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ABSTRACT

This thesis describes a psychophysical study of the visual
mechanisms responsible for spatial, form and colour perception in
subjects with normal and abnormal visual pathways.

The main investigation is concerned with the post-receptoral
organization of colour vision in the human visual system. An
adaptation method derived from the contrast threshold elevation effect
(Blakemore and Campbell, 1969a,b) and the associated binocular
inhibitory effect (Ruddock and Wigley, 1976) is described, and it is
shown that with a suitable choice of grating parameters the inhibitory
interaction is colour selective. Three independent spectral response
mechanisms have been found, and their spectral responses have been
derived. One mechanism exhibits red—-green opponent responses similar
to that observed in electrophysiological studies (Gouras, 1974). The
spectral responses of all three mechanisms have been analysed in terms
of the absorption spectra of the cone photopigments (Marks, Dobelle
and MacNichol, 1964) and the non—linear transmission of signals along
the visual pathways. Some data are also presented for a deuteranopic
dichromat, who lacks the green-sensitive cone mechanism (Rushton, 1965)

The remainder of the thesis describes visual responses to
spatially structured stimuli found in subjects with abnormal vision
including an albino, a hemiope, and a subject(M.W.) with a rare central
colour vision defect (Bender and Ruddock, 1974). It is shown that the
spatial resolving power in the albino is not set at the photoreceptor
level and that M.W.'s central visual defect involves a gross loss of
spatial resolution for long—wavelength stimuli. Results for this last
subject have been examined in relation to current theories about both
the representation of different stimulus parameters at central levels

in the visual pathways and the origins of visual illusions.



CHAPTER I

General Introduction

Eyes are sensory organs, whose function is to detect light and
initiate the sequence of events which leads to the perception of
stimulus brightness, colour, form and movement. As a result it must
contain a photochemical pigment capable of photon absorption to
indicate the presence of a light stimulus. The pigment molecules
mediate the absorption process over a wide spectral range, and are
contained in the receptor cells which transform the spatial and
temporal properties of the retinal image into equivalent electrical
signals as required for transmission to higher stages of visual
processing. The majority of retinal fibres carrying visual
information project to the visual cortex which contains a point by
point mapping of the retinal surface, although not on a one:one
basis, and appears to constitute the input stage to further processing
units (Zeki, 1978e).

Functional aspects of the visual system can be investigated by an
ob jective or subjective approach. Objective techniques involve
neurophysiological measurements of single cell responses as a result
of wvisual stimulation, whilst subjective methods utilize the
responses of the visual system as a whole in psychophysical
measurements involving threshold or matching criteria, in which the
system itself is treated as a variable input - constant output device.
An improved understanding of the visual system is obtained by
combining studies of both kinds, and in view of the close
similarities which exist between man and the higher primate species,
especially with respect to their visual systems, it is therefore
possible to make comparisons between results obtained by the two

methods.



In this introduction, a review is given of previous
investigations, both psychophysical and electrophysiological, which

are relevant to the research to be described im later chapters.

A. Anatomical Structure of the Visual Sensory System
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Fig. 1.1 A Horizontal Cross Section through the Human Eye
(after Polyak, 1957).



The eye, fig. 1.1, constitutes the peripheral sense organ of the
visual system. Light from objects in the external surroundings enters
the eye and is focused to form an image on the retina, by refraction
at the transparent corneal membrane and crystalline lens. The retina
lines the posterior chamber containing the vitreous humour, and
consists not only of the receptoral layer of rods and cones, but also
of several other classes of functionally and morphologically distinct
cells organized into layers lying perpendicular to the light rays.
The photoreceptor layer of rods and cones comprises the iﬁnermost
layer, ad jacent to the choroid, thus incident light passes through the
other retinal cells before being absorbed by the visual pigments
contained in the rod and cone receptors.

Not all of the light entering the eye is absorbed in the visual
pigments. The lens absorbs any ultra-violet radiation entering, and )
the useful range of wavelengths for the receptors extends between
wavelengths of around 380 nmm to 700 nm - the visible portion of the
spectrum. Further reductions in overall sensitivity are caused by
absorption prior to receptors in the optical media and by scattering
losses.

Several anatomical features which distinguish between rods and
cones are revealed by optical—and electron—microscopy (see fig. 1.2).
Essentially the two classes derive their names from their morphology.
The outer limb of cones is typically conical in shape, its inner limb
is bulbous, and their pedicles which establish synapses with other
cells, are spatially diffuse. However, at the fovea, a specialized
region of the retinal surface, the cone outer segments become more
cylindrical (diameter 2 pm, Polyak, 1941), and their high density in

the fovea accounts for its high spatial acuity.



The rods, in contrast

Robp
OUTER - CONE to the cones are
SEGMENT OUTER cylindrical in shape
Free — SEGMENT of diameter 2 pm and
Floating
Disks +Folded length 60 ym, and
Membrane have two distinct
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receptors possess a
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SYNAPTIC membrane structure,
BODY
. which is continuous
FIG12 Typical ROD and CONE CELLS

in MAN in the envelope
structure of cones,
(after Young, 1960)

but forms separate
disc structures in rod outer segments. It is in this membrane that
the photolabile pigment is distributed. In rods, the pigment has been
extracted and investigated (Dartnell, 1957) and subsequently given the
name rhodopsin. On exposure to light it undergoes a series of
chemical changes, regenerating as light is removed (Wald and Brown,
1956; Brindley, 1970), the time course of recovery being reflected in
dark adaptation curves of sensitivity. Cone pigments, however, have

proved more difficult to identify, as they have not been extracted

successfully. Microspectrophotometric studies on primate comes



(Marks, Dobelle and MacNichol, 1964; Brown and Wald, 1964) show that
there are three spectral classes of cone pigments, and thus establish

trivariancy at the receptoral level (see fig. 1.3).
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It should be
noted, however,
that there is
significant spread
between individual
cone spectra, and
that the data
refer to
parafoveal, not
foveal, cones.

The
distribution of
rods and cones in
the human retina
is approximately

symmetric about a

small depression (1.5 mm) in the retinal surface lying close to the

optical axis of the eye, fig. l.4.

This region is called the fovea.

The optic disc, however, being the region where the nerve fibres leave

the eye on their way to the brain, is completely void of any

photoreceptors, and for this reason is termed the 'blind spot'.

fovea, on the other hand,
5
approximately 10

rod—free.

The

contains a dense distribution of cones,
6
in number out of a total of 10 , and is virtually

Since these cones are closely packed and maintain local

10.



neural connections, the structure corresponds very well to the high
o]
acuity in the central 2 of the visual field. There are in all some
8 o o]
10 rods with peak density at 10 =15 from the fovea, fig. 1l.4.
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As stated in a previous section, the retina consists of a number
of classes of neurones, which receive signals from receptor cells.
The connections between these various types of cell and their
projections to the higher visual centres have been studied in part by
neural atrophy with subsequent degeneration (Hubel and Wiesel, 1969;
Cowey, 1974), by the transmission of electrical signals generated in
the rods and cones to the bipolar cells and hence to higher visual
centres (Dowling and Boycott, 1966; Dowling, 1968; Witkovsky and
Dowling, 1969; Boycott and Dowling, 1969) and by staining techniques

(Ramon y Cajal, 1911; Polyak, 1941).

11,



A.i. The Retinal Structure

Golgi staining shows that the retina contains six classes of
neurone, plus supporting Glial tissue and Miller fibres. The six
types of cells are photoreceptors, horizontal cells, bipolar cells,
amacrine cells, inter-plexiform cells and ganglion cells. The retinal
structure possesses two principal synaptic layers, at which the
different neuronal classes establish contact. The outer plexiform
layer consists of the processes from the receptor, horizontal and
bipolar cells, and the inner plexiform layer consists of the processes
of the bipolar, amacrine and ganglion cells (see fig. l.5). The
inter—plexiform cells appear to make post—synaptic contacts at the
inner plexiform layer and pre—synaptic contact at the outer plexiform
layer.

The information flows through the retina in a preferred direction,
i.e., from photoreceptors via bipolars to ganglion cells, the axons of
which constitute the optic nerve fibres as they pass out of the eye.
At this stage in the inner plexiform layer, the two classes of
receptor of the primate retina have separate bipolar pathways. The
terminal spherule of each rod is invaginated by the dendrites of rod
bipolars, whereas the terminal pedicule of the cones, synapses with
clusters of three dendrites, at least twenty—five clusters per cone.
Dowling and Boycott (1966) postulate that the middle one originates in
a midget bipolar cell, whereas the others are from the diffuse cone or
flat bipolar cells.

There are two classes of nerve cells termed inter-neurones which
synapse laterally across the retina. One of these, the horizontal

cells, is situated at the level of the photoreceptor-bipolar synapse

12,
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(after Boycott and Dowling, 1969)

(fig. 1.5), and the other, the amacrine cells situated at the level of
the bipolar-ganglion cell synapse (Dowling and Werblin, 1969).

