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ABSTRACT

This thesis describes a psychophysical investigation into
several aspects of human colour vision. The introductory
chapter contains a review of relevant psychophysical and
electrophysiological studies of the vertebrate visual
system. The apparatus employed in the present study,

some of which was newly constructed or modified from exist-

ing equipment, is described in chapter two.

The third chapter begins with a brief review of some
binocular adaptation experiments, based on the contrast
threshold elevation effect (Blakemore and Campbell, 1969 b),
and the associated binocﬁlar inhibitory effect (Ruddock and
Wigley, 1976). It has been shown that application of these
methods reveals three independent spectral response mechan-~
isms: two red-green opponent and one short-wavelength
sensitive. New data relating to these post-receptoral
chromatic responses is presented, and a method for the cal-
culation of the spectral sensitivities of these mechanisms

ls proposed.

In subjects with normal colour vision, the most
consistent results are obtained in measurement of the red-
green opponent post-receptoral mechanism, the spectral
sensitivity of which is described by the subtraction of
the green-sensitive cone response from the red-sensitive
cone response, and data for this mechanisms measured for
red-green dichromats and anomalous trichromats is described
in chapter four. It is shown that dichromats have no

wavelength dependent response, which is consistent with
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their lacking one or other of the red and green photopig-
ments. The deuteranomalous trichromats nearly all
cbtained similar results to the normal and this is analysed
with respect to the current theories of anomalous trichro-
macy. Data for the change in the Rayleigh match of normal
and anomalous trichromats when subjected to intense
bleaching lights are also presented, as are the wavelength

discrimination curves for the colour defective observers.

The remainder of the thesis describes the visual
responses of a subject (MW) who has a rare central colour
vision defect. This defect is associated with a strong
inhibitory response to chromatic, and in particular long-
wavelength, stimuli which suppresses the detection of

other high-contrast stimuli.
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1.1 Gross Anatomy of the Visual System

A schematic diagram of the visual pathways is shown in
fig. 1.1a. Light from the external visual field is focused
by the lens on to the retina, thus forming an inverted two-
dimensiocnal image. Light is absorbed by the photoreceptors
which are situated at the back of the eye and phototrans-
duction takes place, thus converting light energy into
graded electrical potentials. There are two classes of
receptor; rods which are responsible for low acuity, mono-
chromatic vision at low illumination levels (scotopic
conditions) and\cones which are responsible for colour
vision and high visual acuity at-high illumination levels,
e.g. daylight (photopic conditions). Under photopic
conditions the retinal image is centred at the fcvea which
is almost entirely populated by @ones and is thus an area
of high spatial resolution and colour discrimination.

After complex processing by the various neural layers
of the retina, signals pass ;long the‘optic nerve fibfes
which connect the retina to the lateral geniculate nucleus
(LGN} via the optic chiasma. Here partial decussation of
the fibres occurs, such that fibres from the nasal half-
field of the retinae of both eyes cross to the opposite
side of the brain and those from the temporal half-field
continue to the same side. The external visual field is
divided into two along the vertical meridian, each half
being separately represented in the visual cortex. The
two separate half-fields are brought together by the fibres

of the corpus callosum, which link the two halves of the

brain.



Fig.
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Schematic view from underneath the brain of the
primate visual system. R, Retina; 0, optic
nerve; O0OC, optic chiasma; LGN, lateral genicu-
late nucleus; OR, optic radiation; V, wvisual
cortex; M, midline dividing the two halves of
the brain.

b. View of the back of the primate brain showing
the mapping of the wvisual field on to the striate
cortex. Continuous lines show the mapping of
lines parallel to the horizontal meridian at
different degrees of eccentricity. The vertical
meridian (dotted line) runs along the border of
the lunate sulcus (L) which marks the limit of the
striate cortex.

¢. Horizontal section through the striate and
prestriate cortex showing the different visual areas.



In the primate, axons from cells in the LGN project
to the striate visual cortex (area 17 or V1), where there
is a point-to-point map of the external visual field
(fig. 1.1b), which is distorted such that the representa-
tion of the foveal area comprises a disproportionately
large cortical aresa. The striate cortex projects to the
prestriate cortex where further functional maps have been
identified (Zeki, 1978), as illustrated in fig. l.lc. v2
receives input from V1 and V3 is a mirror image of V2. V4
is not an ordered map and contains a high proportion of
colour selective cells.

1.2 Structure of the Retinsa

Fig. 1.2 shows a schematic drawing of the primate
retina (Dowling and Boycott, 1966) obtained from electron
microscopic studies. There are two synaptic layers, the
outer and inner plexiform layers. The outer plexiform
layer contains vertical synapses between the photoreceptors
and the bipolar cells. Rods synapse with only one type of
bipolar cell, the rod bipolar cell, which pools signals
from many separate rod receptors, thus increasing absolute
sensitivity but reducing visual acuity (Boycott & Dowling,
1969). Cones, hcwever, synapse with two distinct bipolar
cells, the midget and the flat or diffuse cone bipolar cells.
A midget bipolar usually connects to only one ccne, wWhereas
a flat bipolar connects to about seven cones. Thus, the
two classes of photoreceptor in the primate retina have
separate bipolar pathways. Horizontal cells also synapse
with rods and cones, and send long extensiocns laterally

across the retina.



Fig, 1.2 Schematic section through the primate retina.
R, rod photoreceptors; C, cone photoreceptors;
H, horizontal cells; MB, midget bipolar
cells; RB, rod bipolar cells; FB, flat bipolar
cell; A, amacrine cells; MG, midget ganglion
cells; DG, diffuse ganglion cells.
From Dowling and Boycott, 1966.

In the inner plexiform layer, ganglion cells synapse
with amacrine and bipolar cells. Each midget ganglion cell
contacts a single midget cone bipolar cell; amacrine cells
have synaptic contact with all classes of bipolar cell, with

ganglion cells, and also with each other.
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1.3 Receptor Photopigments

The rod photopigment, rhodopsin, has been extracted
and chemically analysed (Wald, 1968). It has been shown
that the pigment absorption spectrum closely follows the
human scotopic sensitivity function, and that rod pigments
extracted from different species have identical absorption
spectra, when plotted as a function of stimulus frequency,
except that the position of peak absorption varies
(Dartnall, 1952).

There is, however, much less information zvailable
concerning the cone photopigments, which have proved
difficult to extract and identify. The most direct
method of measuring cone absorption spectra has been the
microspectrophotometric technique of Marks, Dobelle and
MacNichol, 1964 and Brown and Wald, 1964. This revealed
the presence of three types of cone receptor in the excised
parafoveal human and monkey retina (see Fig. 1.3), with
peak sensitivities at 445 - 450 nm, 525 - 535 nm, and”

555 -~ 570 nm. More recent microspectrophotometric
investigations (Bowmaker et al, 1978; Bowmaker and Mollon,
1980) have confirmed these findings in the monkey retina,
using larger samples of cones. They, too, found three
classes of cones with maximum sensitivities at 415- 420 nm,
535 nm and 565 nm.

Information regarding the cone photopigments has also
been obtained by fundus reflectometry (Rushton, 1963: 1965),
where the light intensity of different wavelengths reflected

from the back of the eye is measured before and after
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bleaching of the photopigments, thus enabling the sensitivity
of the photopigments to be deduced. This method has re-
vealed interesting information concerning dichromatic colour
defective subjects, who have only one pigment active in the
long-wavelength region of the spectrum, but cannot separéte
absorption in the two normal middle - and long - wavelength

sensitive mechanisms.

L0 500 600
Wavelength (nm)

Fig. 1.3 Difference spectra recorded from ten primate
parafoveal cones,

From Marks, Dobelle and MacNichol, 1964.

1.4 Chromatic Coding of Neural Signals

In the nineteenth century, there were two rival
theories of colour vision; the trichromatic theory advo-
cated by Helmholtz and Maxwell, and proposed by Young

(1802), who stated that it was almost impossible to



conceive of an infinite number of receptors at each sensi-
tive point of the retina and suggested that the number was
limited to three. The "rival" theory of opponent colours
was proposed by Hering (1885), and it was originally
supposed that colour vision was mediated by three substances
which were either broken down or regenerated by pairs of
complementary radiations: 1light and dark, red and green,
yellow and blue. This theory, as a description of retinal
receptors, is wrong, but it is believed that colour infor-
mation is coded as opponent-colour responses at later
stages of the retina and visual pathways.

1l.4.1, S - Potentials

The first evidence of opponent-colour responses

in the visual system are the so-called Slow-Potentials

(S-Potentials) recorded by Svaetichin(1953)in the isolated carp

retina. He found two different types of graded photopic
response: the luminosity (L-type) response which was
hyperpolarising independent of stimulus wavelength, and
the chromaticity-type response (Y-B, R-G) which has two
maxima of opposite sign centred about a neutral point (the
stimulus wavelength which causes no change of the "unit's"
D.C. potential)}. The chromatic responses appear to be
combinations of two separate potentials of opposite sign
"subtracted" from one another. Svaetichin originally
supposed that these S-potentials were cone responses, but
later (Svaetichin and MacNichol, 1958) suggested that they
arose in the horizontal cell layer (the chromatic response

possibly being the bipolar cell response). Electrophysio-

12
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logical and histological studies on the carp by Kaneko (1970)
and Oikawa et al (1959), and the cat (Steinberg and Schmidt,
1970) confirmed that the site of origin of the S-Potentials
was the horizontal cell layer.

1.4.2 Ganglion Cells

The ganglion cells, whose axons form the optic nerve
fibres, tend to have concentrically organised receptive
fields. Kuffler (1953) noted that the general functional
organisation of ganglion cells in the cat retina is a
central area of low threshold and a surround area whose
response to stimuli is opposite to the centre response.
Wagner, MacNichol and Wolbarsht (1960), when studying
ganglion cells in the goldfish retina, noted that a change
in wavelength of the light stimulus could convert a pure 'on'
response to a pure 'off' response. A later study by Daw
(1968) showed that these cells were in a minority and that
most ganglion cells have a more complex receptive field
structuré. 49% of the cells studied had a centre-surround
antagonistic organisation, such that the cell gave an 'on!
response to red light and an 'off' response to green in the
centre, and an 'off' response to red and an 'on' to green
in the surround. Such units are appropriate for the
detection of simultaneous colour contrast and imply a
degree of specialisation at the ganglion cell level. Enroth-
Cugell and Robson (1966), from studies on the cat retina,
classified ganglion cells into two groups on the basis of
the interaction between signals arising in the centre and

the surround of the receptive field: X - which appear to
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have linear summation over their receptive fields and Y =~
which have non-linear summation.

Michael (1968), recording from the optic nerve fibres
of the ground squirrel, found two types of colour-opponent
cells; green 'off', blue 'on' or blue 'off', green 'on'.

No red/green opponent responses were observed

Hubel and Wiesel (1960) found that the receptive fields
of optic nerve fibres in the spider monkey were organised in
a manner similar to those described by Kuffler in‘the cat,
i.e. they had a concentric centre-surround antagonistic
organisation. A later study by Gouras (1968) on the
rhesus monkey revealed two types of ganglion cell, phasic
and tonic, possibly corresponding to the X and Y cells of
Enroth-Cugell and Robson. Phasic cells respond transiently
at the onset of light stimulation, have no maintained dis-
charge and receive signals from the red - and green -
sensitive cone mechanisms, both of which are excitatory in
the centre and inhibitory in the surround. Tonic cells
discharge continuously to maintained stimulation of
appropriate wavelength, and receive excitatory input fron
only one cone mechanism in the centre and inhibitory input
from another cone mechanism in the periphery of the
receptive field. They outnumber the phasic cells and are
relatively more common towards the foveal area. Gouras
{1969) suggested that these tonic cells are the same as
Polyak's (1941) anatomical class of monosynaptic or
individual ganglion cells,and Boycott and Dowling's (1969)

midget ganglion cells. These are among the smallest
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ganglion cells, making direct contact with a single bipolar,
which in turn synapses with a single cone.

De Monasterio, Gouras and Tolhurst (1975) looked at
the criteria for distinguisﬁing colour-opponent, from
spectrally non-opponent cells in the rhesus monkey retina,on
the basis of the cone inputs they receive. They found that
one third of the colour-opponent cells studied did not show
colour opponency 1in the presence of neutral backgrounds and
only revealed this behaviour in the presence of chromatic
adaptation. They termed this characteristic 'concealed
colour opponency' and found that the proportion of such
cells increased towards the pheripheral areas of the retina.

De Monasterio (1978 a, b), recording froﬁ X and ¥
cells in the macaque retina, found that X cells had
opponent-colour responses that had centre and surround
responses mediated by input from different cone mechanisms,
whereas most Y cells had centre and surround responses
mediated by input from the same type of cone mechanism and
were thus spectrally non-opponent. These results were
consistent with those of Gouras (1968), but de Monasterio
also found a small proportion of Y cells where one of the
types of cone input present in one region of the receptive
field was absent in the other region . Thus, there are a
small proportion of colour-~opponent Y cells present in
the monkey retina.
1.4.3 LGN

The receptive fields of lateral geniculate cells

appear to be organised in much the same way as the
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ganglion cells. De Valois, Abramov and Jacobs (1966), and
Wiesel and Hubel (1966) recorded from cells in the LGN of
the macaque monkey and divided the responses into two
general classes: spectrally opponent and spectrally non-
opponent cells. Chromatic adaptation experiments by Hubel
and Wiesel suggested that the spectrally opponent cells had
connections with one cone mechanism in the field centre and
another in the surround. De Valois et al suggested that
the non-opponent cells transmit brightness information
whereas the opponent cells transmit information about colour,
the hue of the stimulus being determined by the relative
responses of the different types of opponent cells. Padmos
and Norren (1975), however, contended that because the
majority of 'non-opponent' cells show antagonistic red-green
cone interactions, the existence of a separate luminosity
channel is doubtful.

1.4.4 Striate Cortex

Lennox-Buchthal (1962) studied the responses of single
units in the monkey striate cortex to flashes of monochro-
matic light and found that about 50% of the units had
‘narrow-~band spectral sensitivities, which implies that they
are colour opponent. Many cortical cells must have been
missed in this study due to the large~field stimuli.

The breakthroughrin studying cells in the striate
cortex came from Hubel and Wiesel (1962, 1968) who used
line stimuli on cortical cells in cat and monkey. They
found that most cells could be categorised as simple,

complex or hypercomplex. Simple cells were defined as
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having receptive fields with spatially distinct ‘on' and
'0ff' areas separated by parallel straight lines, i.e. bars
or edges. Complex cells show no separation of receptive
fields into excitatory and inhibitory parts. As for simple
cells, a line stimulus (bar or edge) in a particular orient-
ation evokes optimum response, but whereas for the simple
cell the position of the stimulus is crucial, in the complex
cell a response is evoked by a correctly oriented line on
any part of the receptive field. Complex cells are also
often selective for movement. Hypercomplex cells also
respond to correctly oriented line stimuli, but extending
the line beyond the activating part of the receptive field
in one or both directions causes a marked fall-off in
response.

Hubel and Wiesel found only a few colour opponent
cells. This may have been due to the fact that théy were
studying the cortical representation of the parafovea
rather than the fovea. Gouras (1970) and Michael (1978),
however, discoveréd several different types of opponent-
colour cells in the monkey striate cortex. One such cell
was excited by the blue - and green - sensitive cone
mechanisms at stimulus onset and by the red-sensitive cone
mechanism at stimulus offset. Thirteen of the twenty-seven
cortical cells recorded from by Gouras received signals froﬁ
three different cone mechanisms. He also found that these
colour-sensitive cells showed only transient responses.
Gouras (1974) found that the majority of cells in layer 4B
of the striate cortex are colour-opponent and do not show

orientation or directional selectivity, whereas the majority
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of cells in the outer layers exhibitconsiderable spatial
selectivity without apparent colour-opponency.

1.4.5 Prestriate Cortex

The prestriate cortex of the monkey contains many
different visual areas receiving direct inputs from the
striate cortex (fig. 1.1¢). Different areas appear to be
specialised for the representation of different features of
the environment (Zeki, 1978). For example, most orientation
selective cells are grouped into three areas: V2, V3 and V3A.
The V4 complex, however, contains few orientation selective
cells but has a large proportion of cells which are colour
specific; that is they respond to one part of the spectrum
only, Cells have been discovered whose responses appear
to correlate with human colour perception (Zeki, 1980). A
red-sensitive cell, for example, responded only to a red
object when it was illuminated with white light and not red
light alone. Thus it appears possible to equate the
responses of cells at this level with the perception of
colour.

The data described so far have been obtained from
anatomical and electrophysiological studies on animals and
much can be inferred from this about the human visual systen.
There is, however, an alternative approach in the form of
psychophysics, where the responses of human observers to
known stimuli are measured and analysed, and this is dealt

with in the following sections.

1.5 Colour Matching

The eye is sometimes unable to distinguish totally
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different mixtures of monochromatic lightsi for example,

a2 yellow light may appear identical to a mixture of red and
green lights. The two composite stimuli have éntirely
different spectral composition but appear the same in
colour and intensity to the observer, and constitute a
metameric match.

Colour matches are oltea made using the sensitive
foveal area. The observer views a small field divided into
two halves, each of which contains spectrally different
stimulil. With this arrangement it is possible for most
observers to make a match of any spectral light with a
mixture of three matching stimuli, usually red, green and
blue. Human colour vision 1s therefore trivariant and
this implies that there must be at least three kinds of
photoreceptor involved in the process, with at least three
~different photopigments. It is well known that the cones
are responsible for colour vision, particularly because the
fovea, which is the area of the retina most sensitive to
changes in colour, has few or no rods present. It is
possible that there may be more than three pigments and
that the trivariance may occur at a later stage in the
visual system. The experimental evidence that is available,
in particular from fundus reflectometry and microspectro-
photometry (section 1.3), suggests, however, that there are
only three cone photopigments located separately in different
spectral classes of cone. This implies that colour matches
should be undisturbed by adaptation, and it is indeed found

that significant changes in the appearance of colour can be
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produced by adaptation to coloured lights without upsetting
colour matches. Colour matches can be disturbed, however,
by adaptation to very intense bleaching lights (Wright,
1936; Brindley, 1953).

1.5.1 The W.D. Wright System of Colour Matching

A system of colour matching (Wright,

1946) involves matching a spectral stimulus (C) with a
mixture of monocchromatic red (R), green (G) and blue (B)
stimuli. The colour match can be expressed algebraically,

C (C) =R (R) + G (G) + B (B) Equation 1.1
where C units of stimulus (C) appear identical to a mixture
of R units of (R), G units of (G) and B units of (B),
and C = R + G + B.
If two separate matches are made for two distinct colours

(C1) and (C,), then

1

1
= RZ(R) + Gz(G) + Bz(B)
are mixed together,
Cl(Cl) + CZ(CZ) = R(R) + G(G) + B(B)
If colorimetric addivity holds, it is necessary for the
following relations to be true:

R = Rl + R2 , G = Gl + G2, B = Bl+ B2
It is found experimentally that this is the case and the
hypothesis that colour matching is additive holds for many
experimental conditions.
Wright (1928) obtained colour matching data for a 2o

centrally fixated field using three near-monochromatic

matching stimuli; R, 650 nm; G, 530 nm; B, 460 nm.
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Using equation 1.1 he defined the chromaticity coordinates

r, g and b as,

- R _ G _ B )
' = TR3G+B , €  TF3G6+B , b = P Equations 1.2
such that r+g+b = 1 . Wright's system of units were

chosen such that r = g for a test stimulus of wavelength
582.5 nm and g = b for a test stimulus of wavelength 494 nm.

