.31
3 cycle out of 9 sec off
phase
(conflicting) .
Table 18 Decay of the aftereffects measured binocularly and monocularly following concurring and confllicting

McCollough exposures of the left and right eyes

197
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to facilitate combarison of the standard devi.tion of the readings with

the separation between the binocular and monocular readings.

Findings: When the two eyes recelved concurring Inputs durfng McCollough
exposure the aftereffect measured binocularly was larger than that
measured monocularly. The blnocular measurements were some 14-33%

and A,

] 2
Under all three conditions (C, B, D)where the two eyes recelvéd non-

larger than the monocular under both conditions A

identical inputs, the binocularly measured aftereffects were smaller

than those measured monocularly. lnvestigaflons to date have not revealed
any systematic differences between the aftereffects produced under these
three conditions. The discrepancy between blnocular and monocular readings
Is in each case in the range 23-46%.

In every run the difference between the monocular and the binocular
readings Is significant as can be seen from the standard deviations
indicated in figure 27and the graphs of figure 28

Following the exposures to concurring stimull, the subject's verbal
reports agreed with the measurements. They were always that slightly
stronger hues were seen binocularly than monocularly and that for the
other three conditiéns in which the two eyes had received different
inputs at every moment, weaker effects were seen usl?g two eyes than using
one.

The subsequent batches of readings of figure 28 suggest that the
decay courses of the binocularly and monocularly seen effects are similar, .
There are signs in figure 27a that the binocular Ingredient begins to
decay only when light is allowed simultaneously to enter the two eyes
(fo; the first 30 min testing was monocular in a dark room). The
monocular rates of decay do not differ systematically . (Table 18)

under the various conditions (cf. also chaﬁter 5.1).
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Comparisons across .the carefully matched groups of runs of ECM and
VM suggest that the magnitude of the monocular effects is either the
same irrespective of the binocular conditlions or perhaps slightly

smaller for the concurring condition than for the others,

conclusion: When the two eyes have been exposed simultaneously to the
same McCollough stimuli the aftefeffect seen binocularly Is about:22%
larger than that seen monocularly. When the two eyes have been exposed
to the same McCollough stimuli but not simultaneously the aftereffect

seen binocularly [s about 33% smaller than that seen monocularly;

Discussion: These results suggest there Is not only a ‘positive!
Discussion

binocular McCollough effect (of which Vidyasagar's experiment had already
provided evidente), but also a similar larger ‘negative' binocular effect

which Is induced whenever the McCollough inputs to the two eyes differ.
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6.4 Conclusion: lnterocular linkages in the McCollough effect

OrIenyation-contlngent chromatic aftereffects (0CCAs), though
largely.monocular are not wholly confined to the monocular channel.
OCCAs visible monocularly have been Induced by dichoptic exposures.
Binocular OCCAs are revealed by the diffefence between the OCCAs seen
binocularly and monocularly - a difference which can be elther positive
or negative according as the stimuli presented to the two eyes concur
or differ during binocular McCollouéh exposure. Transfer of the
McCollough effect, though not visible by many subjects, takes place
weakly to a covered eye. The approximate strengths of these effects
compared with that of the monocular McCollough effect (induced by com-

parable stimuli in the same exposure time) are

dichoptic 25%
binocular 'positive!' 22%
binocular 'negative! 33%
transfer 8%

The course of decay of all these effects Is similar to that of the

monocular effect.
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We have seen in the introductory chapters that the McCollough'effect
- is a chromatic aftereffect generated by, and visible only In the close
Qicinity'of{dark/light borders. 1t has been shown that the strength of
the hues seen depends upon the orientation and also upon the spacing of
the edges* (1.5, 1.6).

The present chapter seeks to elucidate those minimal ingredlents of
the Inducing and test stimull which are essentlal for the production of
this type of chromatic aftereffect. The maln aspects Investigated are:
spacing devoid of oriented edges; edges devoid of spatial repetitlion; edges
devold of difference in luminous intensity; and colour without a rea)

difference in Input at the primary receptors,

7.1 Spacing or texture of the pattern eleménts

Previous investigations of the spétial frequency dependent aspects
of the McCollough effect (1.6) had all used gratings as stimuli. To find
out whether long oriented edges were an essential Ingredient of the
McCojlough stfmulus;my husband and | selected stimull for both exposure
and testing which were devoid of straight edges yet still possessed

average spacing of dark/llght borders.

Experiment 7.1.1 Chromatic aftereffects contingent upon pattern magnification

The methods of experiment 5.1 were employed but using patterns of

dots and random noise in place of gratings. Apparatus MI with test figures

%* And upon thelr polarity of contrast also If we Include the prism
aftereffect as a related phenomenon (1.2).
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T3’ Th’ TS’ T6 at 65 cm were used for making pre- and post-exposure hue
matches. %he Braun projector (EZ) was used to present alternately, for

10 sec apiece, two slides of a regular hexagonal array of black (or
white) spots at magnifications QIffering by a factor of 2.5, When viewed
by the subject from 97 cm these patterns subtended l7° X l7o and the dots
1.8 and 4.6 cycles/degree. By means of L@oyab]i“_red and green fllters

In front of the subject's eyes the pairing of magnification and colour

could be altered in each eye separately.

7.1.1.1 Time constants

The inducing stimuli were coloured dots of 1.8 and 4.6 cycles/degree
on a black gréund,and the corresponding test card (T3) was employed In
making hue matches to the aftereffects.

As in experiment 5.1, groups of measurements were made at various
times after the end of the exposure;with ordinary life Intervening.

As in experiment 5.8.1, the inducing exposure was In some runs briefly
interrupted to obtain a plot of the growth of the aftereffect against

exposure time.

Results: Figure 29a and c,and figure30 (filled symbols) show typlcal
plots for the decay and growth respectively of the magnification con-
tingent chromatic aftereffects. For the runs of }igure 29 aand ¢ the
left and right eyes were simultaneously exposed to opposlite
pairings of colour and magnification (at 6 sec on, 3 off and 13 sec on, 4
sec off regpectively for VM aﬁd DMM). Figure 29 b and thé solid 1ine

of figure 29 a a-re included for comparison; they show in the same
subjects the decay of the chromatic aftereffects induced using gratings
of 2.5 cyéles/degree. The solid and dotted lines all have a slope of

0.31. The dotted line of figure 30 ., which is similarly included for



267

Figure 29 : Decay of Pattern-contingent chronatic aftereffects

DfIU
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fig 30 VM 10 Sept 73

Fiqure 30 Comparison of the Growth of the Pattern-contingent chromatic
after effects induced by:

- regular hexagonal arrays of large red dots and small green dots
0 O red and green gratings.

The dotted line represents the average of several runs; the square symbols
were measurements made during a similar exposure to gratings which
immediately followed the exposure to coloured dots.

Log/log plots of after effect strength against cumulative total duration

of exposure.
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comparison, Is the average of several runs on the same subject using
gratings and has a slope of +0.66. The unfilled symbols of figure 30
relate to an exposure to coloured gratings which immediately followed

. the 35 min exposure to spots.

Figure 31 shows the decay of a magnification-contingent chromatic
aftereffect (monocularly) induced 3 min before a night's sleep. With time
origin at the end of the exposure,the following day's decay has a log/
log slope at least five times as large as that for the day of exposure, but
with time origin at the time of waking on the second day the second day's

' siope becomes 0.19.

Findings: Strong chromatic aftereffects contingent upon pattern magnific=-
ation were observed using arrays of spots to induce and detect the
effects. Their strength was about57% of that of the McCollough effect
induced by orthogonal gratings in the same time. The time con;tan:s for
growth and deéay were highly similar to those for the McCollough effect;
decay was arrested by darkness There was.a tendency, In each of flve
subjects, to see larger and longer-lést!ng aftereffects after exposure

to red large dots and green small dots than after exposure to the reversed
pairing. For twoof five subjects the Initial aftereffects differed by

a factor of two but for the other three the difference between the after-
effects under the two conditions was below 20%. This bias Is in the same
direction as the tendency to see finer patterns as pinker, which many

subjects evince in the absence of any adaptation,

Conclusion: Strong and long-lasting chromatic aftereffects contingent

upon pattern can be induced using regularly arranged coloured dots.
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VM Leye

Fiqure 31 Retention overnight of the chromatic aftereffect continaent
upon pattern spacing.
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Discussion: It might be argued that the rows of spots used In the above
experiment serve in fact as defocussed gfatings at three orientations
at 60° to each other, and that therefore this experiment does not show
that oriented edges (of low spatial frequencies) are not an essentlal
Ingredient In the McCollough effect.* The next experiment therefore
employed irregular as well as regular patterns to test the magnification-

contingent chromatic aftereffects Induced by regular batterns.

Experiment 7.l.l.2' Chromatic aftereffects seen using test stimull of

static random visual 'noise!

The Braun projector (Ez) was used to present, alternately, two slldes
of a hexagonal array of black spots on a white ground at 1.8 and 4.6
cycles/degree. Moveable colour filters were arranged to expose the
subject's two eyes to opposite pairings of colour and magniflcation,

At the end of a 15 min exposure the subject rested for 2 min in
darkness. He was then shown the test cards T, TS, T3 and T, and Invited
to make a verbal report of what he saw in each half fleld using each eye.
The apparatus M' was used to measure the pre- and post-exposure chromatlc

effects,the test cards T3-T6 beling presénted agaln In the above order.

Results: Table 19 shows, for three subjects, the verbal and the
Resu’ts

measured pattern-contingent chromatic aftereffects. Positive readings
indicate that the negative aftereffects were approprlate to the exposure

stimull.,

% The aftereffects induced by gratings when the projector was fully
defncussed were only 1/3 less strong than when It was sharply
focussed in spite of the fact that contrast was reduced by a
factor of five. :



Table 19

S Exposure
Hexagonal
black dots

array of

Dura .".lon Stimulus

(mi n) pairing
L R
VM 20 green red
large large
red green
smal 1 small
M- 20 red green
large large
green red
small small
MAHM 20 red green
large large
green red
small smal 1

Tt

1,2

PCCA"s seen on test figure: measured and verbal

immmm_ Jhfe,

1 i enmy

I1fg M vy

Regular black dots Rlgular white dots Random black dots
L R L R L
strong clear medium green pale
pink green pink large pink
large large large large .
clear 1.4 strong 11" crear 0-91 hedium 0.82 clear 0.65
green pink green pink green
small small small small smail
defini te defi ni te definitely definitely none
green pink green pink
large large large large
. o -0.3 Lo 8
definite ~*2 definite slightly 22 definitely possibly
pink green pink green green
sma 11 small sma 11 sma 11
definitely definitely definitely definitely green
green pink green pink large
large large large large
L L 0.52 . 0.27

definitely cxn_definitely 1,1 definitely 0-9 definitely pink
pink green pink green small
small small sma 11 sma 11

R

clear
green
large

medium
pink
small

defi nitely
pink

definltely
green

pinker

on large

very
vaguely
green

Visual

0,55

0.3

‘'noisel
L

pale
pink
coarse
clear

green
fine

none

possibly
green
fine

green
coarse

pink
fine

°*32

1.1

0.20

R

clear
green
coarse

distinct
pink
fine

definltely
pink
coarse

deﬁ.ni' tely

green
fine

green
coarse

yellower -
1 think it
must be greer

ro
\&)
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Comments: Since, in experiment 6.3.1 = MF acquired a much weaker
McCollough effect in his left eye than in his flght, | attribute the
weakness of effects in his left eye in this experiment also to the
subject's eye and not to the stimulus condition. The effects in his
right eye were very definite,and.partlcular!y significant since such
small pre~test blas as he had evinced had been towards seeing the finer
patterns as pinker than the coarser ones. Many subjects show such a [pre-
exposure) bias, MAHM and VM included, and if this tendency operates also
after exposure it Is probably responsible for the slight assymetry in
verbal and measured reports as between the right and left eyes of MAHM
. and VM. VM was struck by the definiteness of the green aftereffects
she saw on both fine and coarse random patterns. Whereas generally
after McCollough exposures she finds the pink aftereffect more remarkable

than the green, in this case the green was quite as notlceable.