Amacrine cell was the ferm applied by Cajal (1933) to a group of



retinal nerve cells which had no axon, and these cells can synapse
both pre— and post— synaptically to bipolar cell axon terminals to
provide a reciprocal probability of feedback between amacrine and
bipolar cells (Werblin, 1973). In addition, two types of horizontal
cells have been found in fish (Stell, 1967; Parthe, 1972) and monkey
(Boycott and Dowling, 1969) retinae. These have specific connections;
type A, external to cones, whilst type B, intermediate are connected
to rods.

Boycott and Dowling (1966) showed that most ganglion cells in the
primate retina receive their input directly from bipolar neurones, and
the six classes of ganglion cell described by Polyak (1941) are now
grouped into two classes — midget and diffuse ganglion cells. The
midget ganglion cell is characterized in being unique to primates
and has a single dendrite, unbranched in the inner plexiform layer
except where it branches at its tip to synapse with the terminal of
midget bipolar cells. In contrast, the diffuse ganglion cell

dendrites branch at all levels in the inner plexiform layer.

A.ii. The Optic Nerve and the Lateral Geniculate Nucleus

The axons of the ganglion cells leave the eye and merge to form
the optic nerve, which is therefore composed of about 106 fibres
(Ogden and Miller, 1966; Potts et al., 1972a,b), fig. 1.6. About 20%
of the optic nerve fibres project dire;tly to the mid-brain region of
the superior colliculus, and as yet the precise function of these
non—geniculate fibres is undefined, but they are thought to be

responsible for control of eye movements and may mediate the pupillary

response in cortically blind patients (Brindley, Gautier-Smith and

14,



The Human Visual System

(from below the brain)

E-Eye

O-Optic nerve L-Lateral geniculate nucleus
r- Retina SC-Superior Colliculi
C-Chiasma R-Optic Radiations

V-Visual Cortex

Fig. 1.6 The visual pathways (seen from below
the brain). (after Polyak, 1957)

Levin, 1969). The rest of the optic nerves intersect at the 'optic
chiasma', fig. 1.6, where partial decussation occurs, that is, there
is a crossing over of nerve fibres towards opposite hemispheres in the
brain, with the remainder continuing to innervate on the same side as
the eye from which they came. It is found that fibres from the nasal
hemi-retina cross to the brain on the opposite (contralateral) side,

whereas the temporal fibres continue to the same (ipsilateral) side.

15.



The visual field is therefore divided at the central point and
represented in different halves of the brain. However, it is thought
that the area corresponding to the central 2o of the visual field may
be bilaterally represented (Teuber, Battersby and Bender, 1960). 1In
albinos, this decussation is complete and thus there is no longer the
half-field representation in the cerebral hemispheres; each hemisphere
receives a complete mapping of the visual field (Guillery and Kaas,
1971; Guillery, 1974; Creel, Witkop and King, 1974).

These nerve fibres connect the retina to the lateral geniculate
nucleus (L.G.N.), fig. 1.6, which functions primarily as a relay
station, but the information from the two eyes still remains separate
at this stage. In primates, the L;G.N. consists of six sheets of
neurones, and a point by point projection produces an ordered two
dimensional map of the retina (Minkowski, 1920; Le Gros Clark and

Penman, 1934; Glees, 1961). Three sheets of L.G.N. neurones receive

input from the ipsilateral eye (numbers 2, 3 and 5, fig. 1.7), and

Ipsilateral O~
Retinal
Ganglion
Cealls

Contraiateral Retinai
Ganglion Cells

FIG.1.7 Innervation by Optic Tract Fibres into
the Laminae of the L .G N

16.



the contralateral eye projects to the three sheets, numbers 1, 4

and 6 (fig. 1.7). These projections are in register and as a result
a single line through the six sheets can be drawn representing a
single retinal pro jection point. The visual cortex receives this
mapping of the retinal surface by input from the geniculo-calcarine
tracts or optic radiations, fig. 1.6, and it is there that an

interaction between the two visual half-fields occurs.

A.iii. The Visual Cortex

This is essentially a two—dimensional layer of cells, which
spread out over the surface of the cortical hemispheres to which the
visual pathways make their primary connections. It is also known as
area 17, and projects itself to two adjacent cortical areas, the para-
and pre-striate areas, referenced areas 18 and 19 (Hubel and Wiesel,
1965 and 1968).

The cortical mapping has been established in many different ways;
degeneration of nerve fibres and neurones following surgical lesions,
recording of electrical signals from single neurones (Talbot and
Marshall, 1941; Daniel and Whitteridge, 1961) and more directly
(Holmes, 1918, 1919; Teuber, Battersby and Bender, 1960) from sub jects
with brain damage localized in restricted regions of the cortex.
Brindley and Lewin (1968) mapped out the area by direct electrical
stimulation and generation of phosphenes. From these results it is
found that area 17 contains a two-dimensional map of the visual half-
field, with a separate map in area 18. It appears that the two maps
are mirror symmetric around the point of connection between the two

areas (Cowey and Rolls, 1974; Zeki, 1978b,c) and the boundary

17.



represents the vertical meridian in the visual field. 1In all cases,

there is a large cortical representation of the fovea — the area

centralis, fig.

Fig.

1.8

1.

8.

Mapping of the Visual Field onto the
Visual Cortex (Area |7)

Schematic view of lower rear right
handside of primate brain. Continuous
lines show the mapping of lines parallel
to theé horizontal meridian at different
eccentricities (positive values refer to
above horizontal meridian, negative
values refer to lines lying below the
horizontal meridian). C = Calcarine
fissure, L — Lunate sulcus

(after Levay et al., 1975)

Initially, damage to the striate wvisual cortex in man was thought

to produce permanent blindness, but after studies on monkey, the

striate cortices of which have been removed, light discrimination

ability is re-acquired if a sufficient time interval elapses (Pasik

and Pasik, 1966, 1971; Weiskrantz, 1963, 1972), and therefore

permanent blindness may be caused by damage of non—striate areas.

The visual cortex is composed of six layers of neurones parallel

18,



to and arranged in columns perpendicular to its surface (Hubel and
Wiesel, 1962). Connections from the L.G.N. are made into Layer IV of
area 17 (Wiesel, Hubel and Lam, 1974; Levay, Hubel and Wiesel, 1975)
and in a similar manner to the L.G.N., all the layers are in register,
but the banded structure established by the autoradiographic technique
concludes that at this point the signals from the two eyes are still
separate.

The transcallosal fibres connect the visual cortices in the two
halves of the brain and cross from area 18 of the visual cortex on one
side of the brain to terminate in area 18 of the other side. This
connects the boundary layers between area 17 and 18, and therefore the
two half-field representations of the visual field along the vertical
meridian (Choudhury, Whitteridge and Wilson, 1965). Beyond this point
there is still speculation as to the functions and the pathways of the
visual system. Jones and Powell (1970) and Zeki (1973, 1978b,cé&d)
have investigated some. The projections which mediate colour reponses
are thought to be found in area V4 (Zeki, 1978d), and also numerous
fibres from the visual cortex extend to the superior colliculus
responsible for direct eye movements and pupillary response (Schiller,
Stryker, Cyander and Berman, 1974; Finlay, Schiller, and Volman, 1976;
Mohler and Wurtz, 1976, 1977, 1978; Goldberg and Wurtz, 1972a,b, 1977;

Wurtz and Goldberg, 1972a,b; Ward and Morgan, 1978).

B. Functional Organization of the Visual Sensory System

The functional organization of the retinal network signals at
the level of the ganglion cells has been obtained mainly from

investigations on fish, amphibia and reptiles. The responses of the

19.



cells in this region are all amplitude modulated with respect to
illumination level, and Werblin (1973) has proposed a functional model
of the vertebrate retina based on the recordings of such classes of
response in the mudpuppy retina (Werblin and Dowling, 1969; Werblin,
1970). From these recordings, the spatial organization of the visual
system can be found and the extent of the receptive fields, which are
defined as the retinal area within which any illumination will alter
the cell's response. Consequently, cells were found to have centre-
surround receptive fields, exhibiting on—off reponses between central
and peripheral regions. Intracellular recordings in photoreceptors
are limited due to their size, and are only possible in large outer
segments (e.g., Borkoff, 1964; Tomita, 1965; Toyoda, Nosaki and
Tomita, 1969; Baylor and Fuortes, 1970). The spectral functions of
the electrical responses correlate well with microspectrophotometric
data obtained with the carp (Oikawa, Ogawa and Motokawa, 1959; Marks,

1965; Tomita, Kaneko, Murakami and Pautler, 1967).

B.i. Horizontal Cells

Svaetichin (1953) recorded responses known as 'S' potentials from
the horizontal cells in fish. At first they were thought to be the
receptor responses, but this was later shown not to be the case.