His mean colour-matching results are shown in fig. 1.4
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Fig. 1.4 Wright's colour matching results. The normalised

chromaticity co-ordinates r, g and b are plotted
against wavelength, A , in nm. :
From Wright, 1946,

Colour mixture curves were derived from these colour matching
data (Wright, 1928) which define the relative luminance of the
three matching stimuli (650 nm, 530 nm, and 460 nm) required
to match a spectral stimulus of wavelength, A .

1.5.2 The C.I.E. System

Wright's colour mixture curves were combined with the

similar data of Guild (1931) to define the standard observer
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of the Commision Internationale de 1'Eclairage (C.I.E.) in
1631, The matching stimuli used in this definition were
700 nm {(red),546.1 nm {green) and 435.8 nm (blue) and
their units were adjusted to be equal in a colour match of
an equal energy white. The resulting curves (fig.1.5a),
obtained for a 20 field, define the relative amounts of
the three radiations required to match each wavelength in
the equal energy spectrum; r, g, b are the colour

matching functions, sometimes referred to as the distribu-

tion coefficients or spectral tristimulus values.
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Fig. 1.5 Data for the C.I.E.1931 standard colorimetric
observer in the system defined by matching
stimuli R(700 nm), G(546.1 nm) and B(435.8 nm).

a, Colour-matching functions ;A R éx , b
are plotted against wavelength, X\ ,in nm.

b. The corresponding chromaticity diagranm.

The unit green coordinate, g, is plotted
against the unit red coordinate, r. The blue
coordinate can be inferred at each point using
the relationship r + g + b = 1, W is the
position of the equal energy white. The
continuous curve corresponds to the spectrum

TJoo
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locus, with wavelengths marked in nm, and any real
stimuli lie within the area bounded by this curve

and the r-axis. The units have been adjusted to

be equal in a c¢olour match on an egual energy white
and the standard data were obtained using a 2° rield.
Data taken from Wyszecki and Stiles, 1982.

The system can also be defined in terms of chromaticity
coordinates, as defined in the W.D. Wright system by equation
1.2, It is clear from the definition of the chromaticity
coordinates that r + g + b = 1, and thus to define any
stimulus it is necessary to specify only two coordinates, by
convention r and g, as shown in fig. 1.5.b.

The colour matching functions ;A: éA! gx and the
corresponding chromaticity coordinates r, g, b 1include
negative values. This is not always practically convenient
and so0 the C.I.E. adopted a new cocordinate system, which is
a transformation of the old (R G B) system, based on matching
stimuli X, Y and Z. These are 'imaginary' stimuli which 1lie
outside the spectrum locus on the RGB chromaticity diagranm
and have been chosen such that the chromaticity coordinates
X, ¥, z and the corresponding tristimulus values X, ¥, Z of
any real colour stimulus are never negative. This is the
basis of the standard international (XYZ) system as defined

by the C.I.E. in 1931. The chromaticity coordinates are

defined in terms of the tristimulus values:

- X - Y _ Z N
X = ¥3v+7 Y = 357+7 2. 13y Z Equations 1.3

and the chromaticity of any colour is specified by only two

unit coordinates, e.g. x and y (fig. 1.6).
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Fig. 1.6 Tristimulus space based on the C.I.E. stimuli
X, Y, Z showing the spectrum locus with wave-
lengths marked in nm. S¢c is one of the
standard illuminants defined by the C.I.E. and
represents natural daylight.

A colour is defined completely in terms of this system by

three coefficients x, ¥ and Y which is the brightness or

luminance factor.

1.6 Colour Deficiencies

Experimental colour matches are subject to significant
.inter-observer variation. In many cases these variations
may result from observer differences in transmission charac-
teristics of the ocular media and retina, in particular the
macular pigment, which is a yellow pigment covering an area
of up to 50 from the fovea centralis, and the crystalline
lens. Ruddock (1965) computed the change in the W.D. Wright

chromaticity coordinates of the C.I.E. standard illuminant S
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which result from age changes in lens transmission or from
changes in the optical density of the macular pigment.
Experimental data show that age changes in colour matching
correspond closely to the calculated changes arising from
increased lens absorption (Ruddock,;1963). Similarly,

Ishak (1952) correlated colour matching differences between
English and Egyptian observers with differences in the
optical density of the macular pigment. Thus, most inter-
observer variability in colour-matching can be accounted for
by differences in absorption of the ocular media and it can
be assumed that the majority of observers have essentially
the same mechanisms mediating colour perception. There is,
however, a significant proportion of the population (about
8% of men and 0.4% of women) who differ significantly fronm
'normal’. Thus they make c¢olour matches which lie outside
the normal range and their discrimination of colour is signi-
ficantly impaired, and they are therefore known as 'cclour

?°9“\N’{d 3 )

defective'(or)ﬁcolour blind! The commonest type of colour
deficiency involves discrimination cof the red-green spectral
colours and is congenital. It can take several typical forms
and such observers can be classified according to their colour
matching characteristics, in particular with respect to the
proportion of green and red lights they require to match a
spectral yellow. Such a match is known as a Rayleigh match
and is stable among normal observers, as the crystalline lens
and macular pigment are effectively transparent in that region

of the spectrum. Thus it is an effective method of classi-

fying red-green colour defective subjects:
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1.6.1 Dichromats

Dichromats can match any monochromatic light with a
mixture of only two matching stimuli, for example red and
blue. The two most common forms of dichromacy are protanopia
and deuteranopia, each occurring in 1% of the male population.
Both classes of observer confuse all spectral stimuli with
wavelength greater than 530 nm (see fig. 1.7a}). Protanopes
can bte distinguished from deuteranopes in that they are insensi-

tive to red lights; thus they need a very intense red light to

match a green light, and their overall photopic sensitivity
curve 1s displaced towards the blue end of the spectrum with
respect to the normal curve (Pitt, 1944), whilst the deuter-
anopic curve is shifted towards the red end (see fig.1.7b).
Young (1807) suggested that Dalton's defect (1798) was due to

a lack of the red mechanism. Rushton (1963, 1965) studied
the pigments of both protanopes and deuteranopes using fundus
reflectometry. He concluded that the red pigment'erythrolabe'
was absent from the retina of the protanopes and the green pig-
ment ‘'chlorolabe' was missing in deuteranopes. In other
words, protanopia and deuteranopia seem to be associated with

the lack of the red and green photopigments respectively.

1.6.2 Anomalous Trichromats

The commcnest type of colour defect is anomalous
trichromacy. Such observers require three primaries to match
any spectral coclour, but their wavelength discrimination is
impaired and their colour matching is abnormal. They are
classified according to their colour matching characteristics
into groups which correspond to the different types of dichro-

macy, i.e. protanomalous and deuteranomalous. They have
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reduced discrimination in the red-yellow-green part of the
spectrum and range from the nearly normal to the nearly

dichromatic.
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Fig. 1.7 a. Wavelength discrimination curves for
e deuteranopic, o protanopic, X normal subjects.
Just noticeable difference in wavelength,AX in
nm, is plotted against wavelength, A, in nm.

b. Photopic sensitivity curves for ® deuteranopic,
o protanopic and ¥ normal subjects. Relative
luminosity is plotted against wavelength A,

Each point is the mean of six observers.

Data taken from Wright, 1946.

Anomalous trichromats differ from dichromats in one
important respect in that they'do not accept metameric matches
made by normal observers, arfeature first noted by Rayleigh
(1881). Protanomalous observers require more red than

normal in a Rayleigh match, whilst deuteranomalous observers

require more green.




Nelson (1938) undertook a statistical survey of
anomalous trichromats using a Nagel anomaloscope, an
instrument which provides a bipartite field, one half a
monochromatic yellow of variable intensity, the other
half a mixture of red and green with variable red : green
ratio. The results of this survey, plotted as percentage
of observers against log red/green (fig. 1.8) show a con-

tinuous distribution curve with a dip on the deuteranoma-

lous side of normal.
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Fig. 1.8 Distribution of R/G ratio for the Nagel match.
Number of observers, as a percentage, is plotted

28

against the log. of the red : green ratio required

to match a fixed yellow,.
From Nelson, 1938.

The continuous form of this Nagel distribution curve

suggests that anomalous trichromacy is an intermediate state
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between normal trichromacy and dichromacy; Nelson con-
cluded that the symmetricél shépe of the deuterénomélous
maximum supported this idea, with a perferential state
corresponding to the position of the deuteranomalous

maximum. He also concluded, from detailed studies on
selected anomalous observers, that if the hue discrimina-
tion curves are taken as a guide to the degree of the defi-
ciency, then the other characteristics (such as the log R/G
ratio) cannot be treated as an obvious measure of the defect.

McKeon and Wright (1940) studied the characteristics of
eleven protanomalous subjects and found that although the
hue discrimination results yilelded a family of curves ranging
between that of the normal trichromat and that ¢f the protanope,
the luminosity curves varied little from observer to observer
and were in fact almost identical to that of the protanope.
They asserted that it was difficult to reconcile this result
with the, till then, usual conception that different degrees
of protanomaly arose from the magnitude of the red response
varying from one observer to another. This explanation of
anomalous trichromacy can also be rejected on the grounds that‘
a simple loss of sensitivity of one mechanism would not cause
an observer to reject a normal colour match,.

Two other explanations of anomalous trichromacy have
been proposed: the abnormal spectral sensitivity may be due
to an inert screening pigment, or to directional differences
of the cones (Stiles - Crawford effect). These explanations
were refuted by Alpern and Torii (1968) in a series of

~ QKSVJQ:‘V\Q/A'\ -Q..'V\? kot)w\s

experiments on protanomalous subjects, includinghfundus
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reflectometry and the trans-scleral illumination technique
of Brindley and Rushton (1959). The retina was illuminated
from behind by pressing the tip of a glass rod optical fibre
against the sclera to provide a red/green mixture and a
comparison yellow field. Protanomalous matches were still
too red despite the fact that the matching fields came from
bhehind the retina, thus eliminating the possibility that
the colour deficiency 1s due to any inert filter residing
somewhere between the cone outer segments and the cornea.
The only consistent explanation of anomalous trichro-
macy, thereforé, is that the absorption spectrum of at
least one cone mechanism must be different to that of the
cones in the normal retina.

1.7 Spatially Structured Stimulil

Psychophysical technigues can also be used to study
responses to spatially structured targets. The existence
of sizthuned mechanisms in the human visual system has been
inferred from a series of psychophysical experiments.
Westheimer (1965, 1967) has shown that the contrast threshold
for the detection of a small test spot of constant size super=-
imposed on a circular background of variable size increases
to a maximum and then decreases, indicating a receptive
field organisation with excitatory and inhibitory regions.
Similar antagonistic responses have been obtained from experi-
ments involving the visibility of various types of test
stimuli, including thin lines (Fioreniini and Mazzantini,1966),
rectangles of various widths (Thomas, Padilla and Rourke, 1969)

and squares (Bagrash, Kerr and Thomas, 1971). A highly



productive technique has been the use of square-wave and

sine-wave gratings as the visual stimuli, such as the

adaptation experiments described in the following section.

1.7.1 Contrast Threshold Elevation Effect

Adaptation to a high contrast, sine-wave grating

significantly raises the contrast threshold for detection
of a test grating of similar spatial frequency and orienta-

tion (Gilinsky, 1968; Pantle and Sekuler 1968, 1969:

Blakemore and Campbell, 1969a,b).This effect is illustrated

in fig. 1.9.
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Fig.1.9 Diagram showing the contrast threshold elevation
effect. a. Threshold illumination level for the
detection of a low contrast test grating, I, is
plotted against spatial distribution, x, both

before adaptation {(continuocus curve) and after
adaptation (dashed curve) to a high contrast
grating of the same spatial frequency as the test.
The inset shows the test and adaptation stimuli.
b. Threshold illumination for detection of the
test, I, is plotted against time after offset of

the adaptation stimulus (marked by the arrow).
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The effect is transient (fig.1.9b), with the elevation
of contrast threshold decaying back to its pre-adaptation
value over about one minute. The effect can egually well
be obtained with square-wave gratings, i.e. sets of light
and dark bars with light : dark ratio 1 : 1 and is specific
to bar width and orientation as shown in fig. 1.10

(Maudarbocus and Ruddock, 1973).
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Fig. 1.10-a.Relative threshold illumination level, I,
plotted against spatial frequency of the test,
f, in cycles/deg for five adaptation gratings
(spatial frequencies marked by the arrows).
From Blakemore and Campbell, 1969b,

b. Threshold illumination for detection of a
vertical test grating, I, plotted against
angle of orientation from the vertical, & ,
of the adaptation grating of the same bar
width as the test.

From Maudarbocus, 1973.

These results suggest that the mechanism responsible for

detection of a given test grating is affected by only a
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limited range of adaptation frequencies, and that maximum
threshold elevation is obtained when the test and adaptation
gratings have the same bar width and orientation.

The effect is observed for all resolvable gratings;
the amplitude is constant for spatial frequencies <15 cycles
/deg and falls off slowly for high spatial frequencies
(Maudarbocus, 1973) as shown in fig.1.11. It can be
dichoptically transferred, i.e. adapting one eye raises the

contrast threshold for a matched test grating in the other

eye. 1 1 T 1 T
LOG I
3k T ° -
2k .
N I I i 1 1
0 5 10 15 20 25

flc/°)

Fig. 1.11 Log threshold illumination level for detection
of a test grating, log I, plotted against
spatial frequency of matched test and adapta-
tion gratings.

From Maudarbocus, 1973.
These responses are non-wavelength selective and
correlate closely with the responses of single neurones in

the striate cortex observed by Hubel and Wiesel (1962, 1968)

described in section 1.4.3 (Maffei, Fiorentini and Bisti,

1973).
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Experiments on contrast threshold elevation to be
described in this thesis were all carried out on a 4-channel
Maxwellian viewing system. This apparatus was originally
constructed by Dr. V.A. Barbur, with several modifications
introduced by the present author. The wavelength discrimi-
nations and ¢olour matching experiments were performed/on
the Wright tristimulus colorimeter.

2.1 4-Channel Maxwellian Viewing System

A Maxwellian viewing system images a light source in
the eye's pupil, so that the viewing lens appears uniformly
illuminated. It has the advantage that whilst the retinal
illuminance attainable can be equal to that for direct
viewing of the light source, the area of the retina so
illuminated may be larger (Westheimer, 1966). The basic

arrangement used in this system is shown in fig. 2.1

T
L1 L2
A { P
Sourc {
]
l
!
Vv ' vV
{
Fig.2.1 A simple Maxwellian viewing system. Light from

the source is collimated by lens Ll and imaged on
to the pupil by L2. The target, T, may be any-
where between L1 and L2, the exact position
depending on the accommodation of the observer
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2.2 Qutline of the 4-Channel System
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Fig.2.2 The Maxwellian viewing system



37

In the 4-channel system (fig.2.2) the white light
source was a 150 W tungsten-halogen lamp, which was driven
by a 24V D.C. stabilised power supply, and was fan-cooled.
Fig. 2.2 shows the arrangement of beam-splitters (B.3S.) and
front-silvered mirrors (M) which provided up to four separate
channels. Collimating lenses (L1) on each side of the
source produced two parallel beams of light, propagating in
opposite directions. A beam splitter was placed in each beam,
thus providing the four channels. One channel was focused
on to the left eye, while the other three were eventually
recombined and focused on to the right eye. Artificial
pupils (P), of 2 mm diameter, were positioned in front of the
two eyes. The object planes (T1-4) were at the foci of the
final lenses (L2), thus providing virtual images at infinity,
but the targets could be moved if necessary to compensate for
any refractive error of the observer.

The intensity of each channel could be adjusted stepwise
by the experimenter by the insertion of neutral density
filters, and the intensity of beam 1 c¢could be varied in a con=
tinuous fashion by the observer, using a motor-driven,
acetate neutral density wedge (Kédak). The wavelength of each
beam could be controlled with interference filters (Balzer,
type B40, bandwidth#*5 nm). The target stimuli were
generated on microfilm, with programs written for the

ond pload o 1S e R,
University of London C.D.C. computegk These computed
patterns wergksgproduced on high contrast Kodalith film and

mounted in double-sided slide holders. The presentation

of targets to the observer was controlled using rotary
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solencid shutters (S), driven by a specially constructed
Timer unit in a pre-determined sequence. The observer's
head was maintained in position by means of a dental clamp.

2.3 Stabilised Power Supply

4 stabilised power supply which incorporated a current-
limited device was used to drive the white light source
(Nunn, 1978). This provided a steady 24V D.C. supply and
limited the output current to 10 Amps. Also included in
the design was a resistor/capacitor circuit which allowed a
gradual rise to maximum voltage when the equipment was
turned on and, similarly, a gradual decrease to zero when
it was turned off. This was to prevent sudden transients
occurring, thus lengthening the lifetime of the lamp.

2.4, Shutter Control Unit

A timer uniﬁ, based on timing elements type No. ZN
1034E and Darlington amplifier circuits, type No. ZN 6385,
was used to drive the electromagnetic shutters (Waterfield,
1980). Up to three shutters could be contreolled indepen-
dently, to determine the relative time of opening and rate
of opening of each. The required sequence could be pre-
set by the experimenter, and initiated by either the
experimenter or the observer by means of a control switch.

2.5. Neutral Density Wedge Drive

The neutral density wedge was connected, via gears, to
a linear co0il motor which could be driven in either direc-
tion, depending on the sign of the applied voltage. The
speed of the motor in either direction depended on the

variable resistors and was adjusted to be as slow as possible
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in the direction corresponding to decreasing intensity of
the target beam, thus enabling the observer to make accurate

threshold settings.
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Fig. 2.3 Schematic representation of the neutral density
wedge drive.

2.6. Data Recording Equipment

The intensity of the test beam was controlled by the
observer using the calibrated, motor-driven, neutral
density wedge. A 10-turn potentiometer, with a ccnstant
applied voltage, was connected via gears to the wedge. The
change in voltage from the potentiometer was displayed on a
digital multimeter (DANA, model 3800B) and printed out on a
digital printer (CREDSHIRE, model DP 100). The wvalue of
this change corresponded to the position of the neutral
density wedge and thus to the intensity of the target beamn.
The recordings were made on a sample and hold circuit
(Appendix &) which provided two print sequences, black type

or red type, and paper feed. These sequences could be
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initiated by the observer, using the appropriate switches

on a control box. A counter unit and buzzer were élso
incorporated into the circuit (Waterfield, 1980). This

was designed to count a fixed number of measurements, which
could be set between 1 and 9 at the beginning of the experi-
ment, and to produce an audible 20 m sec signal at the end
of each set of measurements.