Findings: The spacing-contingent chromatic aftereffect ts visible on
randomly patterned test figures. It is at least a third as stfong as

on the regularly arranged patterns which match the inducfng stimull, The
after-effect is reduced by a small amount (less than a third) when :

polarity of contrast in the test stimulus is the reverse of that used

during induction.

Conclusion: Straight oriented edges are not essential for the detectlion

of a McCollough-type spacing-contingent effect. The spacing conttngént

effect is sensitive to inversion of the polarity of contrast of the

pattern.

7.1.1.3 Discussion: Polarity of contrast as‘a variable

On a Fourier analysis view (see 1.8) the latter finding is éﬁrprlstng

since the spatial frequencies present in a pattern and its negative are
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identical. As a further test of the Fourier approach, it may be
mentioned here that a purely 'phase' or bolarity contingent chromatlc
aftereffect can be induced (of magnitude 1/6 that of the McCéIIough
effect) using red and green inducing patterns which are photographic
negatives of each other. Testing was performed on test figures 1lke T7, of
3.1 cycles/degree.

Such results demand a radical modtflcatloq of the Fourier approach

to include the dark/light dimension.

Experiment 7.1.1.4 Random patterns at two magnifications as inducing

stimuli
Exposure for 30 min to random noise and to patterns of random dots,
presented in red and green at two magnifications, produced significant
but weak aftereffects which were seen on the corresponding random test
figures by only a minority of subjects. Presumably the range of spacings
present in the coarse and fine Inducing stimuli overlapped considerably

when the difference in magnification was only 2 (or &4 for the noise).

7.1.1.5 Summary: Spacing-contingent chromatic aftereffects,

Regular arrays of red and green spots at magniflications differing
by a factor of two induce pattern-contingent aftereffects of over halfi
the strength induced in the same time by McCollough grating stimulj.
These aftereffects are visible on test flgures which have average textures
similar to those of the two inducing patterns yet are devoid of
systematic orientétion. fhe chromatic effects are reduced by reversal

of the polarity of contrast of the test figure,
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vike the McCollough effect these pattern contlngent aftereffects
follow power laws of decay and growth with exponents of about -1/3 and

+2/3 respectively. They show no appreclable decay during a night's

sleep.*

7.1.1.6 1s there an edge-sensitive ingredient in the McCollough effect?

The magnitude of the purely magnlfication-contlngent effect - as
compared with that of the McCollough effect induced In the same time by
orthogonal red and green gratings - shows that spacing must be,at the
very least,an important ingredient in the McCollough effect. The fact
that the temporal properties of the spacing-contingent chromatic effect and
of the McCollough effect are so similar suggests that a single
mechanism mediates both. Or, if there are sgparate spacing and orientatlon
sensitive mechanismsnthey appear to possess very similar temporal |
properties. Indeed this similarity-even raises the question whether
orientational selectivity is a separate aspect of the McCollough

effect or only a by-product** of a sensitivity to spacing which is

separately modifiable In different directions at any point on the
retina.
* They ean also be induced dichoptically (see chapter 4.1.} ).
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7.2 A single oriented contrast edge

Whatever the mechanism, the McCollough effect undoubtedly has an

edge and orientation sensitive ingredient: the chromatic aftereffects

induced by a 20 min exposure to two coloured gratings can be clearly

seen by most subjects on a test field consisting of a single black/

white border. The pink or pale green colouration extends for about 1°

on either side of the edge. Considerably stronger effects are seen in

the region of black or white thread on a contrasting background.

The strength of the above spacing-contingent chromatic aftereffect

raises the question as to whether there 1is a cooperative response to

texture in the McCollough effect. Is the effect 1induced by a grating

larger than the sum of the effects induced by the individual edges it

conta ins?

Experiment 7.2.1 A single edge as inducing stimulus

The apparatus M] was used to measure pre- and post-exposure pattern-
contingent chromatic aftereffects, with test figure T2 at 65 cm
The 1inducing stimuli were semicircles of red and green on a black

background (figure 32 ) projected sequentially by the Boots projector (E ).

fig 32
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on a screen at 3 m from the subject. The luminance of the red and green
areas was 7 cd/mz. To avold inducing confusing ordinary chromatic
aftereffects a set of four slides were used.

In a second experiment two 3/4o broad stripes of red and green were
used as the inducing stimuli,

During the 20-30 min exposure the eyes were run to and fro across
the edges through about 7o 50 as;to expose the part of the retina to be

tested to the stimuli.

Results: After both exposures,orientation contingent chromatic after=

effects were clearly visible on the test card T2. Thelr decay is plotted

in figure33

Findings: The aftereffect induced by the double-edged stripe was about
twice as large as that induced by the single edge and they were comparable
respectively with the effects produced in 2 min, 40 sec respectively (in
the same subject at about the same date) by exposures to gratings of

2.2 cycles/degree which matched the test card 12. Since in exposure to

a grating (of 2.2 cycles/degree) each part of the retina exposed will be
stimulated by an edge on average about 15, 30 times more,these ratios
suggest very roughly that the effect induced by a grating Is the sum of

the effects induced by the individual edges.

Conclusion: A single edge and a single stripe can induce a McColtough
effect. There Is no strong Indication that the effect induced by a
grating involves lateral cooperative activity In addition to the effects

Induced by the individual edges.
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Figure 33

Decay of the orientation contingent chromatic aftereffects seen on
test flgure T, (figure 2) after exposure to

e single edges (figure 32) for 30 minutes.
o single stripes for 20 minutes.

e single edges
2 - § ..
' o single stripes
Scm
1 4 ° °
g e o 000
[ J .
6 ° °
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7.3 Kinetic contours:

In all the experiments on pattern confingent aftereffects so far
described, the borders of the pattern elements have been deflned by a
luminance step. Since the visual system is also well equipped to
detect edges deflned by relative motion of textured fields, the question
arises whether pattern contingent chromatic aftereffects might be

inducible using such,klnetlc contours . *

Experiment 7.3.1 To find whether a McCollough aftereffect Is visible

on a test field of kinetic contours

The test field: Two ldentical black and white photographic prints

‘of visual noise were used to produce stripes (3 cycles/degree) of
pattern in relative motion. One set of stripes remalned statlionary
while the others were agitated at about 5 Hz through 1/3o longl tudinally,
A front sllvered mirror was so held against this stimulus as to produce
a view of two sets of juxtaposed stripes running at 90° to each other.

A large McCollough effect was binocularly Induced by a 30 min

exposure using apparatus Eps but no chromatic aftereffect was visible

on the above test field.

% This was my husband's suggestion.
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Experiment 7.3.2 To find whether a .lcCollough type aftereffect can be

induced using kinetic contours

The agitated stripes of visual noise just described were used as
the inducing stimulus. They were (binocularly) viewed alternately Ey
red and by green light when tilted ét +45° and -45° o the vertical for
10 sec apiece with a 3 sec dark period for a total of 20 min. Subsequent
(blnocular) testing was performed on the kinetic contours as in the
preceding experiment and on the test figure T, » but no chromatic after-

effects were seen.

ccnclusitn: Though kinetic contours can form a very clearly visible
grating pattern they are not a stimulus which can Induce an orientation=
contingent chromatic effect nor render visible an existing McCollough

effect.

A real difference In the intensities at the receptors appears to be

necessary In McCollough stimuli.

7.4 Simultaneous contrast* colours

An attempt to induce a McCollough effect by means of achromatic
gratings;encircled by red and green fields Produced no detectable chromatic
aftereffect. It must, however, be added that control experiments In

which delicate tinting was added (by means of. one layer each of cinemoid

%. | am indebted to Professor D. Hubel for the idea for this experi
He remarked that he would find it difficult to belleve that ihe :?:;.
of the McCollough effect was not cortical if an effect could be
induced using Land colours.
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38 and 54) to the gratings yielded barely perceptible aftereffects.

It Is possible that real difference in the group of receptors
stimulated Is an essential Ingredient of the stimulus for Inducing a

McCollough effect.

7.5 Contours vislble by virtue of persistence of vision

Moderate aftereffects (S approximately equal to 0.5 cm) were °
induced by 15 min spent viewing alternately a row of red and a row of
green dots each of which moved at aboqtlS’o/sec In a direction perpen-
dicular to itself. The hues of the aftereffect seen on test figure
T, were appropriate to the orientations of the percelved 'stripes' and

2
not to the orientation of the two lines of dots.

7.6 Summary: Essential features of McCollough stimull

Red and green patterns which differ in magnification are effective
stimull for inducing large and long-lasting pattern-contingent chromatic
aftereffects. The aftereffects are visible upon random stimull which
differ only In the average size of the pattern elements. In thelr time
constants of decay and growth, and In being retalned in darkness, these
aftereffect; closely resemble the McCollough effect.

A McCollough effect can be iInduced by a single edge between a black
and a coloured field. There Is no strong indicatlon that a grating
induces an effect which Is more than the sum of the effects produced by
{ts single edges.

The stimuli for induclng and for testing McCollough aftereffects
must contain contours defined by a step in luminance at the primary

receptors. Kinetic contours are ineffective as McCollough stimull.
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Chapter 8 The Angular Distribution Function of the McCollough Aftereffect

8.1 Investigation of the opponent colour 'orthogonal inhibition®

Hajos (1970, 1973) had claimed, for reasons explained In chapter
2.4.7, that the McCollough aftereffect had an opponent=-colour component
at the érlentation orthogonal to the Inducing grating. This Interesting
complexity, either of the McCollough mechanism {tself, or of the mech-
anisms feeding it, seemed worth investigating. There were three clr;um-
stances in which we expected to find signs of it:
a) When two orthogonal McCollough exposure grating; have the same
(instead of complementary) colours there should be signs of mutual cancell-
ation of their aftereffects. For example,* the chromatic aftereffects
produced by exposure to a succession of four gratings at b5° to each other
in alternating colours should be smaller than that produced by six simllar
gratings at 30? to each other.
b) When three exposure gratings of alternating colours make smal] angles
with each other there should be a ripple of zero crossings at the orien-
tation orthogonal to the gratings.
c)/ After exposﬁre to a single coloured grating, the aftereffect of the
same hue should be visible upon an orthogonal achromatic grating, particularly

if a white comparison field Is provided.

Experiment 8.1.1 Multiple orientation~contingent chromatic aftereffects

(occAs)
The Inducing stimull were presented by the Boots autofocus projector

£, and subtended 19° x 20° at a range of 103 cm. The stimull were

* This experiment (8.1.1), was suggested by my husband and started our
interest in this aspect of the McCollough effect.
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red/black or green/black gratings subtend.ng 2.2 cycles/degree, luminance
17 mim and 2 log units contrast. The sets of gratings used In different
runs had orientations separated from each other by 90°, 45°, 30°, 223°
and 15° around the clock and were of regularly alternating colours. The
various orientations were presented repeatedly in clockwlse and then In
anticlockwise order (alternately red and green slides), for 7 sec aplece
with a 1 sec dark period. Each of the Inducing gratings was exposed
for a total time of 10 min (inéludlng dark intervals), so that the
overall induction times for the sets of gratings with the separations
mentioned were 20, 40, 60, 80 and 60 min respectively. (For the 15°
run, only 7 of the 12 possible orlentations were presented. Those at
-45° and +45° were exposed for only 5 min each so as to equalize the
total time spent In red and in green light.) Every exposure period was
followed by a 10 min rest in darkness.

The pre- and post-exposure measurements were made using apparatus
M, with test figure T, at 65 cm (gratings 2.0 cyclés/degree) 111luminated
at 0.45 mim. The Dove prism was stepped sequentially clockwise and
back, the subject making one hue match of the annulus to the achromatic

grating at each position on each traverse. Including a short halfway

rest for the subject, each set of readings took about 7 min.

Results: Figure34a shows in polar form the OCCAs for separations of

900, 45°, 3o°, and 22&0; the two traverses each begin at the top rlghé-
hand corner. To make possible quantitative comparisons the experiment
was repeated (figure 34tﬂ with matched testing conditions (in which
roughly the same number of readings were made in a traverse for each run).
Figure 34b s plotted on Cartesiaﬁ coordinates with orlentations anti-

clockwise from horizontal positive. For figure 34b the results for the
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VM
90°steps R 29. || 74.

45°steps L 20. 11 74.