There are two classes of 'S' potentials. In both, the amplitudes of
the electrical responses are graded with the illumination level and
are more or less maintained during the period of stimulation
(Svaetichin and MacNichol, 1958; Kaneko, 1970). The luminance or
L-type response is always negative, i.e., in a hyperpolarizing

direction, fig. l.9a, whereas the other, the chromatic or C-type

20.
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(after Svéetichin and MacNichol, 1958)
response, is positive or negative, in depolarizing or hyperpolarizing
directions, depending upon the wavelengths of the light stimulus,
fig. 1.9b. In general, the horizontal cells are classified according
to the receptor from which they receive their input; rod horizontal
cells are hyperpolarizing for all wavelengths and have the spectral
sensitivity of rhodopsin, whereas cone horizontal cells are divided
into L- or C-type. L-type again hyperpolarize to all wavelengths of
stimuli, but the C-type are of two kinds, fig. 1.9, those which

hyperpolarize for short wavelengths and depolarize for long

21.



wavelengths and the reverse.

In fish, there is no interaction between the rods and cones at
horizontal cell response level (Kaneko and Yamada, 1972; Ruddock and
Svaetichin, 1973), although the horizontal cells do sum over their
respective inputs. Some have restricted receptive fields, others
extend over the whole retina, however, there is no antagonism between
the different regions within the receptive field. This is also found
true in the turtle retina (Lamb, 1976). Although horizontal cells may
not be involved specifically in the transfer of visual information,
electrophysiological evidence indicates they may control receptive
fields of bipolar and ganglion cells by a lateral propagation of

visual signals within the retina (Naka and Nye, 1970).

B.ii. Bipolar Cells

Horizontal cells and photoreceptors send signals to the bipolar
cells, which from microelectrode recordings of fish cells (Kaneko
1970, 1971; Naka, 1977) and mudpuppy (Werblin and Dowling, 1969) are
shown to have a centre-surround antagonistic receptive field
organization. The central region shows either a hyperpolarizing or
depolarizing response, whilst the surround is the reverse. Bipolar
cells can also be subdivided into groups of colour and non-colour

coded neurones.

B.iii. Amacrine Cells

Werblin (1970) showed that the concentric type of receptive field
organization probably extends to the amacrine cells, which are driven
by the bipolar cells and have similar receptive field properties.

Werblin and Dowling (1969) found all responses in the mudpuppy

22,



amacrine cells to be depolarizing in nature until a critical level at
which spikes were produced. This spike response was elicited at onset
or offset of the response, or at both onset and offset, dependent on

the position of the stimulus (see fig. l.10). Recently two types of

Spot 250 nm. annulus 500nm. annulus }
~ 5mv.

S T | —

' —
FIG110  AMACRINE CELL RESPONSES 200ms
’ (Redrawn from Werblin & Dowling,!1969)

amacrine cells have been identified by Chan and Naka (1976) in the
catfish, and Ruddock and Djamgoz (1978) provide evidence for mixed

rod-cone input in cyprinid fish.

B.iv. Ganglion Cells

Responses from ganglion cells are far easier to isolate.
Hartline (1938) first accomplished this by recording from the frog's
optic nerve to show the fibres belong to three groups: 'on—off' fibres
of two kinds, those which give a burst of spike discharge at
illumination onset and a sustained discharge for the duration of the
illumination, and those which respond only whilst the light is on,
giving a spike discharge when it is extinguished. The third group are
'off' fibres, which respond only when the light is terminated. Granit

and Svaetichin (1939) improved the method by recording from the cell

23.



bodies themselves, and Kuffler (1952, 1953) made intracellular
recordings from the cat retina to show that it is arranged into two
circular and concentric zones, again antagonistic. This means that

1llumination of the centre of the field may excite the ganglion cell

' 1

and elicit an 'on' response, whereas illumination of the periphery
'inhibits' the cell and elicits an 'off' response or vice versa (see

fig. 1.11). Illumination of both regions together produces little or

‘On’ Response ‘Off’ Response. ‘On-Off' Response

VA S Ve N VS

T—

FIG111  GANGLION CELL RESPONSES
(Redrawn from KUFFLER, 1953)

no response. Such ganglion cells are found in a number of species,
e.g., rabbit (Barlow and Hill, 1963; Barlow, Hill and Levick, 1964;
Barlow and Levick, 1965), rat (Brown and Rojas, 1965), cat (Brown and
Wiesel, 1959; Wiesel, 1960), spider monkey (Hubel and Wiesel, 1960)
and ground squirrel (Michael, 1966).

In animals with well developed colour vision, the antagonistic
zones may be colour coded, that is, the centre of the field responds
maximally to light of one wavelength, whereas the antagonistic
periphery responds greatest to another wavelength (Wagner, MacNichol
and Wolbarsht,1960), fig. 1.12. Ganglion cells with this complex

activity have been identified in the gold-fish retina (Daw, 1967,

24,
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Fig. 1.12 Variation of response from a single
ganglion cell with change in stimulus
wavelength. (after Wagner, MacNichol
and Wolbarsht, 1960)
1968), ground squirrel (Michael, 1968) and also in the monkey where
the majority of receptive fields of the ganglion cells are not only
concentrically arranged (Hubel and Wiesel, 1960; Gouras, 1969) but
also colour-opponent, i.e., centre and surround regions are driven by
different types of receptor inmput (Gouras, 1968; Marrocco, 1972;
De Monasterio and Gouras, 1975; De Monasterio, Gouras and Tolhurst,
1975a,b and De Monasterio, 1978a,b & c).

De Monasterio and Gouras (1975) introduced three functionally
distinct classes of ganglion cells in the rhesus monkey. These
consist of a concentrically organized receptive field with sustained
colour—opponent response produced by one cone input into the centre,

and one or two cone inputs into the antagonistic surround, or

broad-band cells which show transient responses and have concentric,
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OPPONENT COLOUR CELLS b.
with CENTRE-SURROUKD
arrangenent

VWiesel & Hubel, 1966
(Type 1)
Michael, 1968 (Class 3)

OFPPONENT COLOUR CELLS
with NO CERTRE-SURROUND
arrangement

Wiesel & Hubel, 1966 (Type 1)
Michael, 1963 (Class 1)
Norton, Spekreijse

Wolbarsht, Wagner, 1968

Wagner, MacNichol &

Wolbarsht, 1963

Michael, 1968 (Class 2)

Kaneko,

1972

colour—opponent broad-band cells.

Fig. 1.13

DOUBLE OPPONENT CELLS

Daw, 1968

Hubel & Wiesel, 1968
Michael, 1970
Pearlman & Dow 1970

antagonistic receptive fields, whose centre response is mediated by
two cone inputs, and whose surround has a spectral sensitivity
identical to that of the centre. Some cells which‘had different
spectral sensitivities in the two regions were classified as

The third class of cells, however,
did not have a concentric receptive field organization, and only gave

a spontaneous response to moving stimuli. Figure l.14 shows the
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(after De Monasterio and Gouras, 1975)
relative distributions of these classes of cells from De Monasterio
and Gouras (1975). A further study of the rhesus monkey by
De Monasterio et al. (1975a,b) revealed a class of cells driven by all
three cone types. In the majority of cases, the blue-sensitive cones
opposed the red and green ones, but there were others found to have
responses of the same sign at each end of the visible spectrum
mediated by the red-sensitive cones, and a mid-spectral response of

opposite sign from the green—sensitive cones (De Monasterio and
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Gouras, 1977), furthermore, all those cells receiving a blue cone
input were trichromatic (De Monasterio et al., 1975c). In macaque
monkeys, however, all ganglion cells are driven by both rods and cones
(Gouras and Link, 1966; Gouras, 1967) and the blue-sensitive cones
show a tri-cone opponent arrangement (De Monasterio, 1979).

Enroth—-Cugell and Robson (1966) classified cat ganglion cells into
those exhibiting linear spatial summation of excitation over their
receptive fields, and those which did not (X-and Y-cells responses,
respectively). Subdivisions also exist for brisk, sluggish, transient
and sustained response types (Cleland and Levick, 1974a,b). W-cells
have been found (Stone and Fabian, 1966; Rodieck, 1973) which possess
a non—concentric receptive field organization, and most probably
project to the mid-~brain region rather than to the L.G.N. Recently,
similar cells with atypical receptive fields have been identified in
the rhesus monkey (De Monasterio, 1979) from responses to moving
coloured stimuli.

Morphological data can be compared with conduction time and
receptive field size measurements (Boycott and Wiassle, 1974; Cleland
and Levick, 1974) to correlate with the functional classes (Wissle,
Levick and Cleland, 1975).

Ganglion cells show a selective response for movement (Barlow and
Hill, 1963; Barlow and Levick, 1965) and for linear stimuli of
specific orientation (Levick, 1967) in the rabbit retina, which as yet
has not been observed in cat or primate ganglion cells. Barlow,
Fitzhugh and Kuffler (1957) and Barlow and Levick (1965) showed that
antagonistic surround effects disappear for a fully dark adapted

eye or when the stimulus is presented in brief flashes. This is
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explained by the two different lateral conduction pathways (Werblin
and Dowling, 1969; Naka and Nye, 1970), and is independent of the

Purkinje Shift or the rod-cone excitation of ganglion cells.