The power supply to the wedge motor was kept completely
separate from the 5V supply for the recording equipment in
order to avoid signals generated in the sample and hold
circuit by the back emf from the motor.

2.7 Calibrations

The source intensity at the exit pupil was measured in

candelas with a digital photometer/radiometer unit (MACAM

approximatels
PR 3010) fitted with a filter which ‘Nnatches the CIE
photopic curve. The unit of retinal illuminance used

throughout this study is the troland, being the retinal
illumination level produced by a surface of luminance

1 cd/m2 viewed through a pupil of 1 mm> area, i.e. 10
lumens/sterad. visual angle. Retinal illumination levels
in trolands were obtained from the measurements in candelas
by multiplication by 106, and the logarithms of these values
were usually used.

The intensity of the individual beams could be reduced
using neutral density filters. These were Wratten gelatin
filters mcocunted between two plates of neutral glass and
were calibrated in situ using the photometer unit. ° The

monochromatic stimuli required for various experiments were
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provided by Balzer (type B40) interference filters, with a
ond o darss <i7 e% Rz, anoximanen Iros masii s

bandwidth of ¥ 5 nm A he spectral transmissions of the [iUcess

were <hecked on a Beckman recording spectrophotometer

{model DK 2). Fig. 2.4 shows the relative energy of the

spectral distribution emitted by the scurce through the

relevant interference filters, measured by positioning the

radiometer at the exit pupil of the system.
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Fig. 2.4. Spectral distribution of light emitted from the
The relative flux - transmitted through

source.
the relevant interference filters, in Watts / deg?,

"is plotted against wavelength, A , in nm.

The neutral density wedge was calibrated in situ using the

photometer unit, at approximately twenty positions along its

length. Fig. 2.5 shows the relative transmission of the

wedge plotted against the reading on the digital multimeter.

The wedge was calibrated using white light &s i+ wog

OOY\.'\QC\{:QC\ {.A\—YYQCHVQ_\& NL\A\’f&) xo(‘ wouue,\sznf)“/\.i 7 SDO mnn,
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Fig. 2.5 Calibration curve for the neutral density wedge.
Relative transmission, log I/I, , 1s plotted
against voltage, in mV.

The calibration is not completely linear, but was found to

be unchanged each time it was repeated.

2.8 Magnification of the System

It is possible to obtain a conversion factor for the
Maxwellian optical system which relates the object grating
bar width, x , expressed in mm, to the imaged grating bar
width, 4 , expressed in degrees of visual angle, and
the equivalent spatial frequency, f, (defined as l/2d) in

cycles /degree.
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Fig. 2.6 Schematic diagram showing the magnification of

an object (1 mm) by the final lens L2.
The magnification of the system can bte calculated by placing
a known object (1 mm) at the focus of the final lens L2 and

measuring the image size (Dmm) at a distance 'a' (usually 100

mm) away from L2. Then,
-\
& = Ltan D
v
Lo

Ehl L= deg/mm in object space, i.e,. each degree = L/ég.mm
If x mm is the object grating bar width, then the imaged
grating bar width, d = x€37i degrees of visual angle.
Thus, the spatial frequency of the grating stimulus, f,

' , 1.e. £ = L'l &- cycles/
/2xe=r/l. /x N degree.

is given by

The conversion factor for the system, therefore, is

Actual measurements on the system reveal that (/éE%r= 2.05.
‘ mm/deg.

2.9 Experimental Procedure

ywm&¢g-uaaue%auV\
Adaptation effects for linearﬂgratings of different
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spatial frequencieé (where spatial frequency 1s defined as
the inverse of twice the grating bar width) and wave=-
lengths are approximately equal, provided that the S“A{TS
illuminations are set at the same suprathreshocld levél
(Maudarbocus and Ruddock, 1973). Threshold iliumination
levels for detection of different monochromatic gratings
and spot matrices were determined by reducing the illumi=-
nation of the target until it was just no longer visible.
The illumination level could then be raised to a required
suprathreshold level by removing the appropriate neutral
density filters.

In all the adaptation experiments, the observer was
initially adapted for two minutes, after which the shutter
mechanism was operated allowing the test to be presented
for 2 seconds. The transient nature of the adaptation
effect is such that the adaptation sﬁimuli must be viewed
cyclipally with the test stimulus, in order to maintain the
maximum effect. Thus, after the initial 2 minute period,
the adaptation and test stimuli were presented alternatély
for 15 s and 2 s respectively. In general, the adapta-
tion stimuli were éither sqgquare-waveform gratings or spot
matrices ¢f » 98% contrast. The test was composed of a
near threshold grating structure superimposed on a uniform
field, the illumination level of which was equal to that of
the adaptation stimulus (fig. 2.7). Thus when the test
and adaptation stimuli were alternated, there was no
change in the average retinal illumination level, and

hence in retinal adaptation.
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v

~

Fig. 2.7 Schematic diagram showing the illumination profile
of a. the test stimulus and b. the adaptation
stimulus. Illuminance, log I, is plotted as a
function of spatial distribution, x.Log Ig is the
illumination level of the uniform field component
of the test and alsoc the average illumination
level of the adaptation grating.

The observer was instructed to view the test when it
appeared and to decide whether or not the structure was visible.
If he cculd detect the target he reduced the illumination level
of the structured component of the test, using the motor-driven
neutral density wedge, and continued in this manner until the
threshold setting was reached, i1.e. until the test
structure was just no longer visible. The position of the
wedge, corresponding to threshold illumination, Log I;, was
then recorded by depression of the appropriate switch on the

control box. Finally the wedge was reset to a random

position and the process repeated four or five times to
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obtain an éccurate measure of the threshold and an estimate
f the standard error.

Similarly, threshold illuminaticn Log It was measured
after adaptation to a uniform field of average illumination
level equal to that of the adaptation grating or spot matrix.
This threshold level was subsequently subtracted from all
other threshold measurements in the same experimental run, so
that Log I, = O after adaptation to a uniform field

provided a base line for the data.

The Wright Colorimeter

2.10 General Outline

Wavelength discrimination, spectral sensitivity and
colour matching experiments were ﬁerfofmed on the Wright
colorimeter (Wright, 1946). This is a versatile optical
system illustrated in fig. 2.8, which provides a bipartite
field; one half écnsisting of up to three near-monochromatic
matching stimuli and the other of a near-monochromatic test
stimulus.

The 100V quartz-halogen source, S1, is focuassed on to
the slit of a collimator and a parallel beam of light
produced by L2. This beam passes through the upper half

f the two 60o prisms Pl and P2 and is split into two by'
the dividing mirror, D, shown in fig. 2.9. '

Half of the incident beam is reflected by P; and
is focused as a spectrum in Wl, the other half passes
through P, and is focused at W2. Reflecting prisms, R,
are mounted in W1l and W2 and cause selected compopents of

the beams to retrace their paths, but at a slightly lower
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The Wright colorimeter.
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level. Light from Wl 1s reflected by qq,and light from W2
passes through P both beams again going through the dis-
persing prisms Pl and P2, thus neutralising the original
dispersion and making the two beams parallel. The two
vertically displaced beams are reflected onto the photometer
prism, P3 (fig. 2.10), which provides a sharp edge between
the two halves ¢of the field, then pass through the rectan-
gular aperture, i, and are finally focused onto the exit
pupil. The bipartite field as seen by the observer, whose
head is maintained in position by use of a dental clamp, is

shown in fig 2.11.

// P
// 77

Fig. 2.9 The Divided Mirror, D, viewed from the source

side.
/ > w2
W1~ Y W1
N /
W2 T

Fig. 2.10 Side view of the photometer prism, P3, showing how
the two beams, W1 and W2, are brought to a sharp

edge
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Fig. 2.11 The bipartite visual field of the cclorimeter,
as viewed by the observer.

The intensity of the three matching stimuli can be
controlled by the observer by manipulating control knobs
that are connected via pulleys to the three photometer
wedges, M, mounted in front of the reflecting prisms

in the W2 spectrum (fig 2.8). A secondary source, 32,
and a rotating sector S, are available for flicker photo-
metric experiments.

2.11 Calibration of the Colorimeter ~Wavelength

The prisms and wedges in W1l and W2 were mbunted on a
horizontal bed marked with a linear scale, along which the
prisms could be moved, and the wavelengths of the dispersion
spectrum corresponding to‘differentlpoints on the linear
scale were calibrated with spectral line sources. The
source Sl was removed and a mercury lamp put in its place,
thus producing spectral lines at W2 and Wl. The two scales
were calibrated separately by moving the reflecting prisms
along until the observer could detect one of the mercury

lines and the corresponding scale reading was recorded.

W 2
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Cadmium and sodium lamps were also used to give readings over
the full range of the spectrum and thus increase the accuracy

of the calibration, which is shown in fig. 2.12.
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Fig. 2.12 Calibration curves for the dispersion spectra.

Scale reading, x, is plotted against wavelength,% .
Cauchy's dispersion equation, equation 2.1, gave a reasonably
good representation of the graphs obtained and was used to
generate values of x for wavelengths between 400 nm and 700 nm.
B + C_ Equation 2.1
SN

where n is the refractive index of the medium, i.e. glass,

n = A +

and is proportional to the scale reading, x. A, B and C are
constants, and )\ is the wavelength of light at position x.

Photometer Wedges
The three photometer wedges were calibrated in situ by means
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of a photomultiplier (EMI, type 9558) placed at the exit
pupil of the colorimeter. Fig. 2.13 shows the cali-

bration data for all three wedges, set at 650 nm, 530 nm

and 460 nmn.

Log I ‘ ' ' '
Ll R G !
i . .
2+ A
O 1 { i }
5 10 15 20 25

X

Fig. 2.13 Calibration curves for the three photometer
: wedges. Log transmitted illuminance, I,
is plotted against wedge scale reading, x.
Wedges calibrated: R  at 650 nm, G at
530 nm and B at 460 nm.
N.P.L. colisraka A

Thekphotomultiplier was also used to obtain the spectral
output of the source, S1, measured at the exit pupil (fig. 2.14)

2.12 Experimental Arrangement for the Bleaching Experiment

The bleaching experiments required the introduction of
ancther white light source , S3; thus a 150V D.C. quartz-
halogen lamp, driven by the stabilised power supply described

in section 2.3, was introduced into the system as shown in

fig. 2.15
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Fig. 2.14 Spectral output of the source, Si. Log

relative irradiance, E, is plotted against
wavelength ,A in nm.
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Fig. 2.15 Modification to the Wright colorimeter:
described in text.

52



53

Light from the source S3 is collimated by L6, reflected onto
the final lens L7, and combined with the bipartite field by
a beamsplitter, B.S. Neutral density filters can be
inserted to control the intensity of the bleaching field and
broad band gelatin filters used to select the required
colour. The combined fields as seen by the observer are
shown in fig. 2.16. Manually controlled shutters SH1 and
SH2 were used to control the presentation of the stimuli to

the observer.

red+green matching stimuli

580nm test stimulus

3
/7

10° bleaching field

T

Fig. 2.16 Field configuration for the bleaching
experiments.

2.13 Experimental Procedure

Wavelength Discrimination

Wavelength discrimination was measured using the bipartite

field illustrated in fig. 2.17.
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Fig. 2.17 Bipartite field arrangement for wavelength
discrimination experiments.

Both halves of the field were set at a wavelength,A s Dy
the experimenter, two of the reflecting prisms in W2

(fig. 2.7) being blocked off. The observer was instructed
to increase the wavelength of the lower half, using a knob
connected to the wedge in Wl by a series of weights and
pulleys, until he could just detect a difference between

the two fields. He then adjusted the intensity of the top
half by moving the photometric wedge in front of the
reflecting prism in W2, to see if by so doing he could

again make the two half fields look identical. If he could
do so, the procedure was repeated until it came to the point
where no manipulation of the intensity of the top half
could make the fields appear identical. This change in
wavelength, AN , is then a measure of the just noticeable
wavelength step, at wavelength A .The measurement was
repeated three or four times to obtain a reliable average.
Values of.x ranged from 460 nm to 660 nm, mostly at 20 nm

fixoda

intervals. The observers were instructed not to N
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the fields for too long as this greatly impaired their
discrimination.

Photopic Sensitivity Curves

Spectral sensitivity curves weré measured using the
secondary white light source, S2, shown in fig. 2.7. The
bottom half of the field, from the Wl spectrum, was

blocked off, as were two of the beams from W2. A rotating
90o sector coated with magnesium oxide intercepted the beam

o
such that the observer saw a monochromatic 40' x 1 20°

field of wavelength A , flickered alternately with a white
light. The observer was instructed to change the
intensity of the monochromatic light, by moving the photo-
metric wedge, until the flicker either disappeared or was
reduced to a minimum. This setting was taken to be where
the luminances of the two lights were equal. The measure-
ment was repeated three times so fthat an average value
could be obtained. The wavelength,,x , of the monochro-
matic light was changed until the spectrum from 440 nm

to 680 nm had been covered in 20 nm steps. The intensity
of the white light was kept constant, except for compari-
son with the extremes of the spectrum which required the
insertion of calibrated neutral density filters in front
of the source S2. The intensity settings, I, , for

each wavelength were weighted for the spectral output of
the primary source at that wavelength, E) (fig.2.14), and

the sensitivity, S, , was given by the inverse:

Equation 2.2
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Colour Matching

Colour matching experiments were performed with the bipartite
field illustrated in fig 2.11. In the present study the
colorimeter was used for Rayleigh matches only, i.e. a test
stimulus of 580 nm, with matching stimuli of red (650 nm)

and green (530 nm). The observer viewed the field and was
instructed to match the two halves for colour and bright-
ness by varying the intensities of the red and green

matching stimuli.

The bleaching experiments are described in Chapter 4.
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3.1 Introduction to Shape Selective Adaptation Experiments

Post-receptoral responses can be investigated by adap=-
tation methods, as explained in chapter 1 (Gilinsky, 1968;
Pantle and Sekuler, 1968; Blakemore and Campbell, l969a‘b}
Maudarbocus and Ruddock, 1973). These experiments, which
employ grating stimuli, reveal binocularly controlled
mechanisms characterised by orientation and width selective
responses. In experiments with two-dimensionally structured
stimuli, where both the length and width of the bar elements
were varied, it was shown that there are two classes of
response mechanisms; one tuned to the length of the bars
and one that is independent of length (Burton and Ruddock,
1978). The mechanisms which are tuned to bar length
determine the adaptation responses for "short"bars, for
which length : width ratio is less than three, and which are
monocularly driven. The second class of response mechanism
determines responses for bars with length : width ratio

greater than 3 and is binocularly controlled.

The work described in this chapter is based on the con-
trast threshold elevation effect (see chapter 1), where
adaptation to bright, 100% contrast gratings raises the
threshold for detection of a low-contrast test grating of
similar spatial frequency and orientation, relative to the
threshold obtained after adaptation to a uniform field of the
same mean illumination. This is illustrated in fig. 3.1l:
fig. 3.la shows the stimulus configuration and fig. 3.1 ,

point a, shows the threshold illumination level, log It, for
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detection of the test grating after adaptation to the grating
stimulus of mean illumination level Ib' This threshold
level is typically some 0.3 log units greater than the value
found after adaptation to a uniform field of the same mean
illumination, Iy. In the experiments to be described here,
the test grating consisted of a 100% contrast grating of low
mean illumination, superimposed on a uniform field of the same
mean illumination, Iy, as the adaptation grating. When the
test and adaptation gratings are matched for orientation and
bar width, threshold elevation is observed for a wide range
of bar widths (fig.l1.10a), e.g. using sinusoidal gratings,
Maudarbocus (1973) found that the amplitude of the elevation
effect was approximately constant for spatial freqguencies up
to 15 cyles/deg. (fig.1l.11l), after which there is a slight

reduction as spatial frequency increases to 24 cyles/deg.

The adaptation effect is transferred interocularly,
i.e. adaptation of the left eye raises the threshold for
detection of a matched test grating presented to the right
eye and vice versa (fig.3.lb; fig.3.1 , point b), although
there is a slight reduction in the amplitude of the effect

for dichoptic presentation as opposed to monoptic presenta-

tion of the test and adaptation gratings.

Simultaneous adaptationof both eyes does not increase
the adaptation effect by summation, but on the contrary
reduces the amplitude of the effect (fig.3.lc; fig.3.1 ,
point c). Wigley (1977)investigeted the characteristics of this

inhibitory effect by measuring the threshold for detection of
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Fig. 3.1 a-e 1llustrate the various configurations of the
adaptation stimuli (AG and AM) and the test stimuli
(TG), presented, as shown, to the right eye (RE)
and left eye (LE) of the observers.
f, is a schematic representation of the threshold
illumination level required for detection of the test,
log Iy, after adaptation to each of the configura-

tions a-e. Log I+ = 0 is the value obtained after
adaptation to a uniform field presented to the
right eye. '

the test grating presented to the right eye after simultaneous
adaptation of both eyes; the right to a grating matched in
bar width and orientation to the test and the left to a

vertical grating of variable bar width (fig.3.2).
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Fig.3.2 Values of the threshold illumination level for the
detection of a test grating (TG) presented to the
right eye, log I, plotted against spatial fre-
quency of the variable adaptation grating (VAG)
presented to the left eye. Results are plotted
for five spatial frequencies of the test grating,
marked in cycles/deg. For each value of
ftg = fag, log I¢ was also determined in the
absence of any stimulus presented to the left eye,
and these values are plotted as circles to the
right of each plot. The inset shows the stimulus
configuration.

From Ruddock and Wigley (1976)

These results show that an adaptation grating of spatial



62

frequency between 1 and 4 cycles/deg. presented to the left
eye significantly reduces the contrast threshold elevation
effect exerted by an adaptation grating on a test grating in
the right eye. This holds for all spatial frequencies of
the test and adaptation gratings presented to the right eye.
A similar response can be observed (fig.3.1le; fig.3.1 ,
point e) when the left eye is adapted to arrays of spots

arranged in a matrix (fig.3.3).
| 1 I ' 1B i

-
t ..éc:‘fi----
1 | °

_ N
/D\D -

0.2

00 -
| ] }
0 2 & 6 3 10
SPATIAL FREQUENErm(CﬂQES/deg
Fig. 3.3 Values of log threshold illumination |

level, log I, plotted against spatial
frequency of the adaptation matrix
presented to the left eye. The dashed
line represents the value of log It found
in the absence of the spot matrix, and

log Iy = O gives the value found after
adaptation to a uniform field in the right
eye.,

Each set of data refer to a different
matrix wavelength: ® 636 nm, O 610 nm,
A 470 nm and ® 440 nm.

The matrix was of positive contrast, i.e.
bright spots on a dark background. The
test and adaptation gratings were of bar
width 5.7 min. of visual angle (correspon-
ding to a fundamental spatial frequency of
5.26 cycles/deg.) and wavelength 636 nm.

From Hendricks, Ruddock and Waterfield, 1982.
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The binocular interaction associated with coarse linear
gratings in the left eye is not wavelength dependent (Wigley,
1977), but becomes so when the stimulus presented to the left

eye 1s a matrix of spots, as can be seen in fig. 3.3.