30°teps L 2i. Il. 74. 22Fsteps L 2. 12. 74.

Figure 34 Experiment 8.1.1

a) Polar plots of angulardistributions of OCCA for mul tiple./red and,/
green gratings with orientations (as shown) separated by steps of*
90 , ®5 , 30 and 22*

Cartesian plots for similar runs (with separations down to 15°) to

b) test predictions of magnitudes. Bars marked P at right show peak
to peak magnitudes predicted by summing distributions for each
grating separately.

Green aftereffects are plotted in a) radially outwards, in b) upwards.
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clockwise and anticlockwise traverse are averaged in al) except the
30° run. Throughout figure 34b the results are corrected for the
small average biasses revealed by the pretest.

The length of the vertical bars at the right of flgure 34b
(marked P) indicates the peak to peak amplitudes of the dlstribution
functions predicted, as will be described in 8.2.2, by simple summation
of the aftereffects of the individual gratings.

In all but the 15° case the alternations of hue were clearly visible

on a 'ray' test figure (MacKay, 1957), having 1.7° black and white séctors;

Findings: Thepeak to peak strengths of the OCCAs decreased progressively
as the gratings were placed at smaller angles to each other. There were
no signs of a periodic variation In aftereffect strength as Inducing

gratings of the same or complementary colours were set perpendicular to

each other.

This absence of the anticlpated signs of mutual cancellation of
the aftereffects sent me back to Hajos's (1970, i973) experiments and the
controls (see 2.4.7) which seemed desirable, and also the experiment
with two red gratings at right angles which needed to be performed to
clarify what does occur in 'neutrallisation'. Across these runs | kept
the subject's state of chromatic adaption as similar as possible by

alternate exposure to red and green fields in an Identlical time sequence,

Experiment 8.1.2 The OCCAs produced by one grating and by two orthogonal

gratings of the same and of differing colours

The apparatus and methods were as in experiment 8.1.1. in addition
to grating stimuli at :ﬁSo to the vertical, plain coloured flelds of the

same average luminance (8.5 mIm) and extent were also presented.
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Results: Figure 35 shows angular distributions of OCCA following a
total of 20 min of exposure (including dark periods) In each case to:
a) a single red grating at -45° alternating with a plaln green fleld;
b) a single green grating at +h5° alternating with a plain red field;
c¢) an alternating sequence of the gratings of a) and b), as for the

normal McCollough exposure.

For comparison, Figure 35d shows results for a run where the
inducing gratings, viewed for a total of 40 min, were both red, at -45°
and +45° respectively, interleaved with plain green fields as In a).

Runs In which the unpatterned coloured fields of a) and b) were
replaced by totally dark fields gave results similar In form, but with

the magnitude decreased by more than a third.

Findings and Conclusions: The aftereffects produced by exposure to a

red and to a green grating have similar, bell shaped angular distributions
of half width approximately 26°. In the region, extending over about

h0'50°,at right angles to the inducing grating the curve was nearly flat

Rigure 35 Experiment 8.1.2

Angular distributions of OCCA following exposures to:

a) a single red grating at -45° alternated with a plain green field of
the same average luminance for a total time of 20 min.

b) a single green grating at +45° alternated with a plain red fleld
Total 20 min. )

¢) a normal McCollough sequence of the gratings of runs
20 min. | a) and b). Total

d) a repeated sequence of a red grating at -45° unpatterned
red grating at +45° and unpatterned green fiéld. Total hog;?zn fleld,

orfentations of inducing gratings are shown to left of corresponding

graph.
potted curves show the smoothed symmetrical approximati
predictions (see text). PP on used 1h later
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and there was no cléarly pérceptlble hue. As Judged relative to the
level of the pretest (indlcated by zero on the scale at left) the hue
in this region did not cross to the complementary colour., On paper
test cards 1lke Té ‘Ohaving a white comparison area, no conslstent
- hue difference was detectable at these angles. On T8’ however, which
has a gréting parallel to the Induclng grating, the parts of the test
card t&ok on complementary hues (as observed by Stromeyer, 1969), pré-
sumably because of simultaneous contrast.

The dotted curves are the average of smooth ]lnes through the
results of runs a) and b). These curves are very close to a Gaussian
with points of Inflexion at o = 223°, They are dsed later as the basis
for predictions (8.2.2).

Tﬁe distribution of readings for c) Is reasonably‘close to the
sum of the dotted curves in a) and b). From the reduction of the after-
effect when the unpatterned fields were omi tted, we concluded (MacKay

and MacKay, 1977b) that"interleaving with a differently coloured stimulus
selectively favours the chromatic mechanisms that respond to the coloured
gratlng, Tn the manner exploited in Stiles's two colour threshold method
(;949) .  When the unpatterned red fleld was oml tted from run b) {ts
peak to peak dcfference became only a third of that In ¢), lt was just
such a difference, produced using such stimull, that Hajos ascribed to
the 'heterochrome érthogonal Inhlbltion'.

ln run d), the measured distribution is again about the sum of
those for single red gratings at the same orientations, glving twice as
many maxima as the normal effect c). (Hajos, 1970, makes the same
obsérvation with regard to the OCCA, which he produced using two green

orthogonal gratings, with no interleaved red fields.) |n MacKay and

»
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MacKay (1977b) we suggested that this run revealshow 'neutralisation'
can appear to occur if one uses a test fleld of two orthogonal gratings,
(Stromeyer, 1969, 1972) instead of one with a white comparison fleld:
"Bpild up of the effect of the second Inducing grating would be

expected to abolish the observable contrast in hue between the test

gratings without necessarily cancelling the physiological aftereffect

of the firstY
The above control experiments show that none of the evidence from

1969 to 1972 which had been taken to Indicate a 'heterochrome and

orthogonal inhiblition', compelled such a conclusion.

Experiment 8.1.3 Three gratings at small angular separations

The apparatus and method were as for experiment 8.1.1. Figure
36 shows distributions obtained after 35 min exposure to alternating
red and green gratings at angles of 223° to each other. (Flve minutes
of exposure to unpatterned red fields was Included to roughly equalise

the times spend viewing each colour.)

Findings: There is no significant 'ripple' towards a red aftereffect

at'-hSo, the direction perpendicular to the red inducing grating.

It was now clear that to determine whether there was an orthogonal
effect at all, a sensitive means of comparing a very pale aftereffect with
a whlte comparison field was called for. Apparatus M3 allows measurement
by elther hue-comparison or hue-cancellatlon, the comparison in each

case being between a single rotatable grating and an unpatterned area

(see 4.2.1 ).



Figure 36 Experiment 8.1.3

The angular distribution of the OCCAs of exposure to a red and -
gratings at angular separations of 22*°. 3 red and two green

Experiment 8.1.4 Angular distribution of the OCCA for a »ndnrin ,

grat inq

"nduclmlL_exjcsure: To facilitate comparisons between the orientations of

gratings used in exposure and testing, in this experiment the test

apparatus (wy) was also used to present the Inducing stimuli. Identical

slides of vertical gratingsfor, for the control runs, unpatterned slides)
were projected simultaneously by P, and Pj. and the 15° circular mask

defining the outer edge of the test field was removed to give a larger
field (19° x 20° at 56 cm). During exposure a colour filter was attached
to the eyepiece, either red: Cinemoid 14 “ruby®", 590-670 nm (@ layer); or

green: Cinemoid 24 “dark green® 480-560 nm (2 layers). This gave a

luminance of 1.9 mIm in light areas and contrast 1 log unit.
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The subject (lshlhara normal) sat in a darkened room using a blte
bar, and wearing a black patch over the non-viewing eye. As In
stromeyer's experiment 2 (1969) he was asked alternately to close (10 sec)
and open (50 sec) his eyes to Inspect but not fixate the vertical

Inducing grating for a total period of 10, 15 or 20 min.

Measurement: After an interval of 10 min In darkness, during which the
colour fllter was replaced on the eyepiece by a 0.3 N.D, filter and the
]5° mask restored, the subject was asked to match the hue of the centra)
area to that of the surround,first for configuration T9 and then for LT
at each of a succession of grating orientations. In total the Dove prism
was stepped through its range two or three times {n pseudo-random order.
The subject closed his eyes while the prism and slides were changing, l.e
for a total of 6 min of the 15 min spent on one set of readings. The
difference between the matching settings for T9 and T}Oat a glven angle
was taken as a measure of the OCCA and was plotted (green conventionally
posltive) agalnst grating orientation, (Orientations

antlclockwise from horizontal are plotted as positive.) A pretest run

was routinely made in identical fashion for all orientations before each

inducing exposure.

Results: Typlcal resultfng angular distributions of the OCCA are show;
in figure 37a. Only one half of the angular range was covered, In
random order, so as to reduce systematlc errors due to the decay of the
OCCA with time. (Each point is the average of three measurements, and
the zero-level is the average of all four sets of pretest readings.)

No signiffcan; reversal of OCCA polarity was found at right angles
to the inducing orientation, nof was any verbally reported in answer to
questions. if anything the readings there seemed to settle at a non-zero

jevel of the same sign.
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Figure 37 Experiment 8.1.4

Angular distribution of OCCA following exposure to a single vertical red
or green grating of 1.7 cycles/degree (a and b) and 3.5 cycles/degree (c).
Avand AV denote exposures to red and green gratings respectively at the
angle to the horizontal indicated on the abscissa. Longer bars indicate
longer exposures. Not? that the red.and green exposures in each palr of
experiments, t?ough paired on the graph for comparison, took place on
separate occasions.

The small inset discs represent (not to scale) the test figures used. The
abscissa (107 divisions) shows the orientation of the test grating. The
ordinate shows the strength of the aftereffect as the difference between
matching settings for each pair of test configurations. Thls measures
linearly the excess of red over green light (or vice-versa) required for

a subjective match (see text). Error bars indicate twice estimated S.D.,
for points in the reglon of horizontal and vertical respectively. Horl-
sontal arrows show the average overall test angles for control runs with
unpatterned fields.
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Figure37b shows two pairs of runs covering the whole angular range
to Investigate this point further,

In order to seg whether the shape énd width of the angular distri-
bution function depended critically on grating frequency, the experiment
was repeated using finer gratings (induclng and test) of 3.5 cycles/
degree. The results, shown In figure 37c¢, are not significantly different.
815.A further experiment was performed In which exposure was to alternated

red and green vertical gratinas of.2.2 and 5.4 cycles/degree, and hue

settings were made at all orientations using Tll and le alternately In
apparatus M3. The resulting curves were of similar form to those of
figure 37 , and had a small residual bias at all angles., |t seems
likely therefore that the truth concerning the orthogonal effect after

such an iﬁducing exposure lies somewhere between the reports of Leppmann

(1973) and Lovegrove and Over (1972). (See chapter 1.6.)

8.1.6 Summary: The angular distribution function of the OCCA produced by

a single,coloured grating

These results seem to tell conclusively agalnst the idea of chromatic
opponent coupling between orthogonal orientations in the visual system.
|nductlén of an OCCA by a grating In one érlentation and colour nefither
produces a complementary OCCA at right angles, nor tends to neutrallze
the OCCA induced by aAsimilar but orthogonal grating (though 1t does of .
course tend to reduce or abollsh the contrast in hue between two ortho-
gonal test gratings). As already found In simllar experiments by Hajos
(1970, ]973) and Keys, Hensley and Matteson (1971, unpublished), the
distribution function is close to a Gaussian curve with a width (20)

of about 45° between Its polnts of Inflection.* This sits on a small

% | have hot found any evidence of the subsidiary maxima-'zwis
maxima'-mentioned by Pleper (1976, p. 108). chen
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residual blas of the same polarity at all orientations, which Is
presumably a pure contour-density-contingent effect similar to those

described by Leppmann (1973) and MacKay and MacKay (1975a). Doubling

the spatfal frequency of the inducing and test gratings does not

significantly affect the angular distribution.

These experlments left open the questlion raised in chapter 3.2.3.2
as to whether coloured gratings might - like achromatic line stimull -

produce [nteracting effects.

8.2 Summation of the effects produced by gratings at acute angles

Introductory: Angular resolution and angular interaction in the

McCollough effect?