B.v. The Lateral Geniculate Nucleus (L.G.N.)

Recordings from units in the L.G.N. of tﬁe cat (Hubel and Wiesel,
1962; Kozak, Rodieck and Bishop, 1965) and the monkey (De Valois,
1965; De Valois, Abramov and Jacobs, 1966; Wiesel and Hubel, 1966)
suggest a similar functional organization to retinal ganglion cells,
except for the ones which project to the superior colliculus.
However, the response types found in the L.G.N. of the monkey (Wiesel
and Hubel, 1966; De Valois, 1965) were not as numerous as those found
in the ganglion cells (Hubel and Wiesel, 1960; Gouras, 1968). Only
the first two classes of ganglion cell found by De Monasterio and
Gouras (1965) are reflected in responses in the L.G.N. (Wiesel and
Hubel, 1966).

The precise function of the L.G.N. in the primate visual system
has never been fully established. It appears to be a relay station
for visual signals transmitted along the visual pathways, as at
present there is no evidence to suggest any re—organization of the
information takes place at the L.G.N. level. However, there is some
segregation of the inputs to the different laminae; colour—-opponent
ganglion cells appear to terminate in the parvo-cellular (innmer)
layers, whereas the broad-band cells terminate in the magno-cellular
(outer) layers (Dreher, Fukada and Rodieck, 1976). Cells of the
L.G.N. are classified in terms of response latency to visual stimuli

(Marrocco, 1976); cells of the parvo-cellular layers are driven by the
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tonic (slow-conducting) ganglion cells, i.e., off-centre colour-
opponent responses as well as the sustained colour-opponent cells,
whereas the phasic (fast—conducting) ganglicn cells innervate the
magno-cellular layers. The responses of the third class of ganglion
cell (¥) -W cells have not been identified in the L.G.N. of. the
primate. Their properties appear to correspond with the recordings
from the superior colliculus of the macaque monkey (Schiller and
Koener, 1971; Goldberg and Wurtz, 1972), and therefore link the retina
to the mid-brain region (Schiller, Stryker, Cyander and Berman, 1974).
Binocular interaction is completely absent from the L.G.N. in primates,
as is also the directional selectivity found at the L.G.N. cell level

in rabbits (Levick, Oyster and Takakashi, 1969).

B.vi. The Visual Cortex

There is considerable difference in the organization of the
receptive fields of the cells in the striate cortex as compared to
those of the L.G.N..Hubel and Wiesel (1959, 1962, 1965, 1968)
classified the cells of area 17 of the cat and monkey viSual cortex
into circular concentric fibres, simple, complex and hypercomplex
cells. A more recent classification by Schiller, Finlay and Volman
(1976a,b,c,d & e) and Henry (1977) is of a more specific nature.
Except for the class of circular concentric fibres, the others all
have a different receptive field organization to peripheral neurones
of the visual system. They are orientation specific, and do not have
concentrically organized receptive fields. For the maximum response
from a cell, the stimulus has to be correctly positionmed within the

receptive field. Most cortical cells appear to be binocularly driven
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as they respond to stimulation of either eye, whereas retinal and
L.G.N. cells respond only to stimulation of the eye with which they
are associated. An ocular dominance is however found; some cells
respond more favourably to stimulation of one eye than to that of the
other. Some respond equally well to either eye and at the same time
others appear to be monocularly driven. Another feature of cortical
cells is that there are some which only respond if a disparity exists
between the retinal images in the two eyes (Barlow, Blakemore and
Pettigrew, 1967; Nikara, Bishop and Pettigrew, 1968). Optimal
disparity varies from cell to cell, and therefore, different units
encode objects at different distances (Blakemore, 1969, 1970) and

different tilts (Blakemore et al., 1972).

a. Simple Cells

Simple cell responses reflect those of L.G.N. cells. They not
only have an antagonistic centre-—surround receptive field
organization, but also parallel line boundaries. The most effective
stimulus for this cell is one which corresponds in shape and
orientation to this long, marrow central region with flanking
surrounds, and an increased response occurs if this stimulus were to
move across the borders of the antagonistic regions. The optimal rate
of movement varies from cell to cell, but a summation occurs, since if
the stimulus exceeds the width of the central region, invading the
antagonistic flanks, then a reduction in overall response is obtained.
An edge is the most appropriate stimulus for those cells in which only
two receptive field regions are distinguishable. Figure 1.15 shows a

possible scheme for explaining the organization of simple receptive
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Fig. 1.15 Organization of Simple Receptive fields.
A large number of L.G.N. cells have
receptive fields with 'on' centres
arranged along a straight line on the
retina. All of these project upon a
single cortical cell, and the synapses
are supposed to be excitatory. The
receptive field of a cortical cell will
then have an elongated 'on' centre,
indicated by broken lines in the diagram.
(after Hubel and Wiesel, 1962)

fields (Hubel and Wiesel, 1962).

b. Complex Cells

These are unresponsive or give mixed 'on-off' responses to spots
of light, but respond well to properly oriented slit stimuli, edges
and dark bars. An improved response can be obtained by moving the
stimulus, but unlike simple cells, it is the orientation and not the
position of the stimulus with respect to the receptive field which is

important to gain maximum response. A scheme was proposed by
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Fig. 1.16 Organization of Complex Receptive fields.
A number of cells with simple fields project
to a single cortical cell of higher order.
Each pro jecting neurone has a receptive
field arranged as shown; an excitatory
region (+) and an inhibitory region (A)
divided by a straight-line boundary. The
boundaries of the fields are staggered
within an area outlined by broken lines.
Any vertical edge stimulus falling across
this rectangle, regardless of its position,
will excite some simple field cells, leading
to excitation of the higher order cell.
(after Hubel and Wiesel, 1962)

Hubel and Wiesel (1962), fig. 1.16, for explaining the organization of
complex receptive fields.

c. Hypercomplex Cells

These form an even more specialized group. The lower order cells
respond to slits, edges or dark bars providing thevstimulus terminates
within the region of the receptive field. The higher order ones
respond to either of two preferred directions which are at right

angles to each other, and termination of the stimulus is no longer
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important. However, they are particularly sensitive to corners.

Three alternative schemes, shown in fig. 1.17, have been proposed

to explain the organization of the hypercomplex receptive fields

(Hubel and Wiesel, 1965).

HYPERCOMPLEX

-’

4

n--’o-"" -
/

|

Fig. l.17 Explanation for
Hypercomplex
cells which
respond to bars
of specific
length.

i. The cell receives
excitatory input from a
complex cell whose
vertically orientated
field is indicated to the
left by a continuous
rectangle; two additional
complex cells, inhibitory
to the hypercomplex cell
have vertically oriented
fields flanking the first
one above and below, shown
by the rectangles outlined
with a broken line.

ii. Alternatively, the
inhibitory inmput is
supplied by a single cell
with a large field
indicated by the entire
interrupted rectangle.

In either case, a slit
covering the entire field
would be ineffective, and
in the second alternative,
a slit covering, but
restricted to the centre
region, would be too short
to affect the inhibitory
cell.
(after Hubel and Wiesel,
1965).
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Electrophysiological recordings and intra-cellular staining by
Van Essen and Kelly (1973a,b) and Kelly and Van Essen (1974) correlate
the simple cell type responses with the stellate cells, which have
spherical dendritic fields, whereas the complex and hypercomplex cells
have properties which correlate well with pyramidal cells and have
elongated receptive fields. Campbell, Cooper and Enroth—Cugell
(1969), and Campbell, Cooper, Robson and Sachs (1969) showed that the
simple cells of the cat and monkey are activated specifically by
gratings of an optimum spatial frequency and orientation (Campbell,
Cleland, Cooper and Enroth-Cugell, 1968). Evidence of this in man has
been obtained by Campbell and Maffei (1970), and indications for
lateral interactions between frequency specific neurones in the cat
have been found (Blakemore and Tobin, 1972).

Investigation of the properties of neighbouring cells led Hubel
and Wiesel (1963 and 1968) to propose a columnar organization of cells
with the same receptive field orientation. Cells were also divided
iﬁto columns of the same ocular dominance (Hubel and Wiesel, 1962 and
1965), same movement response, same preferred stimulus
characteristics, and to a lesser extent same colour selectivity
(Wiesel and Hubel, 1966). These specializations were found to change
in continuous fashions in the recordings from adjacent columns and
from directions parallel to the surface of the cortex or from scanning
across the columns.