3.2 Wavelength Dependent Post-Receptoral Response Mechanismg’
General Characteristics obtained in Previous Experiments

These colour-selective adaptation responses were investi-
gated by Waterfield (1980) using a matrix of spots as the
adaptation stimulus presented to the 1eft eye, and a grating
adaptation stimulus and a grating test stimulus presented to
the right eye. The spots were of diameter 9.3 min.of arc,
which corresponds to a fundamental spatial frequency of 3.23
cycles/deg. and gives the minimum value of log It (fig.3.3).
A1l stimuli were near monochromatic, with the wavelength of
the adaptation matrix,)\ , providing the variable parameter.
The illumination levels of the adaptation stimuli were set at
4.5 log units above threshold for their detection and the
general experimental procedure is described in chapﬁer 2.
Threshold for detection of the test grating, log I¢, was
measured as a function of A , the matrix wavelength, and
three classes of spectral response were observed, each

associated with a different matrix geometry (fig 3.4).

These responses can be obtained with any test wave-
length, except that the response illustrated in fig.3.4c
is restricted to blue test gratings only, i.e. the spectral
responses are independent of the wavelength of the matched
test and adaptation gratings presented to the right eye
and must therefore be associated specifically with the

binocular interaction elicited by the matrix.



Fig.

3.

64

Log threshold illumination, log It, for
detection of the test grating plotted
against matrix wavelength, A

The test znd adaptation gratings were of
bar width 5.7 min. of arc in a and b and
10 min. of arc.in ¢, and the matrix spot
diameter was 9.3 min. of arc in a and b
and 15 min. of arc in c. The adaptation
matrix consisted of:

a, bright spots on a dark background,
i.e. positive contrast

b, dark spots on a bright background,
i.e. negative contrast

¢, bright spots on a dark background,
with the test grating presented on
a yellow (580 nm) background.

The dashed lines represent the values of
log It obtained in the absence of the
matrix and log It = 0 corresponds to the
value found in the absence of structured
adaptation. The different plots refer
to different subjects.

From Hendricks, Ruddock and Waterfield, 1982.
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These experiments show that it is possible to isolate three
independent post-receptoral spectral mechanisms in the human
visual system. It should be noted that although in most
cases the effect of the matrix is to reduce the effect
associated with the adaptation grating presented to the right
eye, i.e. log I, is reduced, in certain cases (i.e. for

A< 500 nm in fig. 3.4a) log It is increased relative to
the value found for the grating alone. In the cases where
log Iy is reduced, the matrix essentially inhibits or
suppresses the effect of the adaptation grating, whereas
when log It is increased, the adaptation’stimuli interact in
an excitatory or summating manner. The variation of thresh-
0ld illumination with change in illumination of the matrix
pattern was determined for wavelengths,% , which produced the
the greatest change in log It from the value obtained for the
adaptation grating alone. Results for the positive contrast
matrix are shown in fig. 3.5, in which log It is plotted

against matrix irradiatiocn level, log Em.

Log I+ varies approximately linearly with log Ep over
the range 1.5 to 4.5 log units above threshold for detection

of the adaptation matrix.

The wavelength dependent data of the kind illustrated
in fig. 3.4 and the luminance dependent data illustrated in
fig. 3.5 can be combined to give spectral response functions,
as illustrated in fig. 3.6. The data of fig 3.6a shows
schematic wavelength dependent responses for a fixed matrix
illuminaticn of 4.5 log units above threshold, corresponding

to irradiation levels W, at wavelength A
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Fig. 3.5. Log threshold illumination level for detec-
tion of the test grating, log I¢, plotted
against log irradiation of the adaptation
matrix, log Ep. Also shown is the corres-
ponding retinal illumination level of the
matrix, log Ip, expressed in log trolands.
Each point is the mean of thirty measure-
ments.

O data for matrix wavelengths which
reduce log It relative to the value obtained
when Ep = O (dashed line).

@® data for matrix wavelengiths which increase
log It relative to the value obtained when
Em:O.

The average illumination level of the
adaptation grating presented to the right
eye was constant and equal to 3.5 log
trolands.

From Hendricks, Ruddock and Waterfield, 1982.
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On the assumption that the relation between log It and log
Ep is similar for all matrix wavelengths which decrease
log I¢,and, separately, for all those which increase log I¢,

fig.3.6b can be constructed {(this applies to matrix wave=-

lengths,)\ , wWwhich decrease log It and a similar figure can
be drawn for values of A which increase log Ig),. The posi-
tions of the plots for different matrix wavelengths,ax\, etc,

are determined by the known. values WA,’ etc, marked as
crosses on fig. 3.6b. The sensitivity, Sxﬂ etc, of this
response mechanism at a given thresheld, log I¢, is then
given by,

Log SAf - Log Ek| Equation 3.1

where EA’ etc. are the irradiation values which yield the
t

same value of log I¢ for different matrix wavelengths,),, etc.

Fig. 3.6a Schematic wavelength dependent responses for
a positive contrast matrix of fixed illumina-
tion level 4.5 log units above threshold,
corresponding to irradiation levels Wjx at
wavelength X . Threshold illumination level,

log It, is plotted against wavelength, A
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Fig. 3.6b Schematic luminance dependent responses for

different matrix wavelengths, marked \,, Ag,
A3, Threshold illumination level, log It,

is plotted against matrix 1rrad1atlon, log Ep.
The values of log Wx, Wx,, Wxay for wavelengths
Ay A2, Az are marked as crosses. E; ,
Eo , E3 are the irradiation values which
yield the threshold value (log It)g,

The resulting normallsed spectral sen51t1v1t1es, derived in
this way from the experimental data of fig.3.4 a,b,c, .

are shown in fig. 3.7 a,b,c.

These spectral sensitivity functions can be represented as

linear combinations of the Stiles (1959)- 1 -mechanisms:-

Sy = g — Ty
S, = Ty — 0.337T7g
S3 - TT‘

The computed sensitivities are plotted as broken lines for.
comparison with the experimental data on fig. 3.7.

The sensitivities of these respdnse mechanisms are remarkably
similar to those obtained by Sperling and Harwerth (1971)
from behavioural studies on macaques, following spectrally
selective bleaching of the different cone photopigments with
coloured lights. = They showed that spectral sensitivity in
the primate eye <can be regarded as the upper envelope of

three spectral sensitivity functions, namely

channel 1: 83 — T4

channel 2: S5 Ty — 0.31¢
channel 3: S5 = 7T,
These three channels correspond to the three chromatic

mechanisms observed in this psychophysical study.
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The spectral sensitivity profiles of the
three response mechanisms. Normalised
sensitivity is plotted against wavelengthA\.
The continuous lines are the experimental
profiles, showing the best mean fit to the
data obtained from figs. 3.4 and 3.5

using equation 3.1. The dashed lines

are computed profiles based on linear
combinations of the Stiles 7TV - mechanisms:
a, Wg—-TTy 3 b;"TL\-—O'33T\'s',’

c, 1T,

From Waterfield, 1980.

70



71

The following conclusions can be drawn from these experi-
ments:
(1) The threshold for detection of the test grating
depends upon the wavelength of the spot matrix used to
adapt the left eye (fig. 3.4). In most cases, the presence
of the spot matrix inhibits the effect of the adaptation
grating. In a few cases, however, (A< 500 nm for the posi~
tive contrast matrix) the matrix increases the effect.
(2) The results obtained for three subjects with normal
colour vision demonstrate three independent classes of
spectral response, with maximum sensitivity at 600 nm
(S;), 530 nm (S,) and 450 nm (S3).
(3) The S5 respOnse'closely follows the blue-sensitive
1T, -~ mechanism (Stiles, 1959), whilst the other two responses
are narrow=-band and can be fitted by linear combinations of the

green-and red-sensitive cone mechanisms.

The data of fig. 3.4 were obtained with all the adapta-
tion stimuli set to the same suprathreshold level. The
derivation of the spectral sensitivity functions depends,
however, on the assumption that the relationship between

log It and the matrix irradiation, log Ep, is independent of

X. New experiments were performed to check this point by

direct measurement.

3.3 Redetermination of the Spectral Responses

In order to examine more systematically the dependence
of the binocular adaptation effect on the irradiation level
of the adaptation matrix, and hence to determine the spectral
responses, measurements were made with the 4-channel Max-

wellian viewing system described in chapter 2.
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The stimulus configuration is shown in fig.3.8, and measure-
ments were made for both positive and negative contrast

matrices.

L E RE
— 37— ¢ 3
i
AM : A G
—2'5—
T6

Fig.3.8 Schematic diagram showing the stimulus
configuration used in these experiments.
The adaptation matrix (AM) and adaptation
grating (AG) were viewed binocularly.
The test grating (TG) presented to the
right eye (RE) consisted of a low contrast
grating superimposed on a uniform field of
mean illumination level equal to that of the
adaptation grating.

The adaptation and test gratings presented to the right eye
were of a fixed bar width, equal to 5.0 min. of arc (corres-
ponding to a fundamental spatial frequency of 6.0 cycles/deg)
and wavelength 656 nm, and the spot matrix diameter was 9.5
min of arc (fundamental spatial frequency 3.16 cycles/deg)

and wavelength M. The illumination level of the adaptation
grating was kept at 4.0 log units above its threshold detec-

tion level, whilst the matrix illumination level was varied
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between its threshold level and a level of 5-6 log units above
threshold. The test consisted of a grating of low illumina-

tion superimposed on a uniform field of mean illuminance equal
to that of the adaptation grating.

The observer was initially adapted to the grating and spot
matrix for two minutes. The stimuli were viewed binocularly
and appeared spatially <coincident. Consequently, there was
a degree of binocular rivalry, a phenomenon which in itself
does not influence detection threshold levels (Blake and Fox,
1974) nor the adaptation effect (Ruddock and Wigley, 1976).

oand k@HUW'BJ‘
The experimental procedure is described’in chaper 2  During
each experimental session the matrix wavelength was kept fixed
and threshold illumination for detection of the test grating,
log Iy, was measured for different matrix irradiations, log En.
Data obtained for matrices of bright spots on a dark background
(positive contrast) are illustrated in fig 3.9. Corresponding
data for matrices of dark spots on a bright background (negative

contrast) are shown in fig. 3.10.

The data of figs. 3.9 and 3.10 show that for those values
of A which produce a significant change in log It, the response
curves are roughly parallel:- and saturate at different values
of log It. In each case, the saturation level of Ep corres-
ponds to a level of approximately 4 log units above detection
threshold for each spot matrix wavelength. The spectral
sensitivity, Sp , for this binocular response is defined as
(&mal , where (Ep)y is the matrix irradiation level

required to produce a given threshold level (log It)y rfor

matrix wavelength A, and values of S) were obtained for

four different threshold levels, denoted 1-4, as marked on

figs. 3.9 and 3.10.
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Fig. 3.9 Log threshold illumination level for the
detection of the test grating, log I,
plotted as a function of matrix irradiation.
The adaptation matrix was of positive con-
trast and each set of data, denoted by a
different symbol, refers to a different
matrix wavelength, as marked in nm.

Log It = 0.3 is the threshold level when
there is no adaptation stimulus presented
to the left eye, and log It = 0 is the
threshold level when the adaptation grating
in the right eye is replaced by a uniform
field of the same mean retinal illuminance.
Each data point is the average of seven
measurements and the average standard error
is marked.

Subject IMB.

Fig.3.10 As in fig. 3.9, but the adaptation matrix
is of negative contrast.
Subject IMB.

For a given threshold level, (log It)R, a line is drawn

parallel to the log Ep axis, and (Em)x for a particular
matrix wavelength is found at the point where this line
and the data curve intersect. Values of log Sy
calculated in this way for the four different values of
»(108 It)p are plotted against A in fig 3.lla,b.

The data of fig. 3.1la, b are consistent with those
of fig. 3.7a,b, i.e. they reveal two narrow-band functions
with peaks at 600 nm and 530 nm. The spectral sensitivity
curves become progressively narrower as (log Ig)g decreases,
due to the different saturation values of log It for different
wavelengths. Thus, it is only possible to obtain sensitivity
functions covering a significant spectral range for small
adaptation effects, i.e. for (log It)g close to its value in

the absence of the matrix presented to the left eye.
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Fig.3.11

(o

Normalised spectral sensitivity, log S ,
plotted against matrix wavelength , A .

Response curves derived from data of fig.
3.9, i.e. positive contrast matrix con-
figuration, and normalised such that

log Sx = O at AN = 600 nm. Each curve,
denoted by a different symbol and
reference number, defines log Sp for a
different value of (log It)R namely:

(1) 0.27

(2) 0.225
(3) 0.175
(&) 0.125

Response curves derived from data of

fig. 3.10, i.e. negative contrast matrix
configuration, and normalised

such that log Sx = C at A = 531 nm.

Each curve defines log Sx for a different
value of (log It)R namely:

(1) 0.25
(2) 0.22
(3) 0.19
(4) 0.16

Subject IMB
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3.4 Binocular Organisation of the Response Channel

which mediates the Inhibitory Interaction

The adaptation experiments described in section 3.1
reveal two classes of response mechanism; one orientation
selective and binocularly controlled, and the other non-
orientation selective and monocularly controlled.

Naghshinen and Ruddock (1978) showed that with monocular
viewing, it is possible to raise the threshold for detection
of a test grating with an adaptation spot matrix of spot
diameter equal to the grating bar width, although the re-
verse 1s not possible,. The experiments described in this
section were designed to investigate the stimulus require-
ments for the production of the inhibitory interaction, by
using different combinations of the spot and grating adap-
tation stimuli presented to the two eyes.

The observer was required to set the threshold for
detection of a test grating of spatial frequency 7.4 cycles/
deg. and wavelength 635 nm presented tc the right eye, after
adaptation to a grating or spot matrix, matched in spatial
frequency and wavelength to the test, presented to the right
eye, and a grating or spot matrix df wavelength 600 nm and
variable spatial frequency, f, presented to the left eye
(see fig. 3.12 a-d , insets). The spot matrices were of
positive contrast only, and the wavelengths were chosen from
fig.3.4a to obtain the maximum inhibitory interaction, i.e.
the minimum value of log Iy, The adaptation stimuli were
all set to an illumination level of 4 lqg units above
detection threshold. The test stimulus was composed of a

low illumination grating superimposed on a uniform field
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which was of the same average retinal illumination as the
adaptation stimulus presented to the right eye. The experi-
mental procedure is described in chapter 2 and the results are
shown in fig 3.12; 1log Iy is plotted against spatial fre-
quency of the stimulus presented to the left eye, and the
adaptation configurations are 1llustrated on each diagram.
Thus, for fig. 3.l1l2a the left eye is adapted to a matrix of
spots and the right eye to a grating; for fig.3.12b the

left and right eyes are adapted to gratings; for fig.3.12¢
the left and right eyes are adapted to matrices of spots;

for fig.3.12d the left eye is adapted to a grating and the
right eye to a spot matrix.

The data of fig.3.12 show that the threshold for
detection of the test can be raised monocularly by adap-
tation to a spot matrix as well as by adaptation to a
grating (which confirms the results of Naghshineh and
Ruddock, 1978), and that this adaptation effect can be
inhibited by the presentation to the other eye of a spot
matrix or grating of spatial frequency between 1 and 4
cycles/deg. This inhibitory interaction is observed with
either a spot matrix or grating of the appropriate spatial
frequency, presented to the left eye, combined with either
a spot matrix or grating presented to the right eye.

Naghshineh and Ruddock (1978) showed that it is possible

to raise the threshold for detection of a spot matrix by

monocularly adapting to a matrix of the same spot diameter as
the test, but that no corrésponding dichoptic adaptation

occurs. It was therefore of interest to discover whether it

is possible to influence this monocular adaptation effect for

a spot matrix with an adaptation stimulus presented to the
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Fig.3.12

Log threshold illumination level for
detection of the test grating, log It’
plotted as a function of the spatial
frequency of the stimulus presented to
the left eye, f. The different
adaptation configurations for a-d are
illustrated on each diagram. The

test grating and adaptation stimulus
presented to the right eye are of

spatial frequency 7.4 cycles/deg.

and wavelength 635 nm, and the adap-
tation stimulus presented to the left

eye is of wavelength 600 nm. The dotted
line is the detection threshold in the
absence of the adaptation stimulus in

the left eye, and log Iy = 0 is the
threshold after adaptation to a uniform
field. Each point is the average of
five measurements and the error bars show
the standard deviation from the mean.

B subject IMB : O subject IPB

other eye. An experiment ﬁas therefore performed in which
the observer was required to set the threshold for detection
of a spbt matrix of spatial frequency 7.6. cycles/deg. and
wavelength 635 nm presented to the right eye, after adap-
tation to a spot matrix matched in spatial frequency and
wavelength to the test presented to the right eye, and a
spot matrix of wavelength 600 nm and wvariable spatial
frequency presented to the left eye (see fig.3.13, inset).
The same conditions were observed as in the previous

experiment and the results are shown in fig. 3.13.
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Fig.3.13 Log threshold illumination for detection
of the test matrix, log I¢, plotted against
the spatial frequency of the matrix presented
to the left eye. The test and adaptation matrix
presented to the right eye were of spatial
frequency 7.6 cycles/deg and wavelength
635 nm. The dotted line is the detection
threshold in the absence of the adaptation
stimulus presented to the left eye. Each
point in the mean of five measurements and the
error bars show the standard deviation. The
adaptation configuration is shown in the inset.

B subject IMB: O subject IPB

It can be seen from fig.3.13 that no binocular interaction is
observed when the test is a two-dimensional matrix structure.
Wavelength dependent responses, of the Kind shown in

fig.3.4, have previously only been observed when the coarse
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stimulus presented to the left eye was a matrix (the config-
uration illustrated in fig.3.l2é). Wa&elength selecti#e
cortical cells tend to have circularly symmetric receptive
fields (Gouras, 1974). It is possible, therefore, that
wavelength dependent inhibitory responses may be elicited
by a coarse grating structure when the adaptation stimulus
presented to the test eye is a matrix (the configuration
illustrated in fig.3.l124). This was checked in an experi-
ment similar to thes ones previously described in this section,
where the threshold for detection of a test grating of 7.4
cycles/deg. and wavelength 635 nm is measured after adap-
tation to each of the four stimulus configurations illus-
trated in fig.3.12. The spatial frequency of the structure
presented to the left eye was chosen from fig 3.12 to give the
largest inhibitory effect, i.e. the smallest value of log Iy,
threshold measurements were made for two different wave-
'lengths, 524 nm and 600 nm. The adaptation stimulus

presented to the right eye was matched in spatial freguency

and wavelength to the test. The results are shown in table
3.1.
As in fig. EE EE Log If{(A= 600nm) Log Ie(N= 524 nm)
3.12a Matrix Grating .13 .31
3.12b Grating Grating .14 .12
3.12¢c Matrix Matrizx .11 .25
3.128 Grating Matrix .20 .23
Table 3.1 Threshold illumination levels for detection of

the test, log Iy, are given for the four
different adaptation stimulus configurations,
listed in columns 2 and 3. The test and
adaptation stimuli presented to the right
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eye (RE) were of spatial frequency 7.4
cycles/deg. and wavelength 635 nm. The
adaptation stimulus presented to the
left eye (LE) was of spatial frequency
2.75 cycles/deg. and wavelength A .