Interaction between the effects of lines at an angle to each other,
whether presented simultaneously or sequentially, Is so prominent a
featufe of perception that it seemed possible that the McCollough effect
might have an angle sensltive aspect. (3.5.2)

pr..J.J. Kulikowski expressed Interest in our experlments with
faJ; and more gratings and encouraged me to determine the angular
resolution of the McCollough system. This was done with a) Increasing
numbers of equallyrspaced gratings, when as we have seen (experiment
3,1,]) the timit of resolution was reacﬁed at ‘about !50 separation, ;nd
b) with a palr of gratings of complementary colours. This was In a
sense @ repetition of Linda Fidell's (1970) investigation from which

she concluded that faftereffects are not produced to patterns at the

same orientations If the other adapting pattern Is of less than 22°
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dlvergence'. But, where she had tested the aftereffects on a palr of
gratings only at the same orfentations as the indﬁc{ng gratings, 1

recorded the entire angular distribution of the OCCA.

Experiment 8.2.1 The resultant aftereffect produced by alternate exposure

to a red and a green gratlng at an acute angle to each other

Apparatus and methods were as in experiment 8.1.1. A red and a
green grating at angles to each other of 60°, 45°, 30°, 22&9; 15% and

11° were presented alternately for 7 sec aplece for a total of 20 min,

Results: Figure 38a shows the angular distribution of the OCCAs for
some of these cases. In each case the dotted line, superlmposéd‘for
comparison, represents the prediction generated by the simple sﬁmmatton
of the curves for a red and for a green grating shown In flguré 35a and
b. Figure 38b shows, for several runs, the variation of the angle

-

petween the recorded maxima of the OCCAs,with the angular separation

of the inducing gratings.

subjects who were invited to turn the Dove prism themselves to

the orientations at which the test fleld appeared most colourful,

selected orientations which agreed with the positions of the maxima

in the above graphs.

Findings: The magn!tude of the O0CCAs fell smoothly with decreasing

angular separation of the inducing gratings until, at llo, the after-

effects were barely visible.

The maxima of the aftereffects were found not at the orientations
of the Induclng gratings, but ‘repelled' to greater angular separations.

The repulsion, for small angles between the inducing gratings, Is



300

10.6 75.

6 8 75.

3.3.75.

3.3. 75

TEST GRATING ORIENTATION

cirjnre 38 Experiment 8.2.1

v Annular distributions of OCCA following 20 min exposures to pairs of

3 tings separated 1in orientation by 60 , 30 , 15 and 11 . The dotted
Qrat ronr "erit simple summation,of appropriate curves for single red and
urves repressili_ . ocC \

green gratings (Figure 35a and b).
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Angle between red and green inducing gratings

Fiqure38 Experiment 8.2.1

b) The variation of the angle between the induced maxima with the angle
between the inducing gratings, Tfor runs like those of figure38a. The
dotted line shows the values gredicted from the dotted curves of figure

35a and b for which cr= 22?
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8.2.2 Dlscussion: Simple summation with no lateral Interactlion

This 'repulsion of the maxima' might, at first sight, be taken to
indicate that there is interaction bethen the effects produced by the
two gratings (compare White and Riggs, 1974, quoted in 3.2.3.2). How-
ever, the apparent summation of the effects of a red and a green grating
at right angles, which had been observed In experiment 8.1.2 (figure35
a, b and c) suggested that a similar arithmetical approach might be |
applied to the aftereffects of gratings at smaller angles. Only If the
prediction-by simple summation left a residuum of features unaccounted
for, need angular interaction be invoked.

The Gaussian curve derived by averaging the results for the red and
for the green grating in figure 35a and b was used to make the predictions
sﬁown dotted in figure 38a and to calculate the peak to peak magnltudes
in figure 34b. Although the scatter for the readings Is considerable
the general agreement of the shapes, and to a lesser extent, the magnitudes
of the predictéd and measured distributions Is clear. In particular the
predicted orientations at which the maxima occur correspond well with
the observed 'repelled' positions. (The experimental results would
probably have been better fitted in all respects by a slightly narrower
Gaussian, with o, the standard deviation,21 or 22° in place of.22i°.)

The 'repullsion’- greatest for small angles of divergence - Is
mathematically to be expected when any palir of roughly symmetrical
curves each with a single maximum are simply subtracted. Thelr differ-
ence when they are slightly displaced approximate; to thelr flrst

derivative and has its maxima at the points of Inflexion of the original

curve.
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Conclusion: The McCollough effects produced*by two or more red Jnd
green gratfngs at any*# anglés to each‘other are predictable In magaltude
and angular distribution from simple summation of the aftereffects
produced by each grating separately (comp]ementary colours belng asslgned
. opposite signs). No additional mechanism such as lateral tnhibltory

action between orientation-specific channels need be postulated to
account for the ‘'displacement! of the maxima.

If, as the above conclusion suggests, the McCollough aftereffects
produced in a single eye by differently oriented coloured gratings are

totally independent, they should have independent decay courses.

Experiment 8.2.3 The decay courses of aftereffects Induced at different

times and different orientations In the same eye

Two pairs of 30o divergent rea and green lﬁduclng gratings were used,
one pair oriented near vertical, the other near horizontal. The apparatus
was as for experiment 8.1.1. The object was to see whether the time
course of the aftereffect of one palr was notliceably affected By that of
the other palr exposed ;n.hour later, or whether the two were Independent.

Results: Figure 39a shows a series of angular distributions measured

in the course of the experiment. The first (i) is the pre-exposure

This assumes that the same state of chromatic adaptation of the eye s
maintained In each run by sultable alternation of red and green stimull.-

Sseveral other combinations of orientations have been tried. The most
interesting case was that where two green gratings were used at sep-
arations of 34 = 54~. The observed angular distributions agreed well
with predictions. The two peaks, at the Inducing orientations, which
in the 54 case were separated by an 8% trough, became almost Indls-
tinguishable in the 45~ case and totally indistinguishable In the 34°
case, both subjectively and In the measurements.

%%k
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a) Angular distributions of OCCA measured at times marked on right
throughout a run with a first (40 min) exposure to a palr of reé and
green gratings at 90~ and 60 (1.05-1.45 pm), followed 2 hours later
(3.03-3.22 pm) by a 19 min éxposure to the same two gratings each
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control. Thereafter, the subject had a 40 min exposure to alternating
red and green gratings orfiented at 90° and 60° to horizontal respectively.
After 10 min in darkness, distribution (11) was obtalned, showlng the '
expectéd bimodal curve with peaks at about 55° and 100° to horlzontal.
(Note‘that in figure 39 results are shown uncorrected for the Inltial
blas of (i)). Successive 7 min cycles of testing, ending at the times
indlcated, yielded distributions (iif) énd (Iv). Between test cycles
the subject was in a normally 1it laboratory environment with white
walls of luminance 34 mim. One hour after the end of the first exposure

period, the subject had a 19 min exposure to the second palr of red and

green gratings, oriented at 0° and - 30°‘to'horlzontal,respectlvely.

-~
i\\\
\\i\\ VM L 253,75
ESS
204 DIFFERENCE N OCCA's:
@ near VERTICAL
® - near HORIZONTAL
L]
'.\‘
154\
\‘.
%% .
\.I
10 o .
LN
.
:'i ““““ d "'““--.....___."E.
.‘. \\ .............................. G
54 ,
-
N
- -
o Pr— v T T T T T
fo) ol 3 ‘ 4 5 6 hr

..

"
-54

Figure‘ 39 Experiment 8.2.3

b) Peak to peak amplitudes ( O near vertical, ® near horlzontal).of
the distribution functions shown In a), against time in hours.
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After a further 10 min In darkness, distribution (v) was measured. This
shows the newly tnduced maxima at about +10° and -35° to horizontal,
with an initial peak to peak amplitude greater than the residual peak to
peak value of the first afte}effect.

Figure 39b shows the peak‘to peak magnitudes for the éftereffects
near vertical and near horizontal plotted on linear coordinates as a
function of fime spent in the light. These same peak to peak magnltudes
are replotted on log/log coordinates In figure 40 with time origin at
the opening of the eye a) after the first exposure, b) after the first,
second exposure respectively for the aftereffects near vertical, hori-
sontal. Parts c) and d) of figure 40 show plots correspondlng to a)
and b) above, for one of three further runs performed under similar con-
ditions but with readings taken only at those orientations where the
aftereffects peak. Tab1e20 summarises the results of the log/log
plots corresponding to figure 40b for all four runs. A run on another

subject showed, though with a large scatter, approximately the same

features.

Findings: At least for one subject,the earller and later aftereffects at
dtfferent'orientations in one eye have been found to decay at dlfferen; ‘
rates. This is particularly clearly the case at the point where the two
aftereffects cross over (figure 40 b and c).

The second exposure transiently disturbs the }eadlngs for the first;
in three runs thi§ reading was raised and In thé fourth (figure 40 c)
jowered. Nevertheless the general course of each aftereffect has to a
first approximation (figure 39b and figure40) that shape which we have
met in chapter five for the usual McCollough effect with origin aftar the
end of the appropriate exposure. The values ofP (table 20)} for the after-

effects at the separate orientations fall within the usual range.
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rtnure4o0 Fxperlment 8.2J.

Ti1* D6ak to peak magnitudes, a and b, from figure39 * ¢ and d from a
T- Mar run in which the second exposure lasted 15min, plotted as a
function of time on logarithmic coordinates.

H ¢ the time origin 1is at the opening of the eye after the end
Ir VfIlrst HcCollough exposure; 1in b and d the time origin for the

°f th%fpcts near vertical and horizontal is at the opening of the eye
aftererre N the corresponding McCollough exposure. In figure4o0

after tn arrQW jndicates the end of the second exposure. In figure40

3 aPj j’t differs by 1£ hours for the two sets of results on each graph,
b sno v o
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Table 20 The decay of the two aftereffects induced by McCollough exposures

at different times and different orientations in the same eye

The exposure to near-

vertical stimull

The exposure to near-
horizontal stimull

Duration T; Slope , B3, Duration| T Slope , 3,

Date in min Time of of log/log || in min TTme of of log/log
opening plot = with opening plot - wAth
eye after [origin To eye after |origin T
end of end of °
exposure exposure

9 sept. 1975 | 40 1.40 p.m.|0.24 10 2.52 p.m.| 0.32

2 Sept. 1975 | 40 3.51 p.m.|0.26 15 5.26 p.m.[ 0.19

25 March 1975 | 40 1.51 p.m.}0.19 19 3.32 p.m.[ 0.28

30 June 1975 | 40 10.50 a.m.|0.19 23 12.27 p.m.| 0,17

The left eye of one subject, VM, was used In all runs. The time between the
start of the first and second exposures was in each case close to 140min.
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Discussioi.: Complete Independence of the aftereffects of pairs of
gratings cannot be expected in this experiment even In the absence of
lateral Inhibition. Because of the very broad angular spread of each
aftereffect, the maxima produced by each set of gratings separated by
30° from each other fall In positions where the effect of the other
palr has. about 11% of its maximum value. If simple summation holds for
thege effects, we should therefore expect a steepening of the decay‘of
the first aftereffect after the second has been added, and a gradual
decrease with time In the rate of (log/log) decay of the second after-

effect. These features are each indeed observable in three of the

four runs.

Conclusion: Aftereffects at different orfentations In a single eye

pursue decay courses which are, at least to a first approximation,

Indepenéent.

8.3 Chromatic aftereffects contlingent upon curvature

Riggs in 1973 reported, 'Curvature-dependent colored aftereffects
have been established'. After about 10 min of alternate fixation of
'the centers' of patterns of curved gratings (l1ike those of figure 4| )
projected in red and green light respectively, hls subjects reported
seeing 'a coloration that was opposite to the one In the corresponding

curved lines during inspection' on achromatic test flelds like flgure 42
When subjects were asked to rank the 'vividness' of the coloured after=-
effects which appeared on a set of such test figures having curvatures

greater and less than that of the Induclng flgures they 'all saw more

definite coloration pn the panels of stronger curvature' than on, the
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panel whose curvature matched the inducing stimull, Riggs conslidered
the possibility that the effects he has ‘attributed to curvature may
instead arise from the dlfferences tn.or(entation or tilt that are
present . . . in the red and green lnSpéctIon patterns . . . Increasingly
. .« . as the curved llines run out to ;he left and right edge of each
pattern' from the central fixation point. But he dismissed this 'oriented
1ine hypothésis' on the following three grounds (Riggs, 1973.\1974; and In
Stromeyer and Riggs, 1974):
1) Firstly, that the horizontal middle portion of the curves, though
not tilted‘at all, appeared coloured.
2) 'Secondly, that colour specificity was retained when the subject
moved his gaze to other parts of the pattern during testing, and was
still seen 'when only a 2° strip of the 53° test pattern was disclosed
in testing.
3) And thirdly, that 'the most vivid aftereffects are seen on the test
patterns having a stronger curvature' than the Inspection patterns.