Colour selective responses without any orientation selectivity
are found for approximately 287 of the cells with foveal receptive

fields (Boles, 1971; Poggio et al., 1971; Gouras, 1972 and 1974; Dow
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and Gouras, 1973; Gouras and Padmos, 1974; Yates, 1974). Yates also
distinguished hue detecting cells, as.postulated by Estévez (1979).
Dow (1974) found colour cells in the middie layers of the cortex to
have all three come inputs, and give a respomse to chromatic content
irrespective of the wavelength with active inhibition to luminous
contrast. Motokawa et al. (1962) have found a number of spatially
opponent (on—off) cells in the monkey striate cortex which were
wavelength specific, and suggested that information regarding shape
and colour are transmitted together. However, the opposite
conclusions were reached by Anderson et al. (1962), who observed that
most of the responses from cortical cells are of the narrow spectral
band non-opponent type. Hubel and Wiesel (1968), recording mainly
from cells in the para—-foveal region, found 25% of simple cells and 7%
of complex and hypercomplex cells in the monkey striate cortex to have
colour—opponent properties. The simple cells had red-orientated
centres flanked by green—sensitive surrounds. Gouras (1972) showed
that Hubel and Wiesel's (1968) observation of the probability of a
cell having colour-selective properties, decreasing as its spatial
complexity increased, was not necessarily true. Trichromatic
responses for units of the striate cortex are shown in graded
potential recordings from the surface of the féveal striate cortex
(Padmos and Van Norren, 1973; Gouras and Padmos, 1974). This agrees
with the behavioural data of Sperling and Harwerth (1971), and graded
potential recordings in man yield spectral sensitivities of rods and
cones consistent with the psychophysical data (Estévez, Spekrei jse,

Van den Berg and Cavonius, 1975; Regan, 1975).
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A hierachical arrangement of cells in the visual cortex has been
put forward by Hubel and Wiesel (1962 and 1968), in which simple cells
represent the first stage, and modify the incoming signals from the
L.G.N. The proposed wiring diagram, shown in fig. 1.15, (Hubel and
Wiesel, 1962) accounts for the fact that the widths of cortical
receptive field centres have the same order of magnitude as the
diameters of the geniculate receptive field centres. In a similar
manner, a complex fleld may receive its afferents from a set of simple
cells (fig. 1.16), and likewise a hypercomplex field from a set of
complex cells (fig. 1.17). These studies showed that the single unit
activity found in cat and monkey cortex is highly specialized compared
with simple response projections of the receptors. Nevertheless,
these units only represent the initial stages in the transformation of
the complex visual information, and the continuation of the processing
is still being investigated.

The ability to perceive depth, defined as stereovisidn, results
from an overlapping of the visual fields in the two eyes. These
fields are slightly displaced.on the two retinae, due to the
separation of the two eyes. A disparity is therefore introduced
-between the images and the actual object viewed. Barlow et al. (1967)
gave evidence of depth-sensitive cells in the cat cortex when they
showed that some cells responded better to a binocular disparate input
than to a monocular stimulus, i.e., binocularly presented, non-
corresponding images produced more excitation than ome correctly
positioned monocular image (fig. 1.18). The range of disparities for

optimum response varied in horizontal and vertical directions.
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Fig. 1.18

Binocular interactiomns
showing that facilitatory
responses occur at
different disparities in
two cortical neurones from
the same cat.
Consecutively studied
units had receptive fields
lying close together in
the visual field and the
same axis orientations.
Each box shows a sample
spike record; number of
spikes (top) and average
number (over 5
repetitions) of spikes
(bottom). The positions
of the stimuli and the
minimum response fields
on the tangent screen

are illustrated
diagramatically.

(after Barlow et al.,
1967)

Cells sensitive to depth in area 18 of the monkey have been

reported by Hubel and Wiesel (1970a), where half of the cells had

characteristics corresponding to binocular depth perception, with the

rest responsive to stimulation of either eye.

The former cells give

maximum response for similarly oriented shapes presented to either

38.



eye, but each cell has a specific disparity.

Blakemore (1970),

fig. 1.19, revealed a two—column arrangement, a constant depth column,
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Fig. 1.19

Diagram representing
the variation of
depth and oculo-
centric direction
within each column
sample. Variation
in disparity
(ordinate) is
plotted as a
function of oculo~
centric direction
variation. Filled
symbols are for
direction columns,
open ones are for
depth. Depth
columns have a
larger variation in
eccentricity from
unit to unit than
variation in depth,
thus they cluster
around the abscissa.
Direction columns
show less scatter of
response field
position in the
contralateral eye
than variation of
horizontal
disparity, and group
around the ordinate.
(after Blakemore,
1970).

in which cells corresponded to a sheet in visual space subtending a

few degrees of visual angle and located at a particular depth, and a

constant direction column, where cells are mainly responsive to a cone

of visual space directed towards the contralateral eye. Blakemore and

Pettigrew (1970) give evidence of a contralateral eye dominance from

an investigation of neurones in area 17 of the cat. This may be the

result of a more accurate retinal cortical mapping for the contra -
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as opposed to the ipsilateral eye.

C. The Psychophysical Approach

Direct electrical responses of the human visual system are
difficult to record, and therefore it is necessary to adopt a
psychophysical approach, where a subject is instructed to adjust a
light stimulus to a chosen response criterion. In this type of
measurement, the subject indicates his ability to distinguish between
two stimuli by setting the threshold of a test to the level of its
background or by matching colour, brightness or spatial

characteristics of two separate stimuli.

C.i. Visual Acuity

Visual performance is measured in terms of the resolving power
for spatially structured stimuli, which is defined as visual acuity.
There are a number of tests designed to obtain a measure of acuity,
e.g., the detection of bright objects against dark backgrounds or vice
versa. Another series of tests include standardized alphabet letters
(Snellen, 1862) or the Landholt ring (Landholt, 1889). These yield
acuities of 22" of arc (Schlaer, 1937) for the observer, but are
difficult to interpret. The best test is with a pair of bright or
dark lines, or rows of alternate dark and light bars. The advantage
of these tests is that each element is identified singly, but the
presence of neighbouring lines can impair discrimination. With this
method and moderate illumination levels, visual acuity is 1' of arc,
and indicates that it is not limited by photoreceptor size (0.5').

Grating acuity does depend upon a number of parameters, eeg.,

pupil diameter, fig. 1.20, illumination level, fig. 1.21, and retinal
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position (fsterberg, 1935). Initially, increasing the pupil size,

fig. 1.21, increases visual acuity to a maximum value, but a further

increase only results in a 'fall-off' (Leibowitz, 1952).

This is the

result of the change in the point spread function and aberrations of

the eye (Westheimer, 1963).

The variation of visual acuity with
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illumination, fig. 1.21, is due to two functions; at high illumination
levels, cones are functioning, whereas at lower illumination levels
the function is characteristic of the rods. Confinement to the
central region of the field, or by use of red light, means only the
cones in the fovea are functioning, and therefore the relationship
between visual acuity and intensity is single and continuous (Schlaer,

1937).

Ceiie« The Visual Modulation Transfer Function (M«T.F.)

The application of Fourier analysis to optical systems pioneered
by Duffieux (1946) assumes that the system is linear, i.e., super-
position holds, and thus the imaging properties can be defined in
terms of its frequency response characteristic or point spread
function. This condition is satisfied by passive optical systems, but
not, however, by the neural pathways of the visual system. The visual
system is assumed to be linear for near threshold signal levels, and
the M.T.F. is obtained using sine-wave grating stimuli for which the
sub ject ad justs the modulation depth, C , to a 'just—-no-longer’
detectable value for different spatial ;requencies. Earlier
determinations of the visual system's M.T.F. were obtained by Selwyn
(1948), Schadé (1956), Oone (1959) and Westheimer (1960). More recent
investigations have been conducted by Patel (1965), Daitch and Green
(1969), Van Nes and Bouman (1967) and Meteren and Vos (1972), who
obtained the M.T.F.'s at several different mean illumination levels
(see fig. 1.22). This figure also shows that at high spatial

frequencies, the visual system acts like a low-pass filter, and at

higher values of mean illumination level, there is a low frequency
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The threshold modulation
depth for visual detection
of a one-dimensional sine-
wave grating stimulus of
spatial frequency, fc/o.
Each set of data points
connected by a continuous
line refers to a single
space average illumination
level of the grating
pattern, these values

are shown in trolands
alongside the relevant
curve. (after Van Nes

and Bouman, 1967)

attenuation, which is atypical of optical systems and may be the

result of visual processing of the retinal image associated with some

inhibitory interaction (Lowry and De Palma, 1962). The lower the

illumination level, the lower the frequency where the maximum occurs,

usually between 4 —~ 8 cycles per degree (Maffei and Fiorentini, 1973).

However, by flickering (Robson, 1966) or moving the pattern across the

retina (Van Nes, Koenderink, Nas and Bouman, 1967) the low frequency

attenuvation disappears.

This data refers to the visual system as a whole, i.e., the

M.T.F. of the ocular media of the eye obtained directly from the image

formed on the retina, as well as the neural units involved in the

processing of the visual image. The frequency response

characteristics are obtained by a Fourier transform of this

distribution. However, Campbell and Gubisch (1966) showed visual

performance to be limited by pupil diameter. Figure 1.23 shows the
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ideal diffraction limited optical system's response compared with that
of a pupil diameter, d. A large pupil diameter produces aberration
effects and a smaller pupil, diffraction effects.