Subject IMB

These data show that a wavelength dependent response is
observed only when a spot matrix is presented to the 'non-
test'! eye (the first and third configurations), regardless

of the adaptation stimulus presented to the test eye.

The results shown in figs. 3.12 and 3.13; and
presented in table 3.1, can be represented by a network
diagram showing the transmission of signals along the paired
visual pathways, implicit in the experimental data (fig.3.14).
The network is composed of chromatic cﬁannels (C) which
transmit information associated with spot stimuli, spot
detectors (S.D.), which are monocularly driven, and line
detectors (L.D.), which are binocularly driven by summating
units (% ) which pool signals from the luminance channel (L).
The spot detectors receive inpﬁts from one eye only, via a
direct channel. This is consistent with the results of
Naghéhineh and Ruddock (1978) who showed that it was only
possible to adapt for spots monocularly and that adaptation
to bars does not raise the threshold for detection of a spot
matrix. The summating units,Z: , combine the outputs of
several spot detecting mechanisms to form a channel which
transmits signals associated with bar shaped stimulil. The
line detectors are driven by excitatory signals (+ ) from the

summating units of both eyes and from the C-channel of the



ipsilateral eye. Thus, it is possible to raise the threshold
for detection of bars by monocularly adapting to spot stimuli
or by adapting either monoptically or dichoptically to bar
stimuli (Naghshineh and Ruddock, 1978). The line detectors
{L.D.) and spot detectors (S.D.) on the diagram represent a
multiplicity of detectors, each tuned to different stimulus
parameters (i.e. size and orientation) and driven by multiple
parallel excitatory channels (marked as continuous lines on
fig.3.14). In addition to the excitatory inputs, the line
detectors also receive inhibitory inputs (~) from the contra-
lateral eye. The inhibitory channels (dashed lines) are
associated with bar and spot shaped stimuli. They have a
single spatial characteristic which yields the constant
spatial responses associated with spatial frequencies in the
range 1l-4 cycles/deg (fig 3.12). Thus, the line

detectors receive excitatory signals from bar stimuli

seen by either eye and spot stimuli seen by the ipsilateral
eye, and inhibitory signals from the contralateral eye
associated with bars (L-response) and spots (C-response),
which 1s consistent with the data presented in table 3.1 and
fig. 3.12. The spot detectors do not receive any inhibi-
tory input and this is consistent with the data of fig.3.13,
which show that binocular inhibition cannot be elicited

with spot matrix targets.
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S.0.

.D. L.D. SD.

Fig. 3.14 Network diagram representing the arrange-

ment of elements associated with the
contrast threshold elevation effect and
the inhibitory binocular interaction.
R, receptors; S.D., spot detectors;
L.D., line detectors; Z , summating
units. Excitatory signals ( +)

are marked as continuous lines and
inhibitory signals ( -) are marked as
dashed lines.



3.5 Conclusions

The spectral sensitivity data of fig.3.1l1 reveals that
there are two independent binocular response classes, one
elicited by positive contrast matrices and one by negative
contrast matrices. The spectral response curves closely
resemble those of fig. 3.7a,b, but the néw experiments have
revealed that the bandwidth of the sensitivity curves becomes
increasingly narrow as the reference amplitude of the adap-
tation effect is increased. This method of evaluating
the spectral sensitivities of the binocular mechanisms is
more complete than the previous method (fig.3.6) as it does
not require any assumptions of the shape of the response
curves at high intensities. It is, however, a time-
consuming method and, as the two methods have produced
essentially the same results, it is the method described
in section 3.2 which will subsequently be applied in later

sections (chapter 4).
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4,1 Introduction

The typical abnormal colour vision responses of congen-
ital red-green colour defective subjects have been described
in chapter 1. 1t is commonly accepted that dichromats
lack one of the three photopigments present in the normal
retina, whilst the two remaining cone photopigments are con-
sidered to be normal {(Baker and Rushton, 1965; Mitchell and
Rushton, 1971; Wald, 1966). A number of hypotheses have
been proposed to account for the differences between normal
and anomalous trichromatic vision. Some of these theories
have been refuted. For example, Alpern and Torii (1968)
and Wald (1966) showed, by inserting artificial solutions
of macular pigment behind the eyepiece of an anomaloscope,
that anomalous colour matches are not due to differences in
density of the macular pigment. Alpern and Torii went on
to show that protanomaly cannot be due to any inert filter
lying between the cone outer segments and the cornea, by
applying the method of trans-scleral illumination (Brindley
and Rushton, 1959). Protanomalous subjects were found to
need more red than normal in a Rayleigh match, even when
their cones were illuminated from behind through the sclera
(thus bypassing the ocular media). A hypothesis of neural
fusion has also been proposed to account for anomalous
trichromacy {(Ingling and Drum, 1973). Neural fusion of cone
signals could account for dichromacy (Leber, 1873; Fick, 1879;
Hurvich, 1972), although Rushton's retinal densitometric
experiments (Rushton 1963, 1965) suggest that dichromats

possess only one photopigment effectively absorbing light at
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wavelengths > 500 nm. (Hurvich suggests, however, that

as Rushton's method is toc insensitive to detect a third
photopigment in anomalous observers, one might expect that
it would also fail to detect a third pigment in 'dichromatic'
observers). However, neural fusion cannot account for
anomalous trichromacy because of the Principle of Univariance
(Rushton, Pcwell and White, 1973a), which is that "the
intrinsic response of a receptor depends upon its effective
guantum catch, but not upon what quanta are caught". I1f a
normal subject makes a Rayleigh match so that the quantunm
catch by each of the cone pigments involved is the same from
the yellow field as from the red + green mixture, then each
field will affect each pigmen; identically and neither pig-
ment will be able to distinguish one from the other. It
follows that if the pigments cannot distinguish the fields,
nothing else in the visual system can {Rushton, Powell and
White, 1973Db). Therefore, if the anomalous trichromat

has the normal cone pigments, a Rayleigh match that was in-
distinguishable to the normal pigments would be indisting-
guishable to him, no matter what fusion mechanisms may

occur at a later stage in the system. This is not what

is observed; anomalous trichromats do not accept normal
Rayleigh matches.

Most studies suggest that alterations in the spectral
absorption of at least one photopigment are required to
account for anomalous colour vision. Jameson and Hurvich
(1956), (Hurvich and Jameson, 1962), proposed that anoma-
lous trichromacy is due to progressive displacements from
the normal spectral loci of the three photo-sensitive

distribution functions. This theoretical model also
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includes a reduction postulate that applies to the post-
receptoral neural response level and provides for varying
degrees of ‘'neural efficiency’.

The most common hypothesis, however, is that anomalous
observers possess two 'normal' photopigments and one ‘'abnormal!
pigment (Wald, 1966; Alpern and Torii, 1968). Thus, deuter-
anomals have an abnormal green-~sensitive pigment instead of
the usual chlorolabe, and protanomals have an abnormal red-
sensitive pigment instead of the usual erythrolabe. Most
of these theories contain the assumption that there is only
one 'deuteranomalous' pigment, common to all deuteranomals,
and one ‘'protanomalous' pigment (Mitchellvand Rushton, 1971;
Rushton, Powell and White, l973b; Pokorny, Smith and Katz,
1973; Piantanida and Sperling, 1973a, b; Pokorny and Smith,
1977). MacLeod and Hayhoe (1974) have even proposed that
the protanomalous and deuteranomalous pigments are the same
molecular species. Pokorny, Moreland and Smith (1975)
repeated MacLeod and Hayhoe's analysis and found that the
derived functions did not predict the colour matching func-
tions on which they were based. Thus, although they could
not refute the theory completely, they showed that the
single function derived by MacLeod and Hayhoe is ndt the
pigment that mediates anomalous colour vision. All fthese
theories require the existence of at least one alternative
photopigment. Walls and Matthews (1952}, however, proposed
that the abnormal bigment in deuteranomaly consists of a
mixture of normal chlorolabe and erythrolabe. Ruddock
and Naghshineh (1974) suggested that both protanomalous and
deuteranomalous cones contain mixtures of the normal red-

and green- sensitive photopigments. This hypothesis is
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economical in that it only reguires the three normal photo-
pigments, and the variation in Rayleigh matches amongst
different anomalous observers can be explained by a range
of erythrolabe/chlorolabe ratics.

4 completely different approach to the problem of
anomalous trichromacy comes from Alpern's "“cluster theory".
Alpern and Wake (1977) and Alpern and Pugh (1977) suggested
that deuteranopes do not have a single erythrclabe common
to all. Colour matching results led Alpern and Moeller
(1977) to propose that there are'clusters of erythrolabe,
chlorolabe and (possibly) cyanolabe. Thus, a normal trich-
romat 1s one whose long-wavelength seﬁsitive pigment is from
the erythrolabe cluster and whose middle-wavelength sensitive
pigment is from the chlorolabe cluster. Deuteranomalous
trichromats, however, have both their middle- and long--
wavelength sensitive pigments from the erythrolabe cluster,
whilst protanomalous'trichromats have two pigments from the
chliorolabe cluster. This theory is able to predict the
variability in colour matching amongst anomalous observers,
but requires a large number of different photopigments and
thus might be difficult to explain genetically.

In the present study the techniques described in chapter
3 for isolating post-receptoral response functions are applied
to colour defective observers, and the results are discussed
in relation to the above models. Also presented for some
anomalous observers are colour matching data obtained after
bleaching the retina.

4.2 Subjects
Subjects were all volunteers from the students and staff

at Imperial College, aged between 18 and 30. The existence
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of a colour deficiency was first established using the
standard Ishihara colour plates, and the subjects stereoscopy
was tested using the Julesz (1971) random dot stereograms
rlates 8.1-2). Only subjects with skeceovision ak 807 cotrelorion
were chosen for further experiments. Subjects were then
required to make a Rayleigh match on the Wright colorimeter
and classified as one of the four categories: deuteranomalous,
protanomalous, deuteranopic, protanopic. Tc quantify the
degree of colour deficiency, wavelength discrimination

curves were obtained for the anomalous trichromats, and each
subject made several Rayleigh matches to determine his R/G
ratio and the degree of accuracy of his match. In some
cases, the photopic spectral sensitivity (V) ) functions

were also measured,

4,2.1 Wavelength Discrimination Data

Wavelength discrimination curves éhow the change in wave-
length required at any reference wavelength in the visible
spectrum to just detect a difference in two adjacent near-
monochromatic fields. The results, obtained using the
method described in chapter 2,ére shown in figs. 4.1 - 4.3.

In fig 4.1 the data for two dichromats and a normal trichro-
mat are plotted, and show that the dichromats, SH (a deuter-
anope) and DC (a protanope), are unable to distinguish
spectral colours of wavelength)> 530 nm. Fig. 4.2 shows the
wavelength discrimination data for 9 deuteranomalous subjects.
The degree of deficiency ranges from quite a mild loss of
discriminaticn for subjects P.D., D.S., and M.T. (fig 4.2g-1)
to 2 fairly severe defect in the case of subject A.F.

(Fig. 4.2c). Data for 4 protanomalous subjects are plotted

in fig 4.3.



Fig. 4.1 Wavelength discrimination curves. The just
detectable change in wavelength, AX , is
plotted against wavelength, A . Data is for
(a) a deuteranope, (b) a protanope, (c) a
normal subject.

Fig. 4.2 Wavelength discrimination curves for 9
deuteranomalous subjects.

4,2.2 Rayleigh Matches

Rayleigh matches were made with the bipartite field
provided by the Wright colorimeter (see fig 2.11). Subjects
were required to match a mixture of red (650 nm) and green
(530 nm) to a fixed yellow (580 nm) stimulus. The match
was repeated at least seven times and the mean red : green

ratio , log R/G, was calculated along with the mean standard

deviation. The results are given in table 4.1.
Obs Def Log R/G S.D. A X (XN = 600 nm)
AF DA -.355 .269 24

AG DA -.555 .101

JH DA -~-.088 .088 10.5
DS DA -.482 .056 7

- CM DA -.24 .090 30
PD-~-L DA -.552 .060 8

MT DA -.172 .018 6

EP DA -.185 .085 15

IMB N 0 .017 2.5
CR N ~-.042 .035 _

PS PA .738 .273 20

SC PA .765 . 325 - 40

Table 4.1 Ratio of 650 nm (R) to 530 nm(G)lrequired
to match a yellow (580 nm) stimulus.
Column 1 gives the observer; column 2 is the
colour deficiency: DA - deuteranomaly,
PA - protanomaly,N -~ normal. Column 3 is the
mean red : green ratio,log R/G, normalised
such that log R/G = O for observer IMB.
Column 4 is the standard deviation from the
mean. Column 5 is the just noticeable
change in wavelength (AX) in nm at A = 600 nm.
obtained from figs 4.1 - 4.3.
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Fig 4.3 Wavelength discrimination curves for
4 protanomalous subjects.

It can be seen from columns 3 and 5 of table 4.1 that
the degree of deficiency, as measured by the wavelength
discrimination data, does not correlate directly with the
Rayleigh match data, i.e. the most severe anomalous subjects
do not necessarily have thebgreatest deviation of log R/G
from the normal. This is in agreement with the findings of
Nelson (1938).

4.,2.3 Spectral Sensitivity

Photopic spectral sensitivity curves were measured on
the Wright colorimeter by flicker photometry, as described in
chapter 2. * Curves were obtained for a few subjectis only,
namely 4 deuteranomalous, 1 deuteranopic, 1 protanopic and
1 normal subject. The results, illustrated in figs 4.4 and
4,5 show that the normalised sensitivity curves for the
deuteranopic and deuteranomalous subjects are shifted towards
slightly longer wavelengths than the normal, whilst the sensi-
tivity for the protanope is shifted towards shorter wavelengths

and falls off rapidly at long wavelengths.
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Fig. 4.4 Photopic spectral sensitivity curves.
Normalised log sensitivity, log S , is
plotted against wavelength, A . Data
are plotted (continuous lines) for 4
deuteranomalous subjects: a, M.T.;

b, MB ; ¢, DS ; d, JH. Data for a
normal subject IMB (dashed line) are
plotted for comparison.

4.3 Post-Receptoral Spectral Response Functions in Colour

Defective Subjects

A method for the determination of narrow band-width
post-receptoral spectral responses (Watérfield, 1980} has
been described in chapter 3. Two of the response functions
can be reproduced by linear combinations. of the red - and
green - sensitive cone mechanisms: ER-G and G-0.33R. In this
section the post-receptoral colour vision responses of red-
green anomalous trichromats are investigated and the results
analysed in terms of the different theories of anomalous
trichromacy. The responses of several dichromats are also
investigated.

The experiments were all performed on the 4-channel
Maxwellian viewing system described in chapter 2. The
stimulus configuration used in the experiments is illustrated
in fig 4.8

The test stimulus presented to the right eye consisted of
a square-wave grating superimposed on a spatially uniform
background of fixed 1illumination level, Ip. The adaptation
stimulus presented to the right eye was a square-wave grating
of high contrast (> 98%) and average illumination level Iy,
which was 4 log wunits above threshold for detection of its

structure (corresponding to approximately 3 log trolands).
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Fig.4.5 As in fig. 4.4 but for (a) the deuteranope
SH, and (b) the protanope, DC. Data for
normal subject IMB (dashed line) are plotted

for comparison.
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Fig. 4.6 Stimulus configuration used in the binocular
adaptation experiments. The test and adap-
tation gratings presented to the right eye
are of spatial frequency 5.68 cycles/deg and
wavelength 635 nm. The adaptation matrix,
which is of positive contrast, is spatial
frequency 2.93 cycles/deg and variable
wavelength.

Both the gratings presented to the right eye were of spatial
frequency 5.68 cycles/deg and wavelength 635 nm. The adap-

tation stimulus presented to the left eye was a positive

contrast matrix of circular spots, of high contrast (< 98%),

and spatial frequency 2.93 cycles/deg. Measurements were made

for a number of different matrix wavelengths,>\, and for each

value of A the matrix was set 4.5 log units above threshold
for detection of the spots. The subject viewed the adapta-
tion stimuli Dbinocularly, such that they appeared spatially
coincident, and was initially adapted for two minutes. The
test and adaptation stimuli were then viewed cyclically for
2 sec and 15 sec respectively, and the subject reduced the

illumination level of the structured component of the test,

I+, until he could just no longer detect the grating structure

(see chapter 2). Values of log I were determined both
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with and without the matrix pattern presented to the left eye.
The value of log It obtained in the absence of the matrix was
taken as the reference against which the effect of the matrix
is measured, and was thus redetermined frequently throughout
each series of measurements.

The experimentally determined values of log It are
plotted as a function of matrix wavelength,k , for 8 deuter-
anomalous subjects (fig.4.7 a~h), 4 protanomalous subjects
(fig. 4.8 a~d), 3 deuteranopes (fig.4.9 a-c) and 2 protanopes
(fig.4.10 a-~b). Results for normal subject, IMB, are plotted

for comparison.

Fig.4.7 Log threshold illumination, log I, for detection of
the test grating plotted against the wavelength of

the spot matrix, A . Log Iy = O is the threshold
level after adaptation to a uniform field, of mean

illumination Ip. The dashed line is the value of
log I+ obtained in the absence of the matrix.
Each point is the mean of 5 measurements and the
average standard error is marked. w Data for 8
deuteranomalous subjects. :

®Data for normal subject, IMB, plotted for comparison.

Fig.4.8 As for fig. 4.7. ¥ Data for 4 protanomalous
subjects.

Fig.4.9 As for fig. 4.7. w Data for 3 deuteranopes.

Fig. 4.10 As for fig. 4.7. ¥ Data for 2 protanopes.
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The values of log I for the deuteranomalous subjects
(fig.4.7) are similar to those for the normal subjects in
their dependence on the matrix wavelength, with a sharp
minimum around A = 600 nm. The‘amplitude of the changes in
log I+ with wavelength was in most cases similar to normal,
although there was some inter-observer variation. It appears
that the amplitude of the effect does not correlate with the
degree of colour deficiency. For instance, subjects D.S.
and J.H. have very similar wavelength discrimination curves
but whereas D.S. produced a very strong binocular effect,
J.H.'s wavelength-dependent response was only Jjust
significant. The response curves for some observers
(noticeably CM and MB) are translated down the log I axis
with respect to the normal. The reason for this is not
apparent. In addition, the curves of all the observers
(with the exception of P.D. and J.H.) seem to be shifted to
slightly shorter wavelengths than normal. Only one observer,
DS, obtained the enhancement of the monocular elevation for
shorter wavelength matrices observed in normal subjects.
(Hendricks, Ruddock and Waterfield, 1982).