This third -~ and at first sight strongest = ground for postulating
curvature" and angle~ (White and Riggs, 1974) detectors has been |nde-
pendent]ykcritiCised by Stromeyer (Stromeyer and Riggs, 1974), MacKay
and MacKay (1974, 1977) and Sigel and Nachmlas (1975) all of whom have
argued aiong the Iines indicated In 8.2.2, énd have also experimentally
demonstrated, that after a McCollough exposure to stralght red and green
gratings making only a small (c. 120) angle to each other, a 'repulslon
of‘the‘chromatic maxima' by 12-30° in testing Is to be expected and s
observed. (Cf. experiment 8.2.1.)

In repiy to Riggs's (f973) first two points Stromeyer (1974) has

sald that these features could be expecfed froh the McCollough effect's



311

known combination of retinal specificity with a tenqency to generalise

by about 3% (Stromeyer, 1972) (see sectlons 2.5.1.5 and 2.6). | ;onslder
that these latter considerations adequately account for al} further
similar polnts made by Riggs (1974) in reply to MacKay and MacKay (and
included under 2 above for brevity). As further support for the oriented
line hypothesis both Stromeyer and MacKay and MacKay have Independently
'rema;ked on the 'clear reversal' of hue that they observed wkth fixation,

during testing, at a degree or more outside the vertlcal edge of the

pattern.

8.3.1 To isolate the curvature-contingent chromatic aftereffect

However, the fact that all the qualitative facts observed by Rlggs
were to be expected from the properties of the McCollough effect does
not prove that there is not, in addition, a curvature contingent effect.
Only by performing a control experiment in which the exposure to coloured
oriented stimull is identical In duration for each parf of the retlna
exposed, can’'a curvature- (or angle-) contingent effect be Isolated.
Such control experiments were performed independently by Stromeyer,(in
Stromeyer and Riggs, 1974) and MacKay and MacKay (1974).

‘Stromeyer'é (Stfomeyér and Riggs, 1974) 5 subjects tracked moving
fixatlon lights across the stationary coloured curved patterns throuéh
an excursion of nearly’foﬁr times the pattern width. Thus a_reglon of
the retina equal to nearly twice the pattern width received an unblassed
orientational diet (though regions to left and right of this did not).

No phromatlc aftereffect was seen on the Fest pattern with gaze anywhere
within the test contours even after up to an hour of exposure,

In order that the ave;age times spent by the pattern on each part of

the retina should be exactly equal, MacKay and MacKay (1974) Instead of
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moving the eyes moved the ;urved coloured patterns uniformly to and
fro during‘fixatlon of a stationary light. Expérlment 8.3.2, below,
appears as cases Il and | in MacKay and MacKay (1974). case 1) Is the
adequately controlled situation. It yses a pat%ern excurslion of twice
the pattern width a, but the pattern is allowed to appear on the scre;n
only within a region around the fixation point equal to the pattern width,
Case | can be regarded as a control of this control since It tests
whether pattern-contingent effects can be readlly obtalned using thils
typé of moving pattern as stimulus. (¢ uses a pattern excursion equal
to the pattern width. An excursion of this size has been used and
defended by Riggs (in 1974, - 1In Stromeyer and Riggs (1974) and
White and Riggs (1974)), That it does not at al] supply an orlentat-
lonally unbiassed diet to each part of the retina (even within a middie
strip equal to the pattern width) has been argued in MacKay and MacKay
(1974) and can easily be appreciated by considering the Successive tilts
seen by a point oﬁ the retina which rece!veslone edge of the pattern

when the pattern is at the middle of jts swing. Only one direction of

slope is ever seen by this point,

Experiment 8.3.2 To Isolate the curvature contingent chromattc aftereffect

fnducing stimull: An upward and downward curving grating (fFigure 41 a, b)

were presented alternately on a screen in an otherwise darkened room, The
two slides were paired with a red and a green filter (cinemoid 14, one
layer; cinemoid 24, two layers) and had a luminance of 0,3 log fr Lamberts
In the coloured areas. The patterns of figure 4] 3 and b subtended 6.3°
x 7.2°, 2.4° x 2.7° respectively at viewing distances of Im 2,5
respectively. Thelr grating.subtenses were respectively 2.8, 4 cycles/

degree and radius of curvature 1.9°, 3.5°,
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red green

Figure 4 1

The coloured inducing stimuli used for iInvestigating curvature-contingent
chromatic aftereffects. Average radius of curvature, at the viewing

distance used, a. 1.9 >b. 3*5 e

An electrically oscillated mirror close to the projector lens reflected
the beam to the screen and imparted a horizontal symmetrical sawtooth
motion of controllable amplitude and period. Three excursion amplitudes

were used, a, 2a and 0, where a is the pattern width. These are
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distinguished as Cases I, Il and Ill. -For case !l two b,ack cards 3
standing vertically at either side of the projector beam ensured that
only an area of the screen equal to the width, a, of ;he inducing
pattern recelved the image.

In all three cases a dim fixation light shone through a small hole
exactly In the middle of that part of the screen occup}ed by the pattérn;
(in testing, the subject viewed the midline of the test flgure,)

Periods of oscillation between 10 and 24 sec were used and gave
similar results.

The corresponding achromatic test figures, ffgure 42 a and b;
were viewed from 60, 75 cm respectively In the measuring apparatus My

The two central areas of figure 42a were translucent and were rear 11t

by the colour mixer. The luminance of the test figures was 0.5 logft L

Results: Table 2| shows the measured and verbally reported change in
the pattern contingent chromatic aftereffects for the three cases in runs

of Increasing duration using stimull and test figures of Increasing

curvature,

Findings: Curvilinear gratings which Induced deflnite chromatic after-
effects when viewed for‘only a few minutes elther at rest or moving through
an excurslon equa) to the pattern width (cases | and 11}, nevertheless
yielded no sfgnificant aftereffect after an hour's viewing under case 11
conditions, i.e. wﬁen moved to and fro through 2a so as to present all
parts of the pattern for equa] times to each part of the retlna that was

to be subsequently exposed to the test figure,

‘conclusion: |f there is a genuinely curvature-contingent chromatic after-

effect It is so weak that it Is not visible after an hour's exposure to

e e oo vy x| o

éu;véa—éoléuféd 5t1mu]i:mi:é:‘it lé hore than én 6rderv6f maghttude

weaker than the normal McCollough effect,
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Figure 42

Test figures used for observing curvature-contingent chromatic aftereffects.



Table 21

Pattern contingent chromatic aftereffects

S Date Exposure Test
Case Amplitude Duration Stimulus; | Test PCCA PCCA ‘Change In
(min) radius figure Before After PCCA
‘ L R L R L R Verbal
report
DMM  16.11.73 | 11 2a 10 red 05 0 0 =-,02] .05 -.02 -
concave .
» up; 1.9°
DMM  16.11.73 | LI 0 10 " .1 .43 +.33 -
DMM  16.11.73 | I 2a 20 green -.03 -.07| +.h4 -.04 -
} concaveo
' up; 1.9
DMM  16.11.73 | 111 23 " +.03 -. +.27 -
M 29.11.73 | 111 0 16 red .02 .02 A2 .21 +.4 +.2 definite
concave pink on
o
up; 1.9 - concave
‘ down
UM 29.11.73 | 1l 2a 60 " 22 1 16 .16 -.06 +.06 nothing
VM 1.1.74 H 2a Ly green 15 0 .1 .15 -.05 +.15 nothing
concave
, up; 1.9
VM 1.1.74 | a 20 " .1l .15 .6 .63 +.5 +.52 definite
‘ pink on
concave
up
VM 7.2.74 I 2a 60 red - - - - - - nothing
concave
up; 3.5
VM 7.2.74 i 0] 5 " - - - - - - definitely
) . coloured
effects

9te
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8.4 Summary: The simp:iclty of the McCollough effect's angular distribution’

Some of the literature on pattern-contingent chromatic aftereffects
contalned suggestions that single coloured gratings produced complex
aftereffects at all angles, and that there was Interaction between Inducing
gratings or parts of‘gratings at an angle to each other, Control experi=-
ments offer alternative simpler explanations of the reported phenomena
and show that the McCollough effect, so far from being complex Is very
unsophisticated. There {s no sign of . an 'orthogonal opponent
colour effect! of lateral [nteraction or of. a. curvature-contingent effect,
The aftereffect produced by a single straight coloured grating Is solely
of the complementary hue. It extends to some 65° elther side of the
inducing grating's oriéntation with a near Gaussian distribution function
for which ©O= 210_1 3°, Exposures to more than one grating yield nett
aftereffect distributions which are simply the arithmetic sum of the

effects produced by the individual gratings.
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Chapter 9  Possible Mechanisms and Loci for the McCollough effect

By 1972 three quite different - though not necessarlly competing =
explanations of the contingent aftereffects had been put forward. As
we have seen in chapter | these were In terms of ‘normalisation’,
condi tioned responses and the adaptation of single cells (chapters 1, 3,
1.4, 1.15.2 ). These fdeas will now be reviewed In the light of more
recently avallable data and especlally as they apply to the McCollough

effect. Some more recent physiologlcal suggestions w!ll also be touched

on.

9.1 The Idea of Normalisatlion seems as appllcable now to the McCollough
effect as It was in 1972 - perhaps even: more so. For the long time
constants since reported are well suited to the task of removing from
attention the persistent (and therefore uninteresting) aspects of an
environment whose statistical uniformity s ev(dent only on a rather
long sample. And the cessation of bias adjustment In darkness seems a
very appropriate feature to find In a mechanism for centering the working
range of the system on the average properties of the visible envlronment.

| f we ask what practical advantages accrue from the normallisations
effected by- the contingent adaptations, the most convincing example is the
prism aftereffect. It gradually renders invisible, at average luminance
levels, any persistent chromatlc‘aberratlon in eye or Spectacles, while
retaining acceptably clear perceived contours (cf. MacFarland, 1883 who
evidently pursued his profession as an cocular surgeon wearing 7° prisms),
In the case of the various motion aftereffects, , parallel account in
terms of normalisation would presumably say that In walking through a
textured, coloured, etc. environment we are rendered less consclous of

our own movement and thus more sensitive to Movements of objects within
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the environment relatlQe to one another. When we are statlonary, the
adjustment to the average comblinations of colour, texture, etc. renders
us more sensitive to those slighf differences of colour etc. which

reveal the presence of, for example, a basking snake or underground water

in the desert.

9.2 Conditloned responses, memory and the contingent aftereffects

Two aspects of the contingent aftereffects have led particularly to
thelr being likened to memory and learning of the conditioned response
.type; their remarkably long durations, and the fact that what i stored
is In each aftereffect an association of two features extracted from
the regufarffies of past history.*

In order that the resemblances of the contingent aftereffeq;s to
associative memory may be assessed, eleven of the principal character~
Istics of conditioned responses and of memory are listed in Appendix ;V

The correspondang properties of the contingent aftereffects are grouped

under the same headings in 9.2. ] -11.

9.2.1 Wide range of stimuli

The stimulus parameters which can be paired to produce cdntlngent
aftereffects seem to be limited in number to about seven, Mayhew and
Aﬁstis have remarked, that even so apparently simple a stimulus as smal}
discs and small triangles moving in opposlite directions, generates no
form contingent aftereffect. (1972.) Those parameters which do produce

aftereffects have nothing obviously motivational about them,

* The papers which emphasise the similarity of the contingent aftereffect
to conditioned resporses and to memory include Murch, 1971, 1977; Mayhew
and Anstis, 1972; Leppmann, 1973; Skowbo, Gentry, Timney and Morant,
1974; Creutzfeldt, 1975.
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9.2.2 Positive response

Following Induction In which two stimulus parameters (e.g. colour
and orientatidn,.colour and movement) are presented slmultaneously, the
-contingent aftereffects are negative. Presentatlon of the two parameters
sequentially can lead to positive or negative aftereffects according to
the order in which the parameters are presented (Murch, 1976, see 9.2.5
below).