The M.T.F. can be divided into two components; one due to the

ocular media, M , and the other due to the neural pathways, M s
ocC NEUR
hence:-
M =M XM . Eqn 101
TOTAL oc NEUR
M can be obtained directly when interference fringes are formed on
NEUR

the retina, and thus by-pass the optics of the eye. Campbell and
Green (1965) shgw that the overall characteristics of the neural
system are similar to those of the whole visual system, and exhibit a
low frequency reduction. Arnulf and Dupuy (1960) measured the

transfer function of the ocular media by matching the contrast of
interference fringes on the retina against an external grating pattern,
which was imaged by the eye. The difference in the physical

modulation depth of the two patterns required to give the same
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appearance produced the transfer function of the ocular media. The
results are consistent with those of Campbell and Green (1965); except
for light scattering effects which were excluded from the latter

estimate of M .
NEUR

C.iii. Detection of Threshold Targets

The M.T.F. of the visual system is only of value 1f it predicts
performance in response to targets of known spatial frequency content,
and it appears that it may be limited to threshold performance.
Campbell and Robson (1968) determined threshold contrast levels for
square-wave, sine-wave, rectangular and saw—tooth grating profiles.
This showed that for each target category, the threshold response
level was determined by the modulation depth of the fundamental
component of the Fourier expansion of the test pattern distribution.
This prompted Campbell and Robson to pos;ulate the existence of linear
and independent mechanisms in the visual system, each responding to a
limited range of spatial frequency.

Sachs, Nachmias and Robson (1971) tested the hypothesis by
determining the threshold semsitivity for the detection of a sine~wave
test grating of fixed spatial frequency, f , in the presence of a

1
second grating of spatial frequency, f , and of sub-threshold

2
illumination level. The probability of detection of the test grating

was measured as a function of its mean illumination level and for

different values of f « The results showed that sine-wave gratings of
2

different spatial frequencies are detected independently unless the

frequencies differ by only a relatively small amount. This is

consistent with the model of parallel independent spatial frequency
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selective channéls. Similar experiments were performed by Kulikowski
and King—-Smith (1973), who investigated the interaction between
subliminal and test target patterns, and Stromeyer and Kiein (1975),
who investigated interactions with frequency, rather than amplitude,
modulated grating patterns and concluded that interactions can occur
between frequency components which differ by a factor of three.
Henning, Hertz and Broadbent (1975) used complex gratings and although
their data was consistent with the logarithmic relation between
stimulus illumination level and the resulting visual signals, they
could not predict an interaction between different frequency terms due
to non—-linear visual response characteristics, and therefore
discounted the model for narrow—band spatial frequency selective

channels.

C.iv. Spatially Structured Stimuli and Adaptation Effects

Ricco (1877) provided the first indication of spatial summation
in human vision. He found that for circular fields up to 42'40" in
diameter, the threshold luminance is determined by the total light
within the stimulus rather than the intensity at any one point. More
recent studies of areal summation (Graham et al., 1939; Blackwell,
1946) have revealed only positive summation at scotopic and photopic
levels. This leads to the single detector hypothesis (Kincaid et al.,
1960; Blackwell, 1963), where the contributions of each retinal
element in detection is a decreasing function of the distance of the
element from the centre of the stimulus image. However, increment
threshold studies have now revealed that the detection of a test

stimulus in the presence of an inducing strip can produce either
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summation or inhibition, which is consistent with the physiological
findings of Kuffler (1953) and Hubel and Wiesel (1962 and 1965). A
receptive field organization with positive and negative regions was
postulated by Westheimer (1965 and 1967), after he had found that
contrast threshold detection for a small test spot on a circular
background of variable size increased to a maximum and then decreased.
Other antagonistic responses have also been obtained, e.g., the
disinhibition between two thin lines (Fiorentini and Mazzantini,
1966), between rectangles of various sizes (Thomas, Padilla and
Rourke, 1969) and also squares (Bagrash, Kerr and Thomas, 1971).

The existence of mechanisms in the visual cortex, which respond
preferentially to bar or edge shaped stimuli of specific orientation
in electrophysiological studies, correlates with psychophysical
investigations. The first reported experiments for these effects were
by Gibson (1933), who showed that after prolonged viewing of a series
of parallel and equally spaced curved lines, the subsequent viewing of
straight lines produced an appearance of curved lines in the opposite
direction. This is a transient adaptation effect, but McCollough
(1965) showed that a colour—specific adaptation effect can persist- for
a period of days.

These adaptation effects to straight lines are interpreted as
evidence for detection mechénisms tuned to respond selectively to bar
elements of specific width and orientation (Gilinsky, 1968). Thomas
and Kerr (1971), Kerr and Thomas (1972) and Bagrash (1973) showed the
adaptation effect was also true for rectangular and circular stimuli,
as the visibility was subsequently decreased for stimuli of similar

shape and size after adaptation. Selective adaptation can also show
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other distinct optical features, i.e., tuning for line lengths
(Nakayama and Roberts, 1972) or edges (Tolhurst, 1972). However, the

most widely investigated adaptation effect is that of the contrast

threshold elevation effect.

C.v. The Contrast Threshold Elevation Effect (C.T.E.)

Aspects of this effect were first reported by Gilinsky (1968),
Pantle and Sekuler (1968 and 1969) and Blakemore and Campbell (1969

a,b). Figure 1.24 illustrates this effect.
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Fig. 1.24 To show the increase in contrast
threshold level of a sine-wave
test grating following adaptation
to a similar grating of high
contrast.
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The subject adapts for a period of two minutes to the high
contrast adaptation grating of fixed orientation and spatial frequency,
fc/o, fig. 1.24a, during which time he is instructed to allow his gaze
to wander freely over the grating, thus avoiding any after—images.
This grating is subsequently replaced by a low contrast test grating
of similar orientation and spatial frequency, fc/o, fig. 1.24b, but of
slightly reduced dimensions to ensure that the area which is tested is
that which has been adapted. The subject adjusts this grating to its
contrast threshold. It is found that this contrast level is higher
than that which is required for the contrast threshold of the test
grating, after a similar adaptation period to a uniform field of the
same mean illumination as the high contrast adaptation grating,
fig. 1.24c. The amplitude of the difference of these two contrast
threshold levels is taken as a measure of the effect of the adaptation
grating on the detection of the test grating, and denoted,[&.

This effect has several characteristics:-

1. The effect is transient. The increase in the contrast threshold
level required, following adaptation to the grating, decays back to
its pre—adaptation value over a period of a minute.
2. The effect is frequency (Blakemore and Campbell, 1969a,b) and
orientation (Gilinsky and Doherty, 1969; Maudarbocus and Ruddock,
1973b) specific. The results imply that the mechanism responsible for
detection of a given test grating can be influenced by only a limited
range of adaptation gratings, and the maximum effect is obtained when
both test and adaptation have the same fixed orientation and spatial

0

frequency, fc/ .

The selectivity of the response mechanism correlates with the
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observed response of single neurones in the visual cortex. Maffei,
Fiorentini and Bisti (1973) showed that simple cells subject to
stimulation by high contrast stimuli of the correct orientation and
bar width adapt in a similar manner to the psychophysical effect.

3. The effect can be binocularly transferred (Blakemore and
Campbell, 1969b; Maudarbocus and Ruddock, 1973b), and thus the
adaptation effect is a centrally arising property as only cortical
neurones are binocularly driven. The contrast threshold elevation
effect is also a function of the adaptation contrast, fig. 1.25, and

adaptation time, fig. 1.26. It can be obtained irrespective of the
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retinal location, providing the gratings are resolvable (Maudarbocus,
1973; Maudarbocus and Ruddock, 1973b), and is non-wavelength selective
(Maudarbocus and Ruddock, 1973a). This corresponds with the
uniformity of the change in the visual field observed in the
organization of the primate visual cortex (Hubel and Wiesel, 1968 and
1974).

By measuring the contrast threshold elevation effect for a
sinusoidal test grating for a series of spatial frequency sine-wave
adaptation gratings presented to the non-test eye, a tuning curve is

obtained, fig. 1.27. From this Maudarbocus and Ruddock (1973b)

Adaptation Test
grat‘i,ng grating

A - 5% Fig. 1.27
——30%— Contrast, elevation
values,zx, for a sine-
wave test grating,
6.1c/o, plotted
against the spatial
frequency, fa, of the
100% modulated sine-
wave adaptation
grating. (after
Maudarbocus and
Ruddock, 1973b)

0-24

o-14

o t + +
2 5 10 20 30
fa, SPATIAL FREQUENCY (c/deg.)

computed the corresponding line spread function. The line spread

functions were always similar and had a principal maximum lying
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between two minima, fig. 1.28. The separation of the minima was

Fig. 1.28
The line

computed from

data of

fig. 1.27

representing

the receptive

field

distribution.

(after

Maudarbocus

and Ruddock,

. , . N 1973b).