In contrast to these results, the protanomalous subjects
do not appear to produce any wavelength-dependent effect

fig.4.8). For all four subjects, the value of log I¢ is
unaffected by the presence of the matrix at any wavelength.
The dichromatic subjects also give abnormal responses. The
data for protanope NP (fig.4.10b), and deuteranopes CC
(fig.4.9c) and SH (fig.4.9a) are essentially independent of
wavelength, i.e. the matrix has no effect on the value of
log It at any wavelength, For deuteranope PJ (fig.4.9b)

and protanope DC (fig.4.10a) the value of log It at all matrix
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wavelengths is depressed below the value obtained in the
absence of the matrix, the data for both subjects varying

non-systematically with wavelength.
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Fig. 4.11 As for fig. 4.7
a, w Average data for 8 deuteranomalous subjects

® data for normal subject, IMB, plotted for
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The average data for each of the four different classes of
subjects are plotted in fig.4.ll. These data demonstrate
that the deuteranomalous subjects (fig 4.1la) have a wave-
length-dependent response which is very similar to the
normal response, with a slight shift to shorter wavelengths.
Fig.4.11 b-d show that the protanomalous, deuteranopic and
protanopic subjects produce responses which do not vary in a
systematic way with wavelength.

The spectral sensitivities of the post-receptoral
mechanisms of the deuteranomalous subjects were calculated
using the method described in chapter 3 (see fig.3.6), and
the resulting response curves are illustrated in fig.4.12 a-h.
The spectral sensitivity curves for the post-receptoral
mechanisms in the deuteranomalous subjects, isolated by this
technique, are narrow-band response functions with the
maximum response at 580 nm -~ 600 nm. The shapes of the
curves are generally similar to normal, although some
subjects (noteably JH, fig.4.12h and P.D-L, fig.4.12c) have
much narrower response functions than normal. It should
be noted that the response curve {(dashed line) for normal
subject VW is the best mean fit to data obtained over a
large number of experimental runs. The data for normal
subject IMB were obtained over Jjust two experimental runs,
and are a more appropriate comparisod for the scatter of
points of the deuteranomalous subjects.

The average of the eight spectral sensitivity curves of
fig.4.12 is plotted in fig.4.13. It can be seen that this
average response for the deuteranomalous subjects has
approximately the same bandwidth as the normal curve and

peaks at 600 nm.
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Fig. 4.12 Normalised spectral sensitivity, Sy,
derived from the data of fig.4.7,
plotted against wavelength, A .
a-h w data for 8 deuterancmalous
subjects. The best mean fit curve for
normal subject VW (dashed line) taken from
fig.3.7a, and data for normal subject IMB
(full circles) are plotted for comparison
on each graph.
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The green-sensitive post-receptoral response mechanism, illus-
trated in fig.3.7b, which can be fitted by the combination of
the normal red (R) and green (G) mechanisms 'G-0.33R', was
zlso investigated for two deuteranomalous subjects. The
stimulus configuration was as illustrated in fig.4.6, except
that the spot matrix was of negative contrast. Threshold
measurements were made for a number of different matrix wave-
lengths,k , under the conditions described earlier in this
section.

Both these deuteranomalous subjects had obtainéd
wavelength dependent responses for the configuration which
isolates the 'R-G' mechanism. In this experimené, however,
subject CM's response was independent of wavelength, i.e.
the matrix suppressed the effect of the adaptation grating
regardless of the matrix wavelength. Data for subject DS,
however, shows a wavelength dependent response which is
similar to normal. This can be seen more clearly from the
calculated spectral sensitivity 1llustrated in fig.4.15.

The results from this section can be summarised as
follows:

(1) Protanomalous, protanopic and deuteranopic subjects show
no wavelength-dependent response when tested with the
stimuls configuration which isolates an 'R-G' response in
normal subjects.

(2) 8 deuteranomalous subjects obtain responses which are
similar to normal, although some are shifted to slightly
shorter wavelengths and have narrower bandwidths.

{3) Of two deuteranomalous subjects tested with the stimulus
configuration which isolates a 'G-0.33R' response in normal
subjects, one obtained a response which was similar to

normal whilst the other produced no wavelength-dependent

response.
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Fig.4.15 As for fig.4.12 but for the negative
contrast matrix configuration.

4.4 Colour Matching Under Adaptation

Conspicuous changes in the appearance of colours can be
produced by adaptation to coloured lights without upsetting
colour matches. Colour matches, can, however, be disturbed
by adaptation to very bright lights (Wright, 1936; Brindley,
1953). 411 adapting lights, whatever their wavelength, cause
an increase in the amount of red required in a Rayleigh match
and a decrease in the amount of green. Brindley interpreted
these observations in terms of the bleaching of the visual

photopigments by the adaptation lights. If these pigments



are of sufficlently high peak coptical density, their absorption
spectrum is modified by partial bleaching (Dartnall, 1957)
with consequent modification of the colour-matching functicns.
Nunn and Ruddock (1978) investigated the effects of adaptation
to bright lights on the colour matches of anomalous trichro-
mats. They found that the Rayleigh matches of 3 deuteranoma-
lous subjects tended towards the normal match at high bleach-
ing intensities (4-5 log trolands); the results for 3
protanomalous subjects were similar, although the change

from protanomalous matches at low bleaching intensities to
normal matches at high intensities was not so straight-

forward and the errors were greater. Alpern (1979),

performing a similar experiment but using a disk-annulus
matching field configuration instead of a bipartite field,
did not find that the matches of anomalous trichromats tended
towards the normal at high intensities. In this section

the experiments of Nunn and Ruddock (1978) have been repeated
with red~green anomalous trichromats.

The experiments were performed on the modified Wright
colorimeter described in chapter 2, and the stimuli are
illustrated in fig.4.16. The bipartite field consisted of
a near-monochromatic yellow (580 nm) test stimulus and
matching stimuli R(650 nm) and G(530 nm). The 10° adap-
tation field was illuminated by the source S3 (fig.2.15)
passed through a broad-band red filter (A 600 nm). The
observer was dark adapted for 10 minutes and then adapted
to the 10° field for 2 minutes. The experimenter then
operated the shutters to allow cyclic presentation of the

adaptation field for 15 sec, 3-4 sec darkness for recovery
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and 2 sec presentation of the matching field. The observer
adjusted the matching stimuli until a satisfactory match was
obtained. Five matches were established for each illumina-
tion level, Ia, starting at Ia = O and proceeding to
successively higher illumination levels of thg adaptaticn

field.

Fig. 4.16 Field configuration for the bleaching
experiments. The 1921 probe field
consisted of a 580 nm test stimulus (Y)
and matching stimuli 650 nm (R) and
530 nm (G). The 10° red adaptation
field was of variable intensity, Ia.

Fig. 4.17 The red:green ratio , log R/G, required
to match the near-monochromatic yellow
(580 nm) stimulus, plotted against log Ia,
the logarithm of the illumination level
of the adaptation stimulus. Data for
2 normal subjects (dashed lines), Vv IMB,
¥V CR. Data for 4 deuteranomalous subjects
(continuous lines), O MT, ®m DS, © JH,
® AG. Each point is the average of
5 measurements. The standard deviations
are marked.
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Fig. 4.18 As in fig. 4.17

a, data for 3 deuteranomalous subjects;
b, data for 3 protanomalous subjects.
Data for normal subject BN (dashed lines)
are plotted for comparison.

Data taken from Nunn, 1978.



The results for 2 normal subjects (dashed lines) and 4 deuter-
anomalous subjects (continuous lines) are shown in'fig.4.17.

The 4 deuteranomalous observers all have lower log R/G values

than normal at low levels of adaptation. The data for all
observers, however, tend towards log R/G = 0.4 at an adapta-
tion level of 5 log trolands. These results imply that

deuteranomalous trichromatic colour vision and normal colour
vision approach similar states under high levels of adaptation.

A similar experiment was attempted with 3 protanomalous
subjects, using both red and green adaptation stimuli. It
was found, however, that at high levels of adaptation, the
protanomalous matches became wildly inaccurate. This was
probably due to the poor red-sensitivity of these subjects.
At high levels of adaptation, the bipartite field appears
rather dim even to normal observers, The protanomalous
subjects found that there was insufficient red available, and
.80 it was impossible to obtain any significant data with this
experimental arrangement.

The results obtained by Nunn (1978) in his similar study
on the effects of,bleaching on colour matching are illustrated
in fig.4.18. The responses of the three deuteranomalous
subjects (fig.4.18a) are similar to those obtained in the
present study (fig.4.17), i.e. they have lower log R/G values
than normal at low levels of adaptation but tend towards the
normal match at high adaptation levels, The log R/G values
of two protanomalous subjects, WW and RL, (fig.4.18b) are
higher than normal at low adaptation levels and tend towards
the normal match at high adaptation levels. The third
protanomalous subject, RF, shows a similar response although

the error bars (showing the standard deviation) are very large.



4.5 Pigment Mixture Theory of Anomalous Trichromacy

The pigment mixture model (Ruddock and Naghshineh, 1974)
asgumes that red-green anomalous trichromacy is the result
of admixture of the red-and green-sensitive photopigments of
normal colour vision in single receptors. There are thus .
three possible classes of red-green colour vision, illustrated
in fig.4.19. (X, Bx) is the normal system in which =S\
and BA are the spectral absorption coefficients of the normal
red-and green-sensitiye mechanisms (fig.4.1Ga). (CKA‘, 8!
is a system in which a fraction (1-f) of the normal &, photo-
pigment is replaced by the B>_ photopigment (fig.4.19b} and
(X Bx') is a system in which a fraction (1-f) of the normal

BA photopigment is replaced by the o{y, photopigment (fig.4.19c).

Q. b.

C.

p

(3,8, (y,B5)

(125) W

oWy ]
fls

! Y/ 1

CSW-I

N A

Fig.4.19 Schematic representation of the 3 classes
of colour vision predicted by the pigment
mixture model. a, corresponds to normal
vision; b, corresponds to protanomaly and
¢, corresponds to deuteranomaly. The
effective path-lengths through the pigments
are represented by \o etc.

From Ruddock and Naghshineh, 1974,

The optical densities (D) of the o{, and Ry pigments are given

s\}\\‘
W
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by Beer's Law:
D(R)y

BACBLB Equations 4.1
where C_ and Cg are the concentrations of, and Lo( and LB
are the optical path lengths through, the red-and green-
seinsitive photopigments respectively. The optical densities
of the pigment mixtures are additive, so that the optical
density of the o' pigment mixture is given by

Dy () = £lyCaaty + (1-£) lxCg Ry

then Dy (&) Dyl + (1-£1Dy (B) l¢/ Lg Equation 4.2

More explicit expressions may be obtained on the basis of

further assumptions:-

t

If \o = Lg then,

D)\(ol' ) fDn(e) + (1-£)D ) (R) Equation 4.3

Ifdpzmax Co = PRymax Cp then,

1"

fDyz() + (1-£)D)(R) D) max Equation 4.4
D(R) max

Dy (o)

Similar expressions can be obtained for D(B ').

The analysis in terms of this model is performed with the
following assumptions:
(1) In the calculation of colour matches, the effect of the
blue-sensitive mechanism is neglected. This is a reasonable
approximation as the blue mechanism has very low sensitivity
for wavelengths > 520 nm (Stiles, 19%9). Absorption curves
of the visual pigments are not corrected for the absorption
of the ccular media, as these non-photolabile elements do
not absorb significantly at wavelengths > 500 nm.
(Geeraets et al, 1960; Boettner and Wolter, 1962).
(2) Normal colour vision in the red-green regicn of the
spectrum is mediated by two classes of cone which are disting-

uished by the optical densities D (X)), D(ﬁdx of the visual
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pigments &, 3 ) contained within each class of cone. The
optical densities determine the spectral sensitivities of the
red and green mechanisms of normal colour vision.

{(2) The sensitivity curves for the red and green colour
mechanisms derived by Pitt (1944) are used in this analysis.
These curves, which are illustrated in fig.4.20, were derived
from colour matching experiments and were chosen in preference
to the increment threshold spectral sensitivity curves measured
by Stiles (195%), as the threshold measurements are inherently
less precise than colour matching measurements (Stiles,1946;
Rodieck, 1973), although the relative curves derived by both
methods are similar. The precision with which absorption
spectra can be determined using objective methods such as
fundus reflectometry (Mitchell and Rushton, 1971) and single-
cone microspectrophotometry (Marks, Dobelle and MacNichol,
1964 ; Brown and Wald, 1964; Bowmaker et al, 1978) is also
lower than that of the colour-matching determinations.

(4) Estimates of the peak optical densities of the cone
photopigments, based on psychophysical measurements, range
between 0.5 and 1.0 (Brindley, 1953; Enoch and Stiles, 1961).
The microspectrophotometric studies of Marks, Dobelle and
MacNichol (1964) and Brown and Wald (1964) on single cones

in monkey and man yielded very low optical densities of the
bleachable pigments, i.e. 0.01- 0.03. Brindley (1970)
attributed these low values to the effects of stray light
reaching the recording photocell withdut having passed through
the cone, and distortion of the retina such that the light
does not pass along the whole length of the cone. More
recent microspectrophotometric measurements on single cones

of the rhesus monkey yield densities of 0.5 for both red and

green cones, with the assumption that the cone outer segment



length is 35 umnm (Bowmaker et al, 1978).

10

400 500 600

A (nm)

Fig. 4.20 The fundamental response curves for the
green-and red-sensitive mechanisms.
Relative sensitivity, SA’ is plotted
against wavelength .
Data taken from Pitt (1944) and weighted
for equal quantum efficiency at all
wavelengths.

Rayleigh colour matches for the systems (ch,ﬁ) )
and (o, &)') have been calculated using equations 4.3 and
4.4 (Ruddock and Naghshineh)1974). Figs. 4.21 and 4.22
show the values of the ratios of the colour matching
coefficients, R/G, as a function of the variable f for the
two systems corresponding to protanomaly and deuteranomaly
respectively. It can be seen that the changes in colour

matches for the protanomalous system (fig.4.21) and the

deuteranomalous system (fig 4.22) with change in f are not

700
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symmetrical relative to the normal match. Smaller values of
f are required in the protanomalous case to reproduce the
experimental values of R/G for protanomalous subjects (marked

as circles on fig.4.21).
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Fig.4.21 Rayleigh colour matches for the system

(Ay', By) calculated on the basis of
equation 4.4 (left hand column) and

4.3 (right hand column). Values of

the ratio of the colour matching
coefficients R/G are given as a function
of the variable f. Values 0.4 etc.
given with each set of data refer to

the peak optical density of the oly pig-
ment. a, b, ¢ and d refer to peak
optical density values of 0.4, 0.8,

1.2 and 1.6 for the 3, pigment. Points
give experimental values of R/G for
protanomalous subjects.

From Ruddock and Naghshineh, 1974.
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4.5.1. Rayleigh Match Shifts Induced by Bleaching

The shifts in Rayleigh matches of normal and
deuteranomalous trichromats induced by bleaching have
previously been discussed by Alpern (1979) and Nunn (1978).
Nunn's analysis showed that his experimental results (which
are the same as those in this study for normal and deutera-
nomalous subjects, and which are illustrated in fig.4.18)
could be quantitatively explained in terms of the pigment
mixture model. He deduced a range of values for D (X) max
and D(R) max, using equation 4.4, which corresponded to

Rayleigh match shifts of up toblog R/G = 0.35 following



bleaching for normal subjects (consistent with the shift ob-

served in fig.4.17). This range of DX) max, D(R) max,

or

illustrated in fig.4.23, will be used in the present analysis.

0 o0& 08
Dpp(ex)

Fig.4.23 The range of DX) max, D(R) max values
which give rise to Rayleigh match shifts
of ANlog R/G = 0.35 following bleaching
for normal subjects.

From Nunn (1978).

4,5.2 Post~Receptoral Response Functions

Iwo expressions have been obtained which relate the
optical densities of the pigment mixtures,c{A' and E&'y to
the optical densities of the normal, Kyand By, photopigments
(equations 4.3 and 4.4). The case whereolymax Cy = RBymax Cp
is first considered. D{X) max was chosen to be 0.5; this
gives avalue of D(R) max of 0.42 (from fig.4.23). To obtain
the spectral optical density of thed and B pigments, the
logarithm of the spectral sensitivity data of fig.4.20 was
calculated. This gives directly the relative shape of the
optical density curves, as D ()L Xy and D(R)L %\(equations

4,1), and the absolute values are fixed by the chosen values
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of D(X) max and D(R) max; the resulting curves are illustrated

in fig.4.24.

600 700
A{nm)

Fig.4.24 Optical densities of the®and B pigments,
D), D(B), with DX) max = 0.5,
D(R) max = 0.42.

o .
500

Equation 4.4 then becomes,

D(A") fFD) + 1.14(1-f)D(R) Equation 4.5

and,

D(B")

FD(R) + 0.88(1-f)D({) Equation 4.6

The curves generated by these equations for £ = 0.8, 0.6,

0.4, 0.2 are shown in fig. 4.25 a-d.
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Fig. 4.25 Optical densities of the &' and B' pigment
mixtures, calculated from equations 4.5
and 4.6, for a, £ = 0.8; b, £ = 0.6;
c, £ = 0.4; 4, £ = 0.2
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The spectral sensitivities of the 'R-G! mechanism can be
calculated by subtracting these photopigment optical densities,
i.e. for the normal case D(&X) - D(B); for the deuteranomalous
case D(A) - D(R'); for the protanomalous case D(o{') - D(R).
Sensitivity curves obtained in this way are plotted for
deuteranomals in fig.4.26a and protanomals in fig.4.26b, for
£ =0.8, 0.6, 0.4, 0.2 and 0.05. Data for the normal case,
D(dL) -~ D(f), (dashed line) are plotted for comparison. The
corresponding normalised curves are plotted in fig.4.27 a,b.

It can be seen from fig. 4.27a that the normalised
deuteranomalous curves are very similar to normal for values
of £ > 0.4. For low values of f(i.e. for more extreme
cases of deuteranomaly where a large proportion, 1-f, of the
normal green-sensitive pigment is replaced by the red-
sensitive pigment) there is a broadening of the sensitivity
curve and a shift to shorter wavelengths. This is more
noticeable in the non-normalised data (fig.4.26a) where
the amplitude of the response curve decreases as f decreases.
The normalised protanomalous curves (fig.4.27b) are similar
to normal for values of £ 0.6. For lower values of [
there is a broadening of the curves anda marked shift to
shortef wavelengths. This again can be clearly seen from
the non-normalised curves (fig.4.26b) which are virtually
flat for £<€0.2.

Spectral responses for the second red/green mechanism
(G - C.33R) were also calculated using the anomalous
mechanisms predicted by this theory: D(B®) - 0.33D() for
the normal case and D(R') - 0.33D(X) for the deuteranomalous
case. The results for values of fequal to 0.8, 6.6, 0.4

and 0.2 are plotted in fig.4.28. The data for f = 0.8
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(i.e. a fairly mild degree of deuteranomaly) are exactly the
same 2s the data predicted for the normal case. As §
decreases (i.e. the amount of red-sensitive pigment replacing
the green-sensitive pigment in the normal green cones increases)

the sensitivity curve is displaced to longer wavelengths and

becomes broader.
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Fig.4.28 Normalised sensitivity curves for the
'G-0.33R' mechanism predicted for the
deuteranomalous system, D(B') - 0.33D(X).
The different curves are for different
values of f:a , 0.8; ¢, 0.6;0, 0.4;

v, 0.2. The predicted normal curve
is plotted for comparison (=, dashed line).