In the case of the McCollough effect somewhat ad hoc ways have been
devised of lnterpreting the negative aftereffects as in. fact evidence of
a positive 'response'. Skowbo et al. (1974) Suggested that the fatigue
(and nbt the firing) of the colour unlts s the condltioned response
elicited by the orfented line stimulus. Murch (1976) has similarly
proposed ;hat the condi tioned response is 'the same shift In chromatic
sensltivfty that the color stimulus produced in Inspection'. Leppmann
(1973) suggested that an opponent colour response occurs., (This 1ast
explanation Is not readily extensible to the non-chromatic contingent
aftereffects - unless We are to suppose that the systems mediating ti)¢,
polarity of contrast, direction of motfon Stereoscoplc depth all contaln

sultable linkages between 'opposites'.)

9.2.3 lInterocular generalisation

No appreciable transfer of a contingent aftereffect to an occluded
eye has yet been reportedl There is also very 1ittle generallsation to
unstimulated areas of ;heexposed eye (see 2.6). Opposite Pairings of two
parameters can be simultaneously Induced in the two eyes with no loss of
aftereffect strength (Hajos and Ritter, 1965, 1.2.7) and even in two

areas of the same eye (Harris, 1969, 1.5.1.5).

9.2.4 'Transposition®

Mayhew and Anstis (1972) found evidence of transposition for each of
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the three motion contingent aftereffects which they Investigated. The
experiment of Stromeyer (1972b) described in section 1.6 can also be
Interpreted as an instance of transposition = the single grating of
Intermedlate spacing appearing finer or coarser and consequently also
plnkér or greener according as coarse or fipe gratings have been viewed
~In the imﬁediately Preceding Blakemore and Sutton adaptation. .

I have already (in chapter f I, 5.2) suggested that In each of these
(cases an explanatton can be offered in falrly perlpheral terms,

On this view transposition is the result of adaptatlon of
part; of the input channel to colour, spacing or lumlnance, and has no
necessary connection with the later processes of memory, assoclation
or condlitioning. (This is not of course to deny that generalisation of

a more sophisticated kind May occur centrally in other tasks and as part

of the memory process.)

9.2. 5 Delayed, simul taneous and backwards conditioning

Murch (1976) has performed experiments on the McCollough effect in
which he has regarded 'the lined grid . . . as the conditidned stimulys-
(cS) while color functions as the unconditioned stimulus (ucs),

In his experiment 1 both stimuli were In fact seen simultaneously
for L} sec out of a 6.5 cycle but the onset of elther stimulus could
occur up to | sec before the other. The strengths of the chromatic
aftereffecﬁs‘were estimated by the gubject (on a self-set number scale)
at regular intervals during three min of exposure to the McCollough-
type stimuli. Strongést effects were reported under the 'simultaneous
conditioning' situation and slightly weaker ones with 0.5 sec delay In

'forward conditioning'. Other cond!tions ylelded considerably weaker

effects.
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in MQrch's experiment |1 the two stimull were not simultaneously
visible. They were each presented for 5 sec with a varfable dark
interval. >Stronger aftereffects were obtalned when there was no dark
{nterval than when the Interval was 0.5 sec. With 'backwards trace
conditioning' (i.e presentation of the lined grid following that of the
cﬁlour) the}afteréffect colours were nearly as strong, but reversed!
Murch himself concludes that 'the evidence for trace condltioning of
the McCollough effeét is extremely weak', and suggests that It Is the
ordlnéry chromatic aftereffect of the coloured stimulus which becomes
associated with the llned grating since these two stimull partly overlap
in time. The importance which Murch thus ascribes to simultaneity of
presentation is at variance with one of the most characteristic features
of condifioniﬁg experiments which Is that the two stimuli do not need
to be simu\taneous in order to become associated.

Ovéralf, Murch's contention that 'the demonstratlons presented here
show the feasibility of considering McCollough effects In terms of
classical conditioning' only just scrapes by: the demonstrations do not

cry out for such an Interpretation.

9.2.6 The ‘potentlation of habltuation’

Murch has claimed that ‘once the (McCollough) effect has been
established and decayed repeatedly, very few stimulus presentations are
required fo return the effect to full strength'’. Hepler found that by
persisting in giving her subjects half hour exposures to moving chromatic
stimuli on as many as eight éﬁccessive days, a perceptible chromatic
aftereffect was at last acquired.

The results of experiment 5.8.1 (figure 20) of this thesis reveal a

similar feature, but at the same time suggestasimple Interpretation in
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terms of the long duration of the‘aftereffect: progressively shorter
exposure times suffice to establish a ngen aftereffect strength because
the relic§ of earlier aftéreffects are still dying away for up to 5 days
from Induction. The latter provide the base level to which the fresh
aftereffect is added. There Is no Indication In the results of experiment
5.8.1 of fncreased recebtlveness to the McCollough stimull as the week
proceeds.' Indeed in over 4 years of viewing coloured gratings | find
no obvious increase or decrease in my receptiveness ;nd cannot support
Murch's remark‘that lexperienced observers require only one or two
presentations of the chromatic inspection stimuli to re-establish the

full McCollough effect'!

9.2.7 Resfstance.to ordinary forgetting

The claim tﬁat the contingent aftereffects last for a month seems to
" have originated with Stromeyer and Mansfield and has often been relterated.
stromeyer -and Mansfield's four subjects were exposed In two groups to
oppésité pairings of colour and direction of motion of the stripes. They
were tested immediately after the 10 min exposure and when retested 5,
6, 18 and 28 days later still ‘saw the aftereffects' when the direction
of stripe hotioh was reversed though more and more briefly. Stromeyer
(1971) found that following a 2 hour exposure the McCollough effect was
visible for two weeks. | have found in 5 subjects that with very brief
inspection of a test card (wlthout measurement), once every day, the -
aftereffect of a 20 min McCollough exposure lasted 5-7 days. Jones and
Holding have claimed that when the McCollough aftereffects produced by
a 15 min exposure were not tested at all they 'remained at better than
Half strength"for 3 months. Moreover they have asserted that a single
test session serves as an 'extinction trial' which initlates decay of the

aftereffect. If these last statements held up they would be strong
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evidence for a péfallelism with condltioned responses, but (as already
descrlbed under experiment 5.6) both Keith White and | have been unable
to replicate their findings using periods of Up to 7 days. It has been
remarked above that Jones and Holding's criterion of "full strength’

Awas dertved from a different group of 10 subjects and that the effects
being measured are comparable with the differences between subjects.
Jones and Holding themselves comment on the 'noisiness' of the
measurements obtalned from the 4 groups (of 10 subjects each) whose
first test fell upwards of 10 days after exposure,

Two comments may be made concerning the observation of aftereffects
weeks and months after nduction. The first Is that the normal environment
Is full of stimull which will be generating fresh small contlingent
aftereffects. In the case of the McCollough effect, If the subject Is
astigmatic or wears glasses which slightly over- or under-correct the
effects of his astigmatfsm at the particular contrast of the test figure,
he will see coloured effects in the spaces between the black 1lnes which
are indistinguishable from a McCollough effect, That such effects are
not‘negiféfb’e Is shown by Stanley and Hoffman's (1976) report that
gubjécts who had never intentfonally been exposed to McCollough stimul}
gave persistent reports of seelng colours on an achromatlc test fleld.

The second point is that after a little experience of seefng smal}
aftereffects, the subject becomes much more observant of - and prepared
to mentton - other small effects which look the same but are caused by
eye movements or astigmatism,

In summary, Tt can safely be stated that the McCollough effect lasts

for 1-2 weeks.

9.2.8 Extinction -

Mayhew and Anstis (1972) found that the motion aftereffect contingent
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upon colour was 'reharkably reslstant to extinction® (by 15 min perilods
of viewing coloured stationary flelds and 2. 5 min of achromatic moving
f;elds) ‘Even though after repeated exposure to the test flelds the
CMAE would decrease and even disappear, It would reappear after a short
rest' (2 min in dark) and was stii} visible by 2 out of 4 subjects 2
‘days later

The McCo!!ough effect is also falrly resistant to extinction.
Skowbo, Gentry, Timney and Morant (1974) and MacKay and Mackay (19750, 5.3.3)
have reported that the McCollough effect decays faster {f the subject
continuously views an achromatlc grating instead of the normal environ-
ment between measurements. After 10 min of such viewlng most Illusory
colour disappears from the achromatic test gratings. But the colour
reappears after 5 min in the light (Skowbo and Clynes (1977) and experiment
5.3.3. ]) These results are possibly explicable In terms of the over-
Jaying of the original McCollough effect by later . aftereffects,
McCollough and otherwise; possibly also in terms of the depletion and
subsequent recovery of chemicals at synapses (9.3.1.11)
Jones and Holding (1975) have claimed that one test with a fleld of

gratings Is sufficient to Initiate a decay process and that decay |s

otherwise very much slower, but I have not found that testing 'triggers!

decay (5.7).

9.2.9 'Spontaneous recovery'

The preceding section described reappearance of contingent after~
effects following 10-30 min spent in viewling the 'uncondi tioned' stimulus,
A second instance of 'spontaneous recovery' is afforded by the weak
return to an earlier McCo]lough effect within about half an hour of

recefving a 'neutre!ising' exposure to coloured gratings (e.g. experiment
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5;8.1). As shown in chapter 5.8 this latter type of recovery may be
regarded simply as a c5n5equence'of the aftereffects!’ long duration. and
additivity.

9.2.10 'Disinhibition’

So far as | am aware there have been no reports of a8 strengthening
of the perception of a contingent aftereffect when presentation of the
test figure Is accompanied by acoustic or other stimul},

| 9.2.11 Decreased rate of forgetting in sleep and darkness

MacKay and MacKay (1975b) have reported that the McCollough effect
does not decay when light is excluded from the eye. Skowbo (personal
communication, 1974) also finds less decay of the McCollough effect in
darkness than In the ordinary environment,although her earljer paper
‘(skowbo et al., 1974) reported no difference. In a similar way, the motion
effect contingent Upon polarity of contrast lasted 17 hours when night made
up part of that time, but only 7 hours In dayllght (VM unpublished Append!x
1). The conclusion drawn‘from experiment 5.4.1 is that fresh (visual)
experience not merely hastens, but Is essential for, decay of the McCollough
effect.

The resemblance of the McCollough effect to memory in this respect may
be counted as one of the few strong points of similarity, |t must, how-
ever, be remarked that there s nothing exclusive to memory about a
decfeased rate of decay In darkness. It has been reported, for example,
that the ordinary aftereffect of motion can be seen for a few seconds
longer if, Instead of ordlinary visual stimulation, darkness or other states
In which novel input is reduced follow Induction of the effect. (Wohlgemuth,
1911; Spigel, 1962; Honig, 1969.) The reduction in the visibility of a
grating after prolonged exposure to a simijar grating (Gilinsky, 1968)
persists for more than double the time when in darkness than It does

under normal visual stimulation. Certain figural after-
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effects are also.alleged to fade less during 30 min of viewling a ganzfeld
or darkness than In 30 min of exposure of the normal environment. (Plck,

Hetherington and Belknapp, 1962).

9.2.12 Summary: Comparison of the contingent aftereffects with memo ry

and conditioned responses

In lasting for as long as a week and suffering 1ittle or no decay
in the absence of fresh visual Input, the contingent aftereffects I ndeed
sh&w a muted resemblance to conditlioned responses and memory. The long
time course has consequences which resemble 'the potentiation of habltuation!
and 'spontaneous recovery'. A process somewhat like 'extinction' also
occurs = though 'single trial extinction' does not. 'Transpos!tion'
occurs but»is quite possibly not an Integral aspect of the contingent
aftereffect's mechanism. The evidence uhder the remalining five headings
does not press a conditloned response interpretation of the contingent
aftereffects upon us but rather the reverse. The most prominent difference
Is that the aftereffects are negative whilst memorles are positive.