-0-1 -005 o 0-05 01
X - VISUAL ANGLE (deg.)

equivalent to one cycle of the test grating represented by the
function. The amplitudes of the second and higher harmonics of the
filtered sinusoidal test grating were almost as large as that of the
fundamental for large input modulation depths, but no elevation in
threshold was recorded after adaptation to these higher harmonics.
The line spread function represents the excitatory and inhibitory
regions of the receptive field organization compared to that of a
simple cell, but conflicts with the theory of Fourier anmalysis in the
visual system.

However, simultaneously adapting the two eyes results in an
inhibition in the contrast threshold elevation effect rather than a
summation. This is even more pronounced when the two adaptation
gratings are of different spatial periodicity (Ruddock and Wigley,
1976). Evidence for binocular inhibition in cells of the cat visual

cortex caused by non-matching stimulation of the two eyes has been

spread function
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shown (Henry, Bishop and Coombs, 1969).

C.vi. The Perceived Spatial Frequency Shift Effect

A second adaptation effect was reported by Blakemore and Sutton

(1969) and by Blakemore, Nachmias and Sutton (1970). 1Imn this,

adaptation to a high contrast grating produces a subsequent shift in

the apparent spatial frequency of a test grating. The apparent shift

is in a direction to increase this displacement between the two

frequencies in the two patterns, fig. 1.29. No shift occurred if the
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Fig. 1.29 Ratio of the apparent period following

adaptation to that before adaptation

to a sinusoidal test grating of spatial
frequency, ft’ and a sinusoidal

adaptation grating of spatial frequency,
10c/0, with fy plotted as ordinate (full
circles). Open circles represent the

match between the two halves of the test
field obtained without adaptation.
Measurements were obtained by changing

the spatial frequency of the lower half

of the test field (imsert) until it

matched the appearance of the upper half
field. The observer is instructed to scan
the horizontal midline shown, so that the
retinal area receiving the upper half field
is adapted to a grating, whilst the lower
half adaptation field is uniform but of the
same mean retinal illumination level as the
upper half field. (after Blakemore et al., 1970)
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adaptation gratings were the same, nor if they were more than two
octaves apart in spatial frequency. It has very similar
characteristics to the contrast threshold elevation effect (Blakemore,
Nachmias, and Sutton, 1970; Blakemore and Nachmias, 1971). There is
an interocular transfer of some 807% of the monocular frequency shift,
and its orientation specificity is identical with that of the contrast
threshold elevation effect. This was interpreted as evidence that
spatial frequency selective channels, tuned to the adaptation
frequency, are suppressed more than others which creates a-bias away
from the adapting spatial frequency when the test grating is viewed.
In a further study of this effect Burton, Naghshineh and Ruddock
(1977) and Naghshineh (1977) showed that the effect occurs with
grating patterns which have different light/dark ratios but the same
periodicity. A variety of test and adaptation gratings were used, and
the results imply that there is an interdependence between the
apparent light and dark bar width changes; the apparent width shifts
in the light bar elements are found to be independent from the
associated apparent change in the width of the dark bar elements and
vice versa, and not therefore, as implied by previous investigators, a
result of spatial frequency specific mechanisms. These data
established the existence of independent mechanisms tuned specifically
to the dark/light content, and implies non-linear and independent
processing of the dark/light elements in the visual system. This is
consistent with electrophysiological results, which show that at all
levels of the visual system there are neurones which respond to
bright central bars with dark surrounds, whilst others prefer the

reverse configuration.
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Cevii. The Tilt Aftereffect

Gibson (1933), Gibson and Radner (1937) first reported evidence
of this effect, but it has been investigated more recently by Campbell
and Maffei (1971) and Lovegrove and Over (1973). A vertical test
grating appears to tilt in the direction opposite to that of a
previously adapted tilted grating, and the effect can be almost
completely interocularly transferred. The magnitude of the effect has

0
a maximum at 8 from the vertical, which suggests there are mechanisms

in the visual system for detecting limiting bands of angles

(Coltheart, 1971).

C.vii The McCollough Effect

McCollough (1965) showed that when a horizomtal grating is
viewed in blue light and a vertical grating in orange light,
subsequent viewing of a grating in white light produces orientation
specific colour after~effects, i.e., horizontally the grating appears
orange, and vertically blue. This after—effect cannot be attributed
to ordinary negative after—images (Harris and Gibson, 1968) and it
does not readily transfer interocularly (Mikaelian (1975) did report a
small transfer). McCollough proposed channels sensitive to both
colour and orientation of the gratings, such that when they are in the
adapted condition, the complementary colour can be elicited by viewing
the grating in white light. The decay of this effect is prolonged
(MacKay and MacKay, 1974).

Frequency specific colour aftereffects, similar to the McCollough
effect, have been induced by an analogous technique, Stromeyer

(1972), Lovegrove and Over (1972) and White and Wilson (1978). These
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observations corroborate extensively with electrophysiological
findings that some orientation specific detectors in the visual system
are colour specific. Other evidence for the effect has been given by
colour-selective adaptation responses to spatially periodic stimuli
(May, 1972; Maudarbocus and Ruddock, 1974) and a colour-selective

property in the tilt aftereffect (Lovegrove and Over, 1973).

C.ix. Stereovision and Binocular Rivalry

Two eyes, functioning together, result in the formation of two
images of an object, one on each retina. However, only a single image
is usually seen, because the signals are combined as they pass to the
visual cortex. Nevertheless, due to the relative positions of the two
eyes, these two images may differ slightly, and it is for this reason
that a 3D-image is formed from an essentially 2D-situation. The
images formed on the retinae contain all the information which is
required for cues such as depth in space, relative sizes compared to
familiar objects within the same scene or from occlusion. The term
'retinal disparity' is used to denote the relative difference in the
position of the same point imaged in both eyes, and it increases for
nearer points with the eyes focused at infinity.

The distinct perception of near depth is achieved by
stereovision. This can be divided into two particular forms: one which
is defined as 'fine' stereoscopy, and the other, 'global' stereoscopy.
Fine stereoscopy is associated with the relative disposition of two
points in space, whereas global stereoscopy is the correlation between
two disparate images (Cowey and Porter, 1978; Hamsher, 1978; Cowey,

1979), however, individuals possess the two types to different degrees
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and they are not necessarily coincidental.

Several investigators have studied the illusion of depth, e.g.,
Richards (1970, 1977), Richards and Regan (1973) and Tyler (1973),
together with new methods of testing stereovision. The most common
test is that developed by Julesz (1971) which utilizes a series of
random dot patterns, having different degrees of disparity. The more
usual form of this test is that using a series of coloured
illustrations termed 'Analglyphs'. These are still a series of random
dot patterns, but printed in red and green ink on a single plate with
an incorporated disparity between the stereo images they produce, when
seen in depth viewed through a stereo viewer. The stereo viewer
consists of red and green filters, which are placed one before each of
the eyes. Observers who have no stereovision fail to resolve the
stereo images which are hidden in these dot patterns. This is because
of their inability to fuse the two uncorrelated dot patterms, and they
are therefore termed 'stereo blind'. This is the type of stereovision
defined as 'global' stereopsis by Cowey and Porter (1978). In this
investigation of primate vision, some monkeys were unable to perform
on tasks which involved global stereoscopy, and yet were able to
resolve the nearer disparities associated with 'fine' stereoscbpy.
Blake et al. (1979) give evidence from a series of utrocular
experiments to suggest that stereo blind humans, like the primates who
lack stereovision, most probably possess a monocularly excited cortex.

The inputs to the two eyes in stereovision are only slightly
different, but another situation exists when the two visual inputs
differ markedly, not only with respect to disparity, but also in

colour and spatial content. This type of situation produces a
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condition known as 'retinal rivalry', in which the observer sees an
alternating image of the two inputs at an undetermined rate. This
occurs because it is impossible to fuse and 'lock' the two images in
these circumstances. Several investigations of the effects of rivalry
have been reported; Abadi (1976) considered a configuration in which
the two inputs were both grating stimuli. From his results, he
concluded that high spatial frequencies are more easily suppressed
than the lower ones, if both are presented in a vertical orientation.
He also studied the effect as a function of angle, by rotating omne
grating with respect to the other.

Blake and Fox (1973 and 1974) investigated the effects of
binocular rivalry in the contrast threshold elevation effect. They
measured the monoptic elevation in threshold contrast when the
adaptation grating was continuously visible in the eye to which the
test would subsequently be shown. This measurement was repeated, but
with the adaptation grating seen in continuous rivalry with omne
presented to the other eye. Thus the adaptation grating was only
perceived for short intervals. They found, nevertheless, that there
was no significant difference between the two contrast thresholds, and
therefore the suppressed adaptation grating was still capable of
exerting the same effect.