Another pair of values of D{(X) max, D(R) max were chosen
to perform this énalysis; i.e. D(X) max = 0.6, D(R)max =
0.25. The curve predicted for the normal case (D(X) - D(R)),

however, was inconsistent with the observed normal response



of fig.3.7, having 2 maximum sensitivity at 580 nm rather
than 600-610 nm. It was thus not appropriate to make any
predictions using the pigment mixture model with these data.

The predictions so far have been made using equation
4.4 which contains the assumption that Amax Cq = R max Cg.
The alternative expression (equation 4.3) where kdz \& is
now considered.

Equation 4.3 D(ofl') fD(X) + (1-F£)D (R)

Similarly D(R') = fD(B) + (1-f)DX)
The sensitivity ¢f the 'R-G' mechanism for the deuteranomalous
case Wwill then be given by

D(X) - D(R")

D) =~ fD(B) = (1-f)D(X)

£(D(a} - D(R))

which will produce exactly the same normalised sensitivity
curves as in the normal case, although the non-normalised
data will have a reduced amplitude. Similarly for the

protanomalous case,

D(A'") - D) = fD(A) + (1-F)D(R) - DI(R)

£ (DK) - D(R))

Thus, the pigment mixture model can successfully predict
the response curves of fig.4.12 for the deuteranomalous sub-
jects. If it is assumed that lg=lg (i.e. the lengths of the
cone outer segments of the red and green cones are equal),
then the model predicts that the normalised deuteranomalous
response will be the same as normal, i.e. a narrow-band
response peaking at 600 nm. If it is assumed that

A max Cog = B max Cg (i.e. the absorption per unit path
length is the same for the red-and green-sensitive photo-
pigments), then the model predicts that the normalised

response will be similar to normal but shifted slightly to
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shorter wavelengths, which is the observed experimental
response (see the average deuteranomalous data, (fig.4.13)},
The model also successfully predicts the deuteranopic and
protanopic results (figs. 4.9 and 4.10 respectively): if,
in the case of the deuteranope, the 'green' cones are filled
solely with the red-sensitive photopigment, then R-G = 0

and no wavelength-dependent response is predicted, and
similarly for the protanopes.

The model can also be used to interpret qualitatively the
experimental results of the protanomalous subjects (figs 4.8
and 4.11b). Fig.4.27b shows that at low values of [ the
normalised protahomalous response becomes broadened and
shifted to shorter wavelengths, and the non-normalised
response curves become virtually flat for values of ££0.2.
Figs. 4.21 and 4;22 show that most of the experimental colour
matches of the protanomalous observers can only be reproduced
with low values of f(f{ 0.2), whereas the deuteranomalous
system predicts most experimental matches with £2 0.6. The
low values of f required to predict the protanomalous colour
matches give rise to very broad 'R-G' curves (fig.4.26b) with
low amplitude. This suggests that the protanomalous 'R-G'
response is more difficult to measure than that for the
corresponding deuteranomalous subjects (the experimental
data for protancmalous subjects show no variation of response
with wavelength, fig.4.8).

4.6 Single Anomalous Pigment Model

Several independent attempts have been made to isolate
the abnormal 'deuteranomalous' and 'protanomalous' pigments
required by the single anomalous pigment model. Rushton,

Powell and White (1973b), using the technique of ‘'exchange



thresholds', measured an abnormal pigment, 'deutanolabe' in
their deuteranomalous observers, with peak sensitivity at

555 nm. and ‘'protanolabe' in their protanomalous observers,
with peak sensitivity at 550 nm. Piantanida and Sperling

(19730 measured increment thresholds against a violet back-
ground (410 nm) and obtained anomalous pigments peaking at
545 nm (protanomalous) and 560 nm (deuteranomalous).

Pokorny, Smith and Katz (1973) combined colour matching data
with a standard shape for the pigment absorption curve to
predict a deuteranomalous pigment (Amax at 554.6 nm) and a
protanomalous pigment (Amax at S41.6 nm). The data of Pokorny
et al (1973) are illustrated in fig.4.29, and have been used
to calculate the post-receptoral spectral response functions.
Thus the functions 'R-G' and 'G-0.33R' were calculated for all
three classes of observer, using the photopigment sensitivities
illustrated in fig.4.29, and are plotted in fig.4.30 a and b
respectively. Fig.4.30a shows that the 'R-G' response is as
expected, with peak sensitivity at 600 nm. The result cal-~
culated for deuteranomaly, however, 1is not the same as that
observed with the 8 deuteranomalous subjects in this study
(fig.4.12; average data, fig 4.13). The predicted response
is similar in shape to the no_rmal but is displaced by 10 nm to
longer wavelengths, whereas the observed response is‘shifted
to slightly shorter wavelengths. The predicted protanomalous
response is again similar to normal, but with a 10 nm shift to
shorter wavelengths. The 'G-~-0.,33R' mechanism is difficult to
predict as data is only available for wavelengths » 530 nm.
The deuteranomalous response is again shifted to longer wave-
lengths; this time by 20 nm to peak at 550 nm (fig.4.30b).

This is not consistent with the response curves of the two
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Fig.4.29 Normalised sensitivity as a function of
wavelength for the middle - - and
long - wavelength sensitive pigments.
a, protanomalous trichromats
b, deuteranomalous trichromats
From Pokorny, Smith and Katz (1973)
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deuteranomalous subjects who performed this experiment
{fig.4.15); one of whom produced a normal response, peaking
at 530 nm, whilst the other, who had a more extreme colour
deficiency, obtained no wavelength-selective response..

Thus, the single~pigment model does not adequately predict
the post-receptoral response mechanisms of either the deutera-
nomalous or protanomalous subjects. In addition, it fails to
predict the variation in anomalous colour matches.

4.7 The "Cluster" Theory of Anomalous Trichromacy

Recent microspectrophotometric experiments on single
cones in monkeys have revealed three classes of cone with peak
sensitivities at 420 nm, 535 nm and 565 nm (Bowmaker, Dartnall,
Lythgoe and Mollon, 1978). The peak sensitivities of 19
'green'! cones and 18 'red' cones of 5 different rhesus monkeys
are shown in fig.4.31.

Bowmaker and Mollon {(1980) suggested that these data made
plausible the hypothesis of Alpern and Moeller (1977), i.e.
that there are individual variations in the peak sensitivities
of t'erythrolabe!' and 'chlorolabe' of normal human observers
and that in anomalous trichromacy, both long-wave pigments
are drawn from the same class. The 'green'-sensitive cone
distribution has two maxima, separated by 7 nm, and the'red'-
sensitive cone distribution has a maximum with a broad
shoulder, spanning 5 nm. Thus, a typical deuteranomalous
observer is assumed in this analysis to have two red-sensitive
photopigments, with a separation of 7 nm, and a typical pro-
tanomalous observer has two green-sensitive photopigments
with & separation of 5 nm. The 'R-G' mechanisms calculated

for both types of observer are illustrated in fig.4.32 and
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and the 'G-0.33R' mechanism for the ‘'deuteranomalous'

observer is illustrated in fig. 4.33.
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Fig. 4.32 Normalised spectral sensitivity curves
for the 'R-G' mechanism predicted by
the 'cluster' model. e deuteranomalous
observer)v'protanomalous Oobserver.
The predictions of this model are similar to those
of the'single-pigment' model, but more extreme. The 'R-G!
spectral response of the deuteranomalous observer is a
narrow-band response, with a sharp peak at 620 nm (the
experimental data of fig.4.13 shows a maximum sensitivity
at 600 nm). The protanomalous response is slightly
broader but peaks at 570 nm. The 'G-~0.33R'response for
deuteranomalous observers has a maxiumum at 565 nm

(compared with the experimentally observed maximum at 530 nm,
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(fig.,4.15) and is rather broad.

[§]

This model does not satisfactorily predict the post-
receptoral responses obtained with the deuteranomalous or

protanomalous observers.
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Fig.4.33 Normalised spectral sensitivity curve
for the 'G-0.33R' mechanism predicted
by the 'cluster' model for deuterano-
malous observers.

4.8 Conclusions

The binocular spectral responses of red-green colour
defective observers (figs.4 T7-4.10; average data, fig.4.11)
and the corresponding spectral sensitivity functions (figs.
4,12 and 4.13) héve been discussed in terms of the three most
plausible hypotheses of anomélous trichromacy: +the pigment-

mixture model; the single-pigment model; and the 'cluster!'
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mocel, None of these models predicts a wavelength-independent
'R-G' response for all protanomalous subjects, élthough the
pigment-mixture model implies that the normal wavelengthe
dependent response may only be measured for subjects with a
very mild degree of protanomaly. The pigment~-mixture model
also successfully predicts the responses of the deuteranomalous,
deuteranopic and protanopic subjects, and has already been
shown (Nunn, 1978) to successfully predict c¢olour matching
results similar to those of fig.4.17.

The single~-pigment and 'cluster' models are unsatisfactory,
in that they predict a shift to longer wavelengths of the
'R-G' mechanism for deuteranomalous subjects with respect to
the normal responses, whereas the experimental data tend to
show a slight shift to shorter wavelengths. They also pre-
dict a very different response than normal for the
deuteranomalous 'G-0.33R' mechanism, whereas it was found
experimentally that one subject, a mild deuterancmal,
obtained the normal response, whilst a second subject, a

more extreme deuteranomal, obtained no wavelength-dependent

response. .
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5.1 Introduction

Congenital colour vision defects, such as those described in
chapter 4, are caused by abnormal characferistics of the cone
photopigments. They result in reduced discrimination and
abnormal colour matching, but do not give rise to loss of
other visual functions, such as visual acuity. In this
chapter, data are presentéd for a subject who has a rare
central colour defect which affects both chromatic and
achromatic visual responses.

MW is a 30 year old male who was initially referred to
Imperial College by an employer because of problems associazated
with his colour vision. Extensive ophthalmic investigation
revealed no trace of abnormality in the ocular media or
findus and his acuity in black and white corresponds to 6/4
vision in each eye. He has been aware of his abnormal
vision since childhood, but there is no record of featment
with unusual drugs, no unusual medical history and no
recorded accident. The defect has remained stable through-
out the 10 years of study at Imperial College and tests
carried out on his family, including a single male offspring,
have revealed no other cases of the defect. There is,
however, a congenital red-green deficiency in both maternal
and paternal families; probably a deutan defect in both
cases.

MW's visual responses have been extensively studied
(Bender and Ruddock, 1974; Ruddock and Waterfield, 1978)
and some of the principal results are now summarised briefly.
Fig.5.1 shows the logarithm of foveal threshold sensitivity
to a 1° circular test field, log S , as a function of

stimulus wavelength , for subject MW and normal subject BB.
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MiW's sensitivity is suppressed for all near-monochromatic
targets compared with that of the normal observer. There is a
large loss of sensitivity for wavelengths > 610 nm.

Fig 5.2a shows the increment threshold values It, for a 1°
diameter circular test stimulus superimposed on a 70 diametép
circular background field of illumination level Ip. The test
and background stimulus wavelengths were the same and data are
given for a number of wavelengths. The data show a sudden fall
in log It which occurs as the background illumination increases
beyond a certain critical value, coinciding approximately with
that at which the background field becomes visible toc MW. The
effect is most marked for long-wavelength stimuli. Fig 5.2b
shows that when a 650 nm target is presented on background of
varying wavelengths, this characteristic fall in the value of
log It is observed for all background wavelengths tested, i.e.
440, 530 and 650 nm.

Fig. 5.3 shows the critical fusion frequency (CFF) as a
function of the mean illumination level, I, for a 100% square-
wave modulated, 40' x 80' test field of wavelength 590 nm. .The
CFF values for normal observer BB increase continuocusly to more
than 235 Hz, whereas the CFF values for subject MW saturate at
12-15 Hz.

MW's stereoscopic depth perception was investiga&ed with
Julesz' {(1971) random dot anaglyphs,which are printed in red and
green and viewed through fed (630 nm) and green (530 nm) inter-
ference filters, placed one before each eye. MW could not resolve
the single anaglyph elements when viewing through the red filter
alone. When viewing through both filters,however, he was able
to correctly identify the stereo-images. Thus, MW's fusion of
the stereo-images is not influenced by his inability to perceive

the 'red' component (Ruddock and Waterfield, 1978).
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Fig 5.1 Normalised threshold sensitivity, log Sx, for

detection of a foveally fixated, 1° diameter
circular target of wavelength,% . Sensitivity
is in relative units. The target was presented
ina /2 s on, '/2 s off, flash and recovery
cycle and located by four dim white fixation
points forming a square around the target. -
Each point is the mean of 3 readings and the
error bars show the standard deviation.

O subject MW; @ normal subject BB. The
broken line represents MW's data redrawn for
comparison. From Bender and Ruddock, 1974.
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Fig. 5.2a, log threshold illumination level, log It, for

the detection of a 1° diameter circular test
target, superimposed on a 7° diameter circular
background, is plotted against the background
illumination level, log I,. The wavelengths of
the test and background fields were the same
for each set of data and the value of this wave-
length in nm is given with each set.

b, as in (a) but the test was of wavelength

650 nm in all three cases, and the background
wavelengths are marked in nm. Each point is
the mean of three readings and the total spread
is denoted by the error bars. Subject MW

From Bender and Ruddock, 1974%.
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Fig. 5.3 Critical fusion frequency (CFF) for foveal

viewing of a 100% square-wave modulated,
40' x 80! test field of wavelength 590 nm
and mean illumination level, I. - Each point
is the mean of 3 readings with typical
spread of 2-4 Hz,

® subject MW; O normal subject BB.
Scales of illumination level for the two
subjects were adjusted so that log I = O
defines threshold level for each subject,
From Bender and Ruddock, 1974,

5.2 The Inhibitory Spreading Effect

It had been noted in previous studies

(Bender and Ruddock,

1974; Ruddock and Waterfield, 1978) that MW cannot detect small

or dim red targets, and when these targets are made larger and

brighter,

he reports that they appear as a 'diffuse grey area,

with a metallic, silvery sheen’'. In the new study it was

found that his detection of high contrast black and white

targets is affected when these targets are either superimposed



on, oOr lccated adjacent to, a red surface colour. This 1is
illustrated in fig 5.4 in which MW has sketched the appearance
of high contrast black on white targets located near red areas
Small red stimuli are undetected (fig 5.4a) but as their size
increases they are seen as diffuse grey areas which spread
outside the stimulus boundaries (e.g. fig 5.4c). High con-
trast targets are obscured when located within this grey area
(fig 5.44d). The effect also occurs under dicheptic presen-
tation of the stimuli, i.e. when the black and white target

is presented to one eye and the red stimulus ﬁo the other.

The area over which MW perceives the 'silvery-grey' effect

depends on the size of the red stimulus; for example, note the

difference between fig 5.4d and fig 5.4e.

The variation in the spread of the inhibition with
change in s;ze of the red stimulus was examined more gquanti-
tatively. Two rows of high contrast black targets, one full
and the other open circles, were printed on to a white card.
This card was placed against a coloured square, which pro=-
vided the inhibitory stimulus, as illustrated in fig 5.5.

The subject was asked to identify the position at which
the large circular targets could just not be detected
(distance 1g from the edge of the inhibitory stimulus) and
at which the targets first appeared to have blurred edges
(distance lp from the edge of the inhibitory stimulus).
These two distances were determined for a red stimulus card
(chromaticity coordinates, x = 0.492, y = 0.316; luminance
factor Y = 12.6) in the shape of a square of variable aresa.
The change of the inhibitory area with change in the size of
the red card is shown in fig 5.6, in which the inhibitory

area, Aj (equal to the stimulus area added to the surround
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Fig 5.4 The upper row shows a set of 5 stimulus
patterns (a~e), consisting of black bars,
denoted by the continuous lines or fully
shaded areas and red bars, denoted by the
broken lines or hatched areas. The lower
row shows MW's hand-drawn illustration of
the appearance of these patterns; the
hatched areas denoted regions which appeared
tsilvery-grey' and the fully shaded areas
appeared black, with well-defined edges.

area extending to a distance lg or 1, from the stimulus edge)
is plotted against the area of the red inhibitory stimulus,

As. A; is linearly related to Ag for much of the range,
implying extensive summation over the area of the inhibitory
stimulus. It was also noted, however, that when the
inhibitory stimulus was an oblong, the inhibition extended
further from the short than from the long edge of the stimulus,

thus it is not simply area which determines the spread of the

effect.
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Fig 5.5. i1illustrates the method used to measure the
spread of inhibition around a cocloured
stimulus, represented by the hatched square.
The large full circles and open circles were
of 12 min of arc diameter and centre to centre
separation 34 min. The small full circles
were of diameter 3.4 min of arc.

The dependenée of this inhibitory effect on the colour
of the stimulus was also investigated. Colour samples from
the Royal Horticultural Society colour chart were viewed at
a fixed distance, such that they subtended~an area of
5° x 3.7° at the subject's eye. The effect was measured as
before, using the card illustrated in fig 5.5. The small
circular targets (3.4 min diameter) were used for those
inhibitory stimuli which gave small effects, in order to
obtain more accurate results, The results are illustrated
in fig 5.7, in which the different symbols, plotted at points
corresponding to the chromaticity of the inhibitory stimulus
card on the CIE 2° chromaticity chart (CIE, 1931), indicate
the distances over which the inhibition extends from the
edge of the colour samples, with zero effect denoted by a
full triangle. It can be seen that the inhibitory effect
is associzted with colours in the red-purple region of the

chromaticity chart and is greater for saturated than
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desaturated c¢olours. No effect was observed for yellow
samples, but there is as small effect for a green (x = 0.266,

y = 0.515) and a2 blue (x = 0.275, y = 0.20) sample.

400

200

|
1

0 >0 100 150

A, (deg?)