On the present evidence it does not seem Justiflable to class the
contingent aftereffeéts as conditioned responses, though it [s conceivable
that some simflar piecés of neural machinery may be Involved in the long

storage of information in the two situations.

9.3 Explanailons at the physiological leve]

Celeste McCollough (1965b) invoked the;'adépt;tlén‘ of éolour coded
'edge detectors' to explain both the prism effect and the aftereffect
which she had discovered. Since neural units responsive to oclented edges
| are not found in cat or monkey cortex prior to the cortex, these 'edge

detectors'’ have been generally held* to be cortical neurones of the kind

* E.g. by Fldell, 1971 Wyatt, 1974; and many others Including ourselves,
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described by Hubél abd Wiesel (1962, 1968) - even though only a smali
fraction of such cell; are in fact sensitive to both colour and orfentation
and only a small fraction are so strongly monocular as the McCollough
~effect (see 1.4).

Until 1972, £he ‘adaptation' of these cells was generally thought
of as cell 'fatlgﬁe' or 'hablituation' of the kind which Barlow and Hilt
(1963) had suggested might explaln the motion aftereffect. But as the
McCollough effect's extremely long duration came to be appreciated, It
was reallsed that some more enduring modificatlion than temporary chemical

depletion or self ~blassing must be envisaged.

9.3.1 Synaptic modification

The nervous system is rich, at every level, In lateral 11nkages
between nelghbouring cells. A cell’s activity presumably lnfluences.
and 1s regulated by, the state of Its neighbours within Its own level,
In 1973 we suggested (MacKay and MacKay, 1974a) that If the synapses of
such lateral linkages become modified in conductivity on the basis of
coinclidences or differences of activity in the two cells which they
1ink, then the network could well show. long time-constants In the
alteration of its‘bfas§es, and.a power law time course in which the
probability of further modification declines with time. We polinted
out that the cells concerned need not themselves be orientatlonally
sensitive. Provided cells ﬁave connectlons with nelghbours In various
directions such a network will develop orientational biasses In response
to a visual input containinglorfented stimuli. In the same way, If the
intercell connections vary somewhat In length, the network wili‘also
develop spatfal biasses and show, Moreover, exactly the same time constants
for acquisition and Ioss of both spatial and orlientational propertles

(cf. chapter 7.1.L16 ). If such modifications of connectlvity are {ndeed
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responsible for the McCollough effect, there must be elther two separate
populations of lnterrconpectfons betweenlthe cells fed from the red and
froﬁ the green.cones, or else colour-opponent 1inkages between cells
'_In ;he two groups.

Such a model was prompted by the power law form of the decay curve
and the exisfence of the chromatic aftereffect contingent purely upon
spacing. But it also finds a natural place for several features* of the
McCollough effect which did not sit easlly with the cortical edge-detector

explanation. The following properties may be particularly remarked:

- 9.3.1.1 the bluntness of Its orlentational tuning (65° spread compared

with 15° for cortical cells (8.1.4)
9.3.!.2. ité insensitivity to precise pattern detall) (1.5.1.4).

9.3.1.3 its strong dependence on contrast (1.2.5, prism a-e 1.5.1.3)

and complete lack of dependence on kinetic and cognitive contours (7.3,

2.7.7).

9.3.1.4 the absence of any assoclated threshold change (2.5.3).

9,3,].5 its robust stabllity (cf. Kohler's remarks on the prism a-e (1.2.2)

which could be madenéh the McCollough effect equally).
9.3.1.6 1Its high degree of monocularity (6.2).

g.3.1.7 lits combination of both colour and pattern sensitivity (cf. 1.4),

m——

%« Some of these were remarked on by .Gibson and Harris (1968), and thelr
dipole model was designed with them in mind.
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9.3.1.8 the many respects (n which [ts Properties differ from those of
other aftereffects of supposedly cortlcal origln Involving orlented
lines (cf. 1.7, 2.7.7).

' Most of all, however, It [s the temporal propertles of the McColldugh

effect which recommend a synaptic mode].

9.3.1.9 Thus the remarkable abillty of the McCollough mechantsm
simultaneously to store detalled information concerning earller and later
aftereffects (5.8) seems to require large parallel populations of
modifiable elements. These properties are somewhat easler to comprehend
if the synapses rather than entire cells are the store for tHe delicately
changing yet Qery robust and stable trace. Perhaps one might even
speculate that the individual synaptic 'boutons' serve as parallel

and near independent channels?

9.3.1.10 -The discovery that decay ceased In darkness (5.4) showed'that
decay -~ a recovery from 'fatigue' - was not a matter of spontaneous

repair, and lent persuasive support to the Idea of a modification of
synaptfc couplings on the basis of visual Input. The fact that 1lght alone

Is necessary for recovery shows that not only during adaptatlon to

McCollough stimuli, but also during recovery, the process of modificatlion
proceeds in response to the patterns of activity produced by the visual
input. When the input is more coherently patterned (5.3.3) such ‘over-

writing' Is more effective (MacKay and MacKay, 1975, 1977a, 1978).

9.3.1.11 Finally the recuperatlon of the McCollough effect between
readings (5.34,1 ) and In darkness (5.5.] )y was a feature It was

almost impossible'to Square with a cell fatigue model.* But on a

* cf. Kelth White's (1976, p. 36) remarks on the lmpossibility of
retrfeving an earlier state.
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synaptic model there are proBabfy several ways in which aftereffect
hues might spontaneously become stronger.without an alteration of
conductivity. One mfghf,.for example, speculate that, following a period
of low visual stimulation, increased conduction at a synapse can occur
because a suitable'chemical or eiectrical state has had time to bulld up
at the synapse. The rapid decline of readings during the viewing of an
achromatlic grating (5.3.4.1 , 5.3.3) would on this view reflect the
discharge of the accumulated store.

The synaptic model can also accommodate the prism aftereffect,
without further assumpqlons, as a..particular case. One Is encouraged
to this conflation of the two aftereffects by the similarities of many
of thélr p;operties including thelir decay courses (cf. 1.2.3). There Is
onl? one puzzling discrepancy; the report that the prism aftereffect Is

not visible In twilight (2.4.8), though the McCollough effect is.

J. Kriger of Freiburg (1976b) has made some experiments suggested
by the above synaptic model and pointed to a possible site In the lateral

geniculate body where interneurons  would form part of the inhibltory

]inkage between cells.

9.3.2 Physiological explanations: other authors

A number of other physiological models have been proposed to meet the
problem posed by the long duration of the Mctollough aftereffect. These
all take as starting point the (achromatic) orlentation-sensitive cortical
units - the pattern channels- and suggest that channels for chromatic
{nformation become associated with these by a plastic process akin to that

invdlved in conditioned responses.*

O

%+ E.g. Leppmann, 1973; Riggs, White and Elmas, 1974; Creutzfelt, 1974;
Montalvo, 1976; Murch, 1977. (Mayhew and Anstis (1972) make a similar
point but in more general terms which do not specify that such features
as movement and colour must be first extracted before becoming assocliated

in pairs.)
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'Sevéral authors have sugggsted that colour-specific channeis
from the LGN relay informatlon to orientation spéc[flc cortical cells.

Creutzfeldt ssuggestion as to how this linkage might he englineered Is

H_the most expliclt he draws attention to the fact that although the
majority of pattern sensitive cortical cells In the monkey are not colour
sensitive, a few (orientationally sensitive) cells, sprinkled through

the columnar orlganfsation of area 17, are fed from only one typé of

" cone. These, if capable of inhibiting their nelghbours in the column,
could glve rise to a colour speclfic blas out of proportion to thelr

own numbers.

9.4 Locus of the McCollough effect

| Once we enter;ain the possibility that synaptic modifications between
ﬂgnforientatlonally sensitive cells could be responsible for the McCollough
effect,'theé locus of the effect is no lbnger.necessarily confined to
the corfex and could even be retinal. (Mackay and MacKay, 1973.) Let
us tﬁen surVey ﬁhe evidence which has a bearing on Its locus. (Some has

already been mentioned in chapter 2.6-2.8,12).

9.4.1 The dichoptic and binocular aspects of the McColloQgh effect (6.1,
6.3) presumably lie within the binocular pathway. (The non-global trans-
ference of colour to the pattern eye in the dichoptic effect (6.1.7,1 )
seems to rule out a retinal site for any part of the dichoptic ef%ect.)

The similarity of the properties of the binocularly and monocularly

* It is not, of course, necessary to assume that an aftereffect has a
slte at one level only. B. Julesz (1971) presents evidence that the
motion aftereffect probably occurs both before and after binocular
fuslon, and the experiment of Stromeyer (1972b) seems to demand a
similar concluslon regarding the spatial frequency shift.



333

Induced McCollough effec;s may point to their befng located at the same

leVel.

9.4.2 The McCollough mechanism is fed by all four types of retinal

 receptor (2.4.5).

9.4.3 The McCollough effect is sensitive to pattern contrast and to

luminance.

9.4.4 The arrest of decay In darkness Suggests that, at the site éf the

McCollough effect, the level of activity Is low In the absence of

Incoming stimulation by light.

9.4.5 The McCollough effect comes at the same stage of thevvlsual pathway
. »

~ or later, than the sites of the following effects:-

9.&.5.] the fading of stabilised Images (1.5.1.1) (Leppmann and Pigglns
. »

1973);
9.4.5.2 the persistence of vision (7. 5).

9.4.5.3 simple chromatic adaptation (Murch and Hirsch, 1972; 2.4 6);
eV ’

9.4.5.4 the monocular spatia) frequency shift (Stromeyer, 1972b; 1.6)

‘ 9.4.6 The monocular McCollough effect precedes the locus of the followling

effects:

9.4.6.1 the interocular transfer.of the spatial frequency shift (Stromeyer,
1972b; 1.6);

9.4:6:2 sinultaneous colour contrast (Stromeyer, 1971; 2.8.4; also 7.4,
and probably precedes:=-

9.4.6.3 the 'CYcloPean' detection of disparities between coloured areas

(Julesz, 1971; 2.8.8);

9.4.6.4 It may also be noted‘thét Held and Shattuck's related aftereffect
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Tnvolving orlentation and colour precedes the locué of detectlon of the

disparity of tilted lines (Shattuék~ggawﬁeld, 1875; 1.10).

9.4.7 The McCollough effect cannot be Induced or detected using cognitive
or kinetic contours (2.8.7 and 7.3 respectively), |t I probably not

inducible using simultaneous contrast colours (7.4)

9.4.8 The McCollough effect is fairly strictly retinally speciflc (1.5.1.5,
2.6). It is locked to retinal orientation (EV11s, 1976; 2.8.6) and Is

largely, though not entirely locked to retinal angular subtense (1.6, 2.7.2).

9.4.9 The McCollough effect does not show marked.azimuthal differences In
strength or In the width of Its tuning curve (cf. figs. 345 and 35 of

chapter 8.]; see also Simon Hakiel, 1978).

9.4.10 The McCollough effect does not show marked lateral Or cooperative

Interactions between the lines forming angles (8.3.1) or gratings (7.2)

9.4.11 The McCollough effect does not have properties In common with
any other pattern specific or chromatic aftereffects (cf. Table 2)

except possibly the prism aftereffect (1.2 and Held and Shattuck's effect,

1.10).

The overall picture Is of a locus at a relatively unsophisticated
level of the visual system probably at a short distance from the primary
receptors. The dichoptic and binocular effects require sites subsequent
to the meeting of signals from the two eyes. A possible locus, In

keeping with all the above evidence, is therefore the lateral geniculate

nucleus.



‘9.5 Conclusioﬁ >
The traditional explanation of visual aftereffects in terms of
'fatigue' (2.5) seems to be inapplicable to the contingent aftereffects.