Fig 5.6 The area, A;, covered by the inhibitory
responses plotted against the area of the
square inhibitory stimulus, Ag, Squares
correspond to the area of a square with
side length (21lg +~Ag) and circles to
the area of a square with side length
(2 1p + [ Rg). Data were measured for
12 min diameter circular targets;
open symbols for open targets, full
symbols for full targets. Subject MW.
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Fig 5.7 CIE 2° x-y chromaticity chart showing the value

of 14 for 5 x 3.7 deg stimuli with chromaticity
coordinates denoted by the data points. Values
of 15 were measured from the short side of the
stimulus, for 12 min circular black targets.
Different symbols denote different ranges of
values of 1ls: ©, 15> 39; B, 1.7°¢ 1s¢ 39;

O, 0.23< 1€ 1.7°; O, 15¢0.23°.

v, zero effect. W denotes the white point
(source C). R,G, B and Y are the co-ordinates of
four 23.5 x 17 deg stimuli (see text) and the

numbers denote the wavelength (nm) of spectral stimuli
on the spectrum locuys. Subject MW.
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Tc examine the dependence of this inhibitory effect on
brightness and saturation, measurements of lp were made for
(1) samples of approximately the same saturation and chromati-.
city (i.e. constant colour coordinates x and y), but of
different luminance factor, Y, the variable which correlates
with the apparent brightness of the sample (fig 5.8a), and
(ll) samples of constant luminance factor (Y = 12) lying on a
straight line between the white point, W, and a fixed point
(620 nm) on the spectrum locus (fig 5.8b). The data of
fig 5.8a show only the general trend of the relationship
between Y and ly, as the number of available samples with
constant chromaticity but different ¥Y-factor was very limited.
The data demonstrate, however, that lp increases as Y in-
creases, i.e. the brighter the sample the greater the spread
of the inhibitory effect. The wvariation Qf ly with satura-
fion is illustrated in fig. 5.8b. The degree of saturation
is expressed in terms of the variable, Yg, ﬁhe luminance of
the chromatic component of the desaturated stimulus (see
Lppendix B). As Y5, and therefore the saturation,increases,
the value of 1y rises rapidly after‘a threshold value
(Yg = 5) has been exceeded. Thus the spread of the inhi-

bition increases with stimulus saturation.

Fig 5.8a Values of 1lp plotted against the luminance

factor, y, of the stimulus. Each symbol
refers to stimuli with different chromaticity
coordinates:

O, x = 0.475, y = 0.296; &, x
O, x = 0.445, y = 0.330
b.Values of lp plotted against the luminance
factor Yg (which is a measure of saturation,
see Appendix B) of stimuli with constant
Y-factor, equal to 12, lying on a line
joining the white point, W, to the wavelength
620 nm on the spectrum locus.
Subject MW.

0.423, y = 0.286;
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A few check measurements were made with four large

(23.5° x 16.5°) colour samples; one red (x = 0.553,

y = 0.312, ¥ = 11.4), one yellow (x = 0.425, y = 0.472,
Y = 9), one green (x = 0.274, y = 0.415, Y = 15.8) and
one blue (x = 0.167, y = 0.105, Y = 6). The locations of

these colours on the CIE chromaticity chart are denoted by

R, ¥, G and B on fig 5.7. The colour samples were mounted

or: white card, on which black targets were printed, as illus-
trated in fig 5.9. The large targets (open squares and full
circles) subtended 37.1 min of arc at the subject's eye, and
the small targets (open triangles, open squares and full
circles) subtended 14.8 min of arc. When viewing the blue
and green cards MW had slightly reduced acuity on the

coloured area, i.e. the two concentric rings appeared as one,
he was unable to perceive the targets located on the border,
and the small targets which were located immediately adjacent
to the edge appeared blurred. When viewing the red card, MW
was unable to perceive any of the targets located with 50 of
the edge of the card; outside this distance he could perceive
the larger targets only as 'blurred’'. A1l the targets on and
adjacent to the yellow card were clearly visible. This is
consistent with the results obtained with the smaller samples
(fig 5.7), i.e. there is a large inhibitory effect for the red
sample, small effects for the green and blue, but no effect for
the yellow.

The effect of placing two colours together was also
investigated. A large (30.9° x 21.7°) red card (colour
coordinates, x = .553, y = .312, Y = 11.4) was used as a
coloured background on which four different colour samples

were mounted in turn. The coloured targets
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Fig 5.9 Shows one of the large (23.5° x 16.5°)

coloured stimulus cards mounted on a
white background and the black targets
used to check the measurements made

with the smaller Royal Horticultural
Society colour samples. The large
targets subtended 37.1 min of arc at the
eye and the small targets subtended

14,8 min.

had dimensions 5° x 3.7°%and were blue (x = .175, y = .146,

Y = 5.9), green (x = .266, y = .515, Y = 19.2), violet

(x = .455, y = .282, Y = 5.6). and yellow (x = .439, y = .473,
Y = 63.9). The blue and violet targets were completely
unseen by MW and the yellow target was perceived as a very
ill-defined "lighter grey" patch. Green, however, was
perceived as much better defined, although the edges were

still spread out over an area greater than that occupied
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by the stimulus, and MW was able to correctly identify the
colour. Thus there appears to be some form of selectivity

in the detection of the targets superimposed on the red card,
which is not simply dependent on the value of 'Y', as the
yellow card, which has the largest Y-value, 1is seen pocrly

and with no detectable colour, whereas the colour of the green
card was detected. It appears, therefore, that there is some
form of colour specificity in the target detection, which may
reflect colour opponency in the visual pathways. There was,
unfortunately, no further opportunity to investigate this
effect as the subject was not available.

5.3 Further Visual Threshold Sensitivity Measurements

It has already been shown (fig 5.1) that MW's threshold
sensitivity demonstrates a marked loss in the detection of
near-monochromatic targets, which is greatest for A> 610 nm.
Increment thresholds were also measured for a circular white
light target of diameter 3.5 deg. flashed for 300 ms once
every 3s in the centre of a steady 17 deg. background
field, which was either red (636 nm) or white (3000 K). Fig
5.10 shows values of log threshold illumination, log I,
plotted against log background illumination, log Iy for
subject MW and normal subject IH. The two subjects give
similar threshold responses for the white background.

MW's threshold feor the white target on the red background,
however, increases much more rapidly than IH's with increase
in log Iy. This confirms the results of the previous section
(fig 5.7) that red stimuli produce an abnormally large sup-
pression of MW's sensitivity to targets which he can readily

perceive in 1solation.
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Fig 5.10 Threshold illumination, log It for detection
of a white 3.5 deg target plotted against the
illumination level, log Iy, of the 17 deg
background field. Open symbols, white light
background; <c¢losed symbols, background wave-
length 636 nm. Triangles, normal subject IH.
Squares, subject MW.

The spatial summation of MW's foveal and non-foveal
threshold detection was investigated by measurements of
threshold illumination for detection of 635 nm circular targets
of different sizes, presented as a 15 ms flash once every 3s.
The results are illustrated in fig. 5.11, where log threshold
illumination for detection of the target, log Iy, is plotted

against the target area, A, and shows that there is no
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effective spatial summation in the detection of red light
stimuli, either foveally or 30° off-axis. This is in con-
trast to the inhibitory effect, where considerable spatial

summation is observed (fig 5.6).
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Fig 5.11 Threshold illumination, log I; for detection

of a 635 nm circular target plotted against
target area, A. Each point is the mean of
5 readings, with typical standard deviation
of 0.03 log units.

B, foveal vision; 0O, targets located 30°
off-axis along the horizontal meridian.
Subject MW.

In order to obtain further data on the spread of inhibi-
tion, increment thresholds were also measured for the
detection of a green (524 nm) target flashed for 300 ms

every 3s, within a steady red (636 nm) or green (536 nm) an-

nulus of illumination level Ia. The results,




illustrated in fig 5.12, show that MW's threshold illumination
for detection of the green target is markedly dependent on the
illumination level of the surrounding red annulus and, to a
lesser extent, on that of the green, whereas for the normal

subject IH it is virtually unaffected by the red annulus.
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of a 1.4 deg diameter, 524 nm circular target,
plotted against the illumination level, log Ia,
of a concentric annulus. The inset shows the
stimulus configuration. Each point is the
mean of 3 readings, with typical standard
deviation of 0.03 log units.

B, subiject MW, 636 nm annulus;

., subject MW, 536 nm annulus;

0O
A normal subiect IH. 636 nm annulus.
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These results confirm quantitatively that red stimuli
interfere with MW's detection of targets located in adjacent
regions of the visual field and that the magnitude of the
effect depends on the luminance of the red stimulus. They
also confirm that the inhibitory effect can be obtained with
other monochromatic stimuli, as it is observed with the gzreen
annulus, although the effect is greatest for the red annulus.

5.4 Temporal Characteristics of the Spreading Inhibition

Measurements of MW's critical fusion frequency
(CFF) have shown that his CFF saturates at 12-15 Hz, whereas
for normal vision it increases continuously with mean illumi-
nation level to a value > 35 Hz (fig 5.3). As red flickering
lights cause MW extreme discomfort, the following two-flash
experiment was performed. The threshold illumination level
for detection of a 20 ms green (524 nm) test flash was
measured as a function of delay time between the onset of the
test and that of a conditioning flash of 500 ms duration. The
17° diameter circular conditioning field was concentric with
the 1.4° diameter circular test flash, and 3 different con-
ditioning colours were investigated; red (635 nm) green
(536 nm) and white (3000 K). The results are illustrated in

fig 5.13 where log threshold illumination level, log I¢, is

plotted against the time delay, T, between the onset of the
two stimuli, with negative values of T denoting that onset
0of the test flash precedes that‘of the conditioning flash.

A red conditioning field of illumination level -1.02 log
trolands causes a large increase in MW's threshold detection
level for values of T in the range -250 ms to 750 ms. For

T in the range - 200 ms to - 100 ms MW was unable to
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detect the green flash at the maximum value of log I, provided

by the instrument. Measurements were also made for a red con-
ditioning field of mean illumination level 2.2 log trolands,
but MW was unable to detect the test at any available log Iy
level for T > 0. The green conditioning flashes also in-
fluence the threshold values, but to a much lesser extent

than the red, and the white conditioning flashes give a very

small effect. Data for normal subject IH, plotted for com-
parison, show a relatively small variation of log I¢ with ,

and his threshold levels for detection of the green flash are
much lower than MW's. These results show that MW's threshold
for detection of the green flash are significantly -different
in experimenﬁs with coloured conditioning stimuli than in
those with white copnditioning stimuli. It should be noted
that a large inhibitory effect was observed even with a red
conditioning field of ~1.02 log trolands, which is near to

the threshold level. Thus a very strong inhibitory response
can be generated by a red conditioning fileld which is only

just visible.

Fig 5.13 Threshold illumination level, log It,
for detection of a 524 nm, 3.5° diameter
test flash of 20 ms duration, plotted
against the delay, U , between the onset
of a conditioning test flash of 500 ms
duration and the test flash. Negative
values of T denote the test preceding
the conditioning stimulus. Each point
is the mean of 5 readings, with typical
standard deviation 0.1 log units. The
two lowest sets of data refer to normal
subject IH, the others to subject MW.
Different symbols refer to different
parameters of the conditioning field:

636 nm, 2.12 log troland;

636 nm, =-1.02 log troland;

524 nm, -1.02 log troland;

white light, -1.1 log troland.
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5.5 Conclusions

In the Introduction to this chapter it was noted that MW's
sensitivity in detection of long-wavelength light stimuli is
very low and that he makes grossly abnormal threshold settings
for monochromatic stimuli, although his acuity for black and
white targets is normal. In the present study it has been
shown that red light has a considerable inhibitory effect on
his vision, such that he 1s unable to perceive high contrast
black and white targets when they are located near a red
surface colour, It is shown that this inhibitory effect is
observed most readily with red and purple colours, although
small effects can be observed with blue and green (fig 5.7).
The spread of the effect from the edge of the inhibitory
stimulus depends linearly on the area of the stimulus (fig
5.6), and is increased when either the saturation or the
brightness of the inhibitory surface colour is increased
(fFig 5.8).

Measurements of visual threhold sensitivity confirm
that red stimuli, and to a lesser degree other monochromatic
stimuli, produc; an abnormally large suppressign 6f MW's
sensitivity to targets which he can readily perceive in
iscolation (figs 5.10, 5.12). It was also established
that there is no effective spatial summation in the detec-
tion of red lights (fig 5.11), in contrast to the extensiﬁe
spatial summation observed with the inhibitory effect.

A possible site of MW's defect is the pre-striate area
V4, which contains a high proportion of coclour-selective
cells (Zeki, 1978). Receptive fields of single neurons
in V4 are generally large (up to 5 deg square, Zeki, 1980),

but they are not as extensive as is implied by the
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spatial summation observed in the spreading inhibition
(fig 5.86). Thus it is 1likely that more central mechanisms

are also involved.
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CEAPTER &

Summary and General Conclusions

4 method of binocular adaptation which isolates three indepen-
dent post-receptoral responses in subjects with normal colour
vision (Hendricks, Ruddock and Waterfield, 1982} is reviewed
in chapter 3. This method involves setting threshold for
detection of a test grating after adaptation to a grating
{presented to the test eye) and a spot matrix (presented to
the non-test eye). The three mechanisms can be represented

by linear combinations of the Stiles (1959) T - mechanisms,

name1y1T5 =Ty, T, = 0.337; and T New data are
presented which relate the irradiatién level of the matrix
(for a series of wavelengths) to the threshold for detection
of the grating (figs 3.9 3.10) and it is observed that the
response curves saturate at different wavelengths. This new
method shows that the spectral response curves for the two
red/green opponent mechanisms become progressively narrower
as the size of the adaptation effect increases, and thus
sensitivity functions covering a significant spectral range
can be recorded only for small adaptation effects. The
binocular organisation of the adaptation effect was also in-
vestigated (figs 3.12, 3.13) and a network diagram constructed
on the basis of the results (fig 3.14).

Data for congenital red/green colour defective subjects
are presented in chapter 4. Wavelength discrimination
curves were measured for each subject in order to assess the
degree of the defect. The adaptation experiment which

isolates the post-receptoral 'R-G' mechanism in normal

subjects was performed by 8 deuteranomalous, &4 protanomalous,
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(8

3 deuteranop

¢ and 2 protanopic subjects. The deuteranomalous
subjects (fig 4.7, average data fig 4.11la) yield response
curves that are similar to those for normal subjects, but with
a slight shift in some cases to shorter wavelengths. The pro-
tanomalous, deuteranopic and protanopic subjects (figs 4.8 -
4,.170) all give responses that are wavelength-independent.
Four deuteranomalous subjects also carried out colour matching
experiments, in which they established Rayleigh matches under
adaptation to a series of bleaching lights of different illu-
mination levels, The ‘deuteranomalous' colour matches
approached the colour matches of two normal subjects at high
bleaching levels of 4.5 - 5.0 log trolands (fig 4.16).

The adaptation data for the colour defective subjects
was analysed in terms of three different models of anomalous
trichromacy: the pigment-mixture model (Ruddock and Naghshineh,
1974); the single anomalous pigment model (Mitchell and
Rushton, 1971; Alpern and Torii, 1968; Piantanida and Sperling,
1973a, b;  Pokorny, Smith and Katz, 1973); and the 'cluster
model' (Alpern and Moeller, 1977; Alpern, 1979). The
pigment-mixture model which asserts that anomalous trichromats
possess the three }normal' photopigments with one set of cones
containing a mixture of two pigments, predicts that the 'R-G'
response curves for both protanomalous and and deuteranomalous
subjects are similar to normal, but flatten out and shift to
shorter wavelengths as the degree of the deficiency increases,
which is consistent with the results observed in the deutera-
nomalous case. The absence of any wavelength-dependent
responses in the protanomalous subjects can be explained
qualitatively by the fact that large proportions of the

tgreen' photopigment are required in the protanomabus ‘'red'
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cones to predict the colour matching results (Ruddock and
Naghshineh, 1974). The single anomalous pigment model and
the 'cluster' model both predict anomalous 'R-G' responses
which shift to longer wavelengths, which is inconsistent
with the observed data. Thus, the pigment-mixture model of
anomalous trichromacy is the only one of the three examined
which is capable of predicting the experimental results

presented in chapter 4.

In chapter 5, the visual responses of MW, a subject with
an unusual defect associated with chromatic light stimuli,
were examined. MW's thresholds for red targets are much
higher than normal (fig 5.1) and it was discovered that red
stimuli induce a spreading inhibition which can obscure black
and white targets located on or adjacent to the red stimulus
(fig 5.4). The magnitude of this inhibitory effect depends
linearly on the area of the stimulus (fig 5.6). The inhibi-
tory effect can also be obtained with blue and green stimuli,
but the effect is much greater for red and purple stimuli
(fig 5.7) and increases with both saturation and brightness.
Data for a two-flash experiment (fig 5.13) show that presen-
tation of a red conditioning stimulus can influence the
detection of a test flash presented 250 ms - 750 ms before
the conditioning flash. It is argued that MW's abnormal
visual responses must arise at some central point in the visual
system; possibly the pre-striate area V4 {(Zeki, 1978),although
the spread of the inhibitory effect is greater than that

expect2d from the receptive field sizes of V4 neurones.



APPENDIX A

Data Reccrding Circuit

In the Maxwellian optical system (fig 2.2), the position of
the neutral density wedge was monitored by recording the
voltage on the wiper of a 10-turn potentiometer, which was
connected by gears to the wedge and had a constant applied
voltage. The output from the wiper was measured on a
digitel multimeter (DANA, model 3800B) and recorded on a
digital printer (CREDSHIRE, model DP100). Fig A.1 shows
the circuit used to sample the voltage reading on the multi-
meter and to record it on the printer.

The observer fecords the position of the wedge by
pressing either of two switches, S1 or S2. These two
switches are debounced with two monostable multivibrator
circuits TTL type T4121, and the active low outputs of these
devices are logically NOR'd together using a 7400 NAND
gate to clock the counter unit and trigger a further mono-
stable to generate a pulse for the multimeter (DMM) ‘'read!
line. A second NAND gate output is inverted and used to
trigger another monostable to drive the printer 'print'
line. The output from the debounced switch S1 also triggers
the printer 'R/B shift' timing monostable to give an active
low output pulse. Thus the observer can initiate two print
seguences: 'print red' or }print black'. A third switch,

S3, initiates the 'paper feed' sequence on the printer.
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APPENDIX B

Representation of a desaturated stimulus in terms of

chromatic and achromatic components

In order to examine the effect of changes in stimulus satu-
ration on the spreading inhibition exhibited in the visual
responses of subject MW, the luminance, Yg, ¢f the chromatic
component of a desaturated stimulus was derived, It is

assumed that a desaturated colour (x,y) is represented by a

combination of white (xy, yy) and a saturated colour (xg,¥g)

If the tristimulus values of the white and saturated stimuli

are Xwy Yy, Zy and Xgy Ygq zs,respectively, then: .

’

Xw = Xw , Yw - Ty Equations B.1
Xy+¥y+2y Lyt Tw+lw
Xg = X -
= ’ ¥g = Ys Equations B.2
X3+Ys+Zs XS+YS+ZS

and, by addition of the two colours,

X = Xw+¥s , ¥ = Yu+¥s Equations B.3

XW+YW+ZW+XS+YS*ZS XW+YW+ZW+XS+YS+ZS

From equations B.l1, B.2 and B.3,

Xw = XW = Kw
Y Yw
and xs = Xs = Kg Equations B.4
yS Ys

where Ky and Ks are constants for fixed values of

Xsy ¥s, Xw and yw.
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From equation B.3,

X = XytXs = YyKysYsKe
3 Yw+¥s Yy+is
but Y = Yg+Y¥y,
therefore X = ((Y-Yg)Ky+YsKs)
y Y
i.e. Yg = i’?y -Ky)Y Equation B.5
Ks=Ky

Y, X, and K5 are all constant for samples of constant lumi-
nance which lie on a straight line between the white point
and a fixed point on the spectrum locus. Thus Yg is propor-

tioned to Xy and gives a measure of the saturation of the

samples.
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