The McCollough effect's temporal properties, particularly Its lack of
recovery in darkness and Its acdelerated recovery durlng exposure to
patterned 1ight,point rather to a process of adjustment In response to
the regularities of the visual environment. The modification of synaptlc
conductivity between nelghbouring colour sensitlive cells (possibly in

the LGN) has been proposed as a mechanism which would fit with all the

known data.
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Appendix 1: A texture-dependent aftereffect of viewling unpatterned colour

When one has viewed an unpatterned coloured field for 2 min, all
" surfaces appear for some 2 min to be tinged to about an equal exfent
with the complementary éolour. Thereafter, however, those surfaces
patterned at about 5 cycles/degrée retain the complementary coloration
more strongly than those which have flnér or coarser patterning, or none.
These latter surfaces can even appear to take on the opposite hue -
possibly because of simul taneous colour contrast.

Twelve nalve subjects viewed for 2 min an unpatterned green (and
later a red) field at 2.7 cd/m2 and made written reports as to which of
a set of black and white abutting gratings of 3-14 cycles/degree (at
10 cd/mz) appeared most éolourful one minute later. Only one subject
saw no texture dependent differences In saturation of the pink after-
effect and only one saw none for the green aftereffect. The others
reported seeing the strongest effect on those gratings which subtended
5.4-6.4 cycles/degree.

The effect can be seen on random as well as on regular texturing.
it Is much increased by defocussing the patterns.

It is produced by blue and by yellow stimull including 'pure blue'
and ‘pure yellowi (474 nm and 573 nm). It can be seen peripherally
even when the foveal 6° has not been exposed to the coloured fleld.l

Experiments on one subject suggest that the effect lasts longer .
after viewing a very intense stimulus, but appears most saturated
after exposure to a stimulus at 0 to 1 log ft Lamberts.,

The effect reaches its maximum after about 1-2 min of exposure to the
unpafterned coloured field. The effect lasts 3-6 min. The time course
of decay of the difference jn appareht saturation between two areas

patterned at 4:3  and 1'8 cycles per degree (figure 43) was recorded
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using hue matching apparatus (H”). Figure kk shows that the decay

course 1is near exponential. Its magnitude and form are the same for all
exposure durations of from 1-15 min. The course of decay is not affected
by closing the eyes. (There is, however, a tendency for most subjects

to see more finely textured surfaces as pinker after even brief periods

in darkness. Some see them as greener.)

Figure b3 Test figures of A.3 and 1.8 cycles per degree presented
alternately in measuring the decay of the texture contingent
chromatic aftereffect.
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The effect Is strictiy retinal specific and can be seen even after
exposure of only a very small (io) reglion of the fovea to the coloured
fleld. The effect does not transfer Interocularly. |

This effect Is possibly evidence of lateral interaction = perhaps
inhibitory - between cells at a berlpheral stage of the visual system.
The fact that It Is most noticeable at about 5 cycles/degree may simply‘
reflect the fact that the visual system Is rich in connectivities between
cells whose separation corresponds to that average distance.

It may perhaps be also remarked that subjects report that real

pale colours also appear stronger when they are lald over patterning of

about 5 cycles/degree.
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Appendix ll: A motion aftereffect contingent upon poiarity of contrast

Mayhew (1973) showed that the duration of the ordinary motion
aftereffect could be rendered contingent updn the polarity o% cohtras£
of a test field by 5 minutes of prior exposure to a pattern and Its
photographic negative moving in‘opposite directloﬁs (see 1.19).

At about the same time | had been Independently making experiments
which confirm Mayhew's interpretation of his results as evidence that the
motion aftereffect is contingent on polarity of contrast and which add
further details. These experiments are reported in thls appendix.

The adapting flelds consisted of two ldentical plieces of grey card
side by side, each subtending 13? at the observer's eye and bearing a
random distribution of 100 circular spots 20' in diameter, white on one
card and black on the other. (Fig. 45a and b). The cards were rotated
in opposite directions against a stationary grey background at equal rates
varying from 4 to 30 sec per rev in different runs. Luminances of the
white, grey and black areas were 1.1, 0.9 and 0.1 log ft lamberts
respectively. The observer viewed each pattern In turn monocularly
through a clircular hole (subtending 16°) in a black hand-held card
sufficlently large to conceal the other pattern. To reduce the size of
assoclated eye movements he used a rotatable chalr and faced eacﬁ pattern
In turn,rhls eyes being closed for 3 sec between viewings. The patterns
were viewed for equal times in the range 3-10 sec, statlonary central
pencll dots providing fixatlion points. After 10-20 min of alternate
viewings, the rotétlons were stopped, the observer closed his_eyes for 2
min to allow any short-term motion aftereffect to diminish, and then
viewed the two stationary patterns alternately. All k observers reported
definite MAE's in directions which reversed with the polarity of confrast

of the test pattern, and were opposite to those originally associated with



Figure ~5: Patterns used for adapting and testing.
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each pattern. These MAE's did not transfer significantly to the'occluded
eye after 20 min of monocular adaptation.

in case movehent of the image across the retina in turning from one
test pattern to the other might have been a disturbing factor, | verified
that the aftereffect was still visible when using a single reversible-
contrast figure: a piece of grey card with holes punched in it at random
and either a black or a white card slipped behind It.

This MAE, like other contingent aftereffects, Is remarkably long-
lasting; following a 20 min adaptation it remained visible for 2-8 hours
in a normal visual environment. Moreover, when the Inducing exposure
was made just before going to sleep the MAE was still strongly visible
on awaking 10 hours later, suggesting that Its decay (like that of the
McCollough effect, MacKay & MacKay 1975b) may be significantly slowed
in darkness.

To see in what respects the effect was stimulus=-specific, a variety
of other test fields were used. Following a 20 min. exposure as descrlbed
above, no MAE was seen on grey test cards bearing various random mixtures of
100 white and 100 black spots. MAE's were visible on regular square
arrays of white or black spots on grey, provided the spots were more than
one spot diameter'abart; they wefe visible on a wide variety of randoh
distributions of white or black spots on various shades of grey (0.8 - 1,0
log ft lamberts), and with spots sizes from a half to twice the original;
they were still visible at much dimmer and brighter (1.0 - 2,0 log ft
Jamberts) luminance levels. The MAE's were weak when the test conditions
differed most from the original conditions, but it is clear from the above
that neither the original pattern nor contrast levels nor luminance level
s essential for the two directions of MAE to be visible. |

It seemed possible, nevertheless, in view of reports of lumlnance
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dependence of MAE's (Mayhew and Anctis, 1972, Sekuler and Ganz, 1963)
that the present findings arose simply from the (small) difference in
mean luminance between the card with black and the card with white spots.
To distinguish between debendence on mean luminance and on polarity of
contrast | used a black and a white card each with identical random
distributions of grey spots of the same slze as above (Fig. 45¢c and d)
in two further experiments. In the first (Expt. A), they served as the
test cards after adaptation as above to Flgs. 45a and b, ‘and In the second
(Expt. B) as the adapting patterns with Figs. 45a and b as the test
fields. Except for one null-report by one subject with the white test
card (Fig. 45d) in Expt. A, all three subjects reported negative MAE's
in every case In directions predictable from the polarity of cont}ast and
‘not the overall luminance of the figure used.

This after effect may be seen as evidence of the B and D systems

postulated by Jung (1977).
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Appendix 111: The effect of boundaries upon perceived saturation and

bri ghtness

A pattern of squares nesting symmetrically within each other (figure

A6) can be perceived as two alternative Gestalts: either as a set of

squares or as four striped triangles. Jenkins and Ross (1977) have

reported that when subjects who have a McCollough aftereffect switch

their attention from one Gestalt to the other the strength of the chromatic

aftereffect seen on the figure is altered. When the figure 1is perceived

as a set of squares the aftereffect hues are weaker than when it is

perceived as four triangles.

The following experiment shows that this phenomenon 1is not confined

to illusory hues but is of more general interest.

Figure 76
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Triangular pleces of piﬁk transparent flltér

(Cinemoid 54) or of neutral density filter (of 0.01 log units attenuation)
were laid over the two vertically striped triangles of figure L6. The
pattern was viewed by artificial light or by day-light (50-300 cd/mz) at
about 50 cm, at which distance tﬁe gratings subtended 1.7 cycles/degree
and the whole pattern 20° x 20°. Subjects with no McCollough aftereffect
were asked to-perceive the figure alternafely as squares and as trlangles
and to report any changes noticed. Without prompting,3 out of 4 subjects
reported that the pink was paler and 3 out of 3 different subjécts that
the grey was less notliceable when they were paying attention to the
squares than when they thought about the triangles.

The phenomenon reported by Jenkins and Ross can be seen using
real colours and real luminance differences as well as using illusory
hues. It is not,therefore,specifically a property of the McCollbugh
effect. It Is possibly reiated to other phenomena in which colour appears

to fill the space within boundaries (Lettvin, 1967).

Jenkins, B. & Ross, J.: McCollough effect depends upon perceived
organisation. Perception, 6, 399-400 (1977).

Lettvin, J.Y.: The colours of coloured ﬁhings. Quarterly progress report
of the research laboratory of electronics, M.l.T., 87, 193-22( (1967).
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Appendix 1V: Some distinctive features of conditioned responses and

(1

(2)

(3)

(4)

(5)

- of memory

A very wide range of stimuli can become associated. Unconditioned

stimuli which are appetitive or aversive are particularly effectlve

—~

- (Hall 1976).

Traditional conditloning theory regards a positive response to the
unconditioned stimulus as normal., Thus, after suitable tralining,
Pavlov's dogs salivated upon hearing the bell both when food
appeared and when it did not. (Pavlov 1927).

Interocular generalisation. A conditioned response acquired using

one eye is performed equally well using the other eye. Only "
various parts of the brain are severed or removed Is this power of
generalisation lost. (Bibliography in Sperry, Myers and Shrier,
1960).

"Transposition''. This is the generalisation of the learned

. association to a s]téhtly different though parallel situation.

(e.g. Kohler 1918),

Delayed, simultaneous and backwards conditioning. The two stimull to

be associated may be présented either simultaneously, or with the
unconditioned gtlmuius (usually either reward or punishment) coming
slightly before or after the conditioned stimulus. The situation iIn
which the unconditioned stlmu]us‘ﬁs delayed about «5 sec has been
traditionally held to give superior conditioning. '(Pavlov 1929,
Kimble 1961, Beecroft 1966). There Is some uncertéinty as to whether
simul taneous presentation of the two stimull yields a conditioned
response or not. Beecroft's assessment that ''though there is some

evidence to suggest that weak assoclations are formed on a backward

conditioning schedule, there is none which indicates that strictly



(6)

(7)

(8)

(9)

(10)

(11)

- All

simultaneous conditioning takes place' is tempered by Rescorla's
(1972) judgement that ''there is surprisingly little data to force
the conclusion that simultaneous conditlioning does not occur',

The "potentiation of habituation'. This Is the relearning with

progressively greater rapldity of things already learned but In
the interim forgotten. -

The remarkable reslstance of conditioned responses to ordinary

forgetting (as disttnct from extinction). Responses have been
elicited from animals when months and even years have elapsed since
training. (e.g. list of papers in Hilgard and Marquis 1961, p.281).
"Extinction': the undoing of an assoclation by repeatedly presenting
one part of the stimulus-pair without the other,

""Spontaneous recovery'': the reappearance after a time (e.g. 50 min,

Ellson 1938) of the original conditioned response. This often

‘occurs after a conditioned response has been 'extinguished',

1Disinhibition' (also called ""dishabituation' or ''the inhibition of

inhibition'") is the sudden increase in strength of a conditioned
response (which may have been dying away or 'extingulshed') upon
presentation of a different novel stimulus together with the
unconditioned stimulus. This feature has been described as being
""as ubiquitious as habituation' and ''perhaps the mos t important
method of distinguishing between habituation and 'faflgue'“
(Thompson and Spenser 1966).

A decreased rate of forgetting in sléep and darkness. This has been

reported in studies as diverse as the remembering of nonsense

syllables by humans, of visual discriminations by rats and fishes,

and of shock avoidance by cockroaches (Van Ormer 1932, Thompson and

Bryant 1955, Ducker and Rensch 1968, Minami and Dallenbach 1946).
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The conclusion has been that a somewhat less rapid obliteration

of memories occurs in darkness than occurs when further experience

of a similar type follows the learning session (Thompson 1957,

Minami and Dallenbach 1946). That the processes involved are not

necessarily mental Is suggested by cockroaches' acquisition and
retention of 100% successful performance even when headless

(Horridge 1962).
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