Blakemore (1970) proposed that stereopsis is dependent upon a
comparison of the spatial frequencies, rather than an analysis of the
retinal disparities in the images. This suggests the existence of
binocularly driven neurones which have different optimal spatial
frequency disparities. Blakemore and Hague (1972) tested this

suggestion. They presented observers with adaptation gratings which



had specific disparities, in a stereoscopic fashion, and found that
the maximum contrast threshold elevation occurred when both the
adaptation and test gratings had the same disparity, and also that an
apparent shift was perceived in the test if it had a disparity very
close to that of the adaptatiom. The results are therefore analogous
with the contrast threshold elevation effect, and the spatial
frequency shift effect. Mitchell and Baker (1973) showed that this

shift increased as a function of increasing disparity, fig. 1.30.
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Disparity specific neurones are therefore present in humans as
well as in the primates, where electrophysiological techmniques
identified their existence. If these cells are respomsible for depth
perception, there is a problem for central vision, where an object
will lie in front or behind an observers fixation. The retinal images
will splay the nasal-temporal division of the retinae, and project
images to both hemispheres in the brain. This information must be
brought together for disparity and the depth to be measured. At some

stage, there must be an interhemispheric connection to allow depth
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information to be processed for the central visual field.

This was investigated by Blakemore (1970) in an observer who had
a split optic chiasma. He showed that the observer still retained
normal stereovision, i.e., identifies depth of an object briefly
exposed in front of his fixation point, even though its image fell
upon the temporal retina in both eyes, and therefore pro jects
separately to the two hemispheres of the brain. This suggested the
possibility of an interhemispheric link for binocular integration
occurring at a higher stage in the visual system. Epilepsy is
relieved to a degree by a 'split brain' operation. Such a patient
was examined by Mitchell and Blakemore (1970) to test powers of
stereovision. Their results showed that 'fine' stereoscopy was normal
for the peripheral visual field, but was absent from the central
field. This also suggests that there must be interhemispheric
connections associated with central 'fine' stereocacuity.

The site of size constancy is connected not only with
stereovision (Blakemore, Garner and Sweet, 1972) but also with visual
illusions, i.e., the Miller-Lyer illusion (Hotopf, 1966; Gregory,
1966) and the Ponzo illusion (Fisher, 1970). Blakemore, Garner and
Sweet (1972) located the site of size constancy using the contrast
threshold elevation effect. Two gratings appear the same to
observers, even if they differ in angular frequency due to a
displacement in depth, when their actual frequencies are the same.
The site of size constancy must occur, however, after the site of
adaptation, perhaps in the infero-temporal cortex, as the maximum
contrast threshold elevation effect was obtained only when the angular

frequency of the test and adaptation gratings was identical.
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In normal observers, the amount of interocular transfer is
approximately 70-807% for most of the adaptation effects (Movshon,
Chambers and Blakemore, 1972), but in observers who are stereo blind,
this figure is reduced to 49% or less. Strabismic stereo blind
observers show an even greater reduction to 12% (Mitchell and Ware,
1974). It therefore seems that the magnitude of interocular transfer
is linked to the degree of stereoacuity, i.e., greatest for highest
stereoacuity. The dominant eye, in a similar manner, always seems
most efficient for the transfer of effects interocularly (Movshon,

Chambers and Blakemore, 1972).

Colour Vision and Colour Matching

Foveally where there are only cones, and extra-foveally where
there are also rods, it is found that a ma jor proportion of the human
population can establish an exact match in brightness and colour
between two ad jacent fields with an appropriate mixture combining only
four colours, on the assumption that no two of these can mix
separately to match a third (Young, 1820 a,b; Helmholtz, 1852; Kdnig
and Dieterici, 1886; Abney, 1913; Wright, 1929 and 1946; Guild, 1931;
Stiles, 1955; Stiles and Burch, 1959). The trivariancy of colour
vision indicates the existence of at least three independent channels
which relay information about the spectral composition of a light
stimulus. Microspectrophotometric evidence shows that there are three
spectral classes of cone in primates (see fig. 1.3). The existence of
a single photo—sensitive pigment present in each of the three cone
types 1is further established by additional experiments demonstrating

additivity in colour matches, the stability of colour matches to
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moderate levels of light adaptation and the matching of after—images
(Brindley, 1957 and 1970). However, Wright (1936) and Brindley (1953)
found that after adaptation to very bright lights, such matches as
described above do become disturbed. This was thought to be a result
of the relatively small change in pigment sensitivity, caused by
bleaching of the pigments (Dartnall, 1957).

The W.D.W. system of colorimetry uses three matching stimuli,
monochromatic red (650 nm), green (530 nm) and blue (460 nm), which
are mixed to give the same appearance as the test colour of fixed
composition (Wright, 1946). If the matching stimuli are denoted by R,
G and B, and the test by C, with the amounts of each in the match
represented as r, g, b and ¢, then it is possible to represent a match
byvthe equation:

c(C) =R(R) + G(G) + B(B) , Eq 1.2

which can be normalized to give:-

c(C) = r(R) + g(G) + b(B) , Eq 1.3
where c = C/ and t = R/ etc.,
(R + G +B) (R + G + B)
but C = R+G+8B (photometric match), Eq 1.4

and r+g+b = 1. Eq 1.5

The unit trichromatic equation, Eq 1.3, can be represented on a
chromaticity diagram, since it is a function of two variables, and r
and g are usually taken to form the orthogonal axes. Normally, in the
W.D.W. system of colour matching, the amounts of red and green
required to match a yellow (582.5 nm) test are equivalent, as are the
amounts of blue and green in a match of blue-green (494 nm) test.

From these two matches, it is possible to normalize all other matches
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produced by a particular observer.

The following chapters describe further experimental
investigations, which aim to extend the understanding of the
functional organization of the human visual system by the analysis of
the responses from observers, with both normal and defective vision,

to coloured and spatially structured stimulus patterns.
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CHAPTER 11

The Experimental Apparatus

A The Maxwellian Viewing System

A.i. Maxwellian View

This employs the principles devised by James Clerk Maxwell
(1860), when during his experiments on colour mixing he wished to
increase the quantity of monochromatic light falling on the retina of
his eye. The special feature of such a system is that the light
source is imaged in the pupil of the eye, instead of being observed
directly, and therefore, the viewing lens is 'uniformly illuminated
with light' (Westheimer, 1959 and 1966). A schematic diagram
(fig. 2.la) illustrates the principles of Maxwellian view and, for
comparison, direct image formation of an extended source, S
(fig. 2.1b). The most common form of Maxwellian arrangement 1is
illustrated by fig. 2.1c.

The advantages of using this arrangement are that there is more
efficient use of the light available from the source, and that the
light, reaching the retina, can be measured more easily. The optimum
focus of such a system can be adjusted for each individual observer,
and by the use of an artificial pupil, the variation in the
illumination on the retina due to differences in the pupil diameter
are avoided.

The system designed for the present investigation had three
channels of the kind shown in fig. 2.1c. 1In this arrangement, the
visual angle, B, in radians subtended at the eye by a virtual image
formed by an osbject of length, L, located at infinity and viewed

through a lens of focal length, F (fig. 2.2), is given by the
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Principles of Maxwellian Viewing

Lens ;

Source L S
Area S

- f > f' >

Fig. 2.la Schematic representation of Maxwellian Viewing.
A Source of area S is imaged by a lens in the
pupil of the eX%. The image of the source has
area § = S.f ©/f

S A
= (
- f >

Fig. 2.1b Ordinary viewing of an extended source of area S

placed a distance from an eye, with an entrance
pupil of area A.

<&-—-ff—-4> <E—-f§€>~6——-ﬁ5—é>

Fig. 2.1lc Common Maxwellian arrangement. Source, S, is
positioned at the principal focal plane of the
first lens, Ll, and thus target, T, is trans-
illuminated by a parallel beam. (A laser may
serve this purpose). The image of the source
will fall in the plane of the eye's entrance
pupil when it is at the principal focal plane
of lens, L2. For emmetropic observers, the
target, T, is placed at the first principal
focal plane of lens, Ll.
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expression:—
~1
Angle, B8 (radians) = Tan (L/F) . Eq. 2.1

Hence, if a square-wave grating with a period c¢f length P were seen in
the above arrangement, it would result in a spatial frequency, f,

given by:-
-1 -1
Spatial frequency, f = [Tan (P/F)] cycles per degree of
visual angle.
Eq. 2.2
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Fig. 2.2

A.ii. The Three Channel System

A schematic representation of this system is shown in fig. 2.3.
The source, S, is a tungsten—halogen white light, 150w, 24V D.C.
lamp, operated from a 24V stabilized D.C. power supply, equipped with
fan cooling. A period of at least thirty minutes was allowed for lamp
stabiliéation before experiments were started. Achromatic doublet
lenses, L1 and L2, collect the white light emerging from the source,
and collimate it to produce two parallel light beams. One of these
passes into the beamsplitter, BSl, where it is split to provide two
parallel light beams, which are reflected by the mirrors, Ml and M%.

The other beam proceeds with division, so that three channels are
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formed, with a possible fourth provided by incorporating the beam-—

splitter, BS2. If these parallel beams of white light pass through
Wratten broad-band gelatin filters or interference filters (Balzer,
Type B40), IF in fig. 2.3, it is possible to obtain control of the

spectral composition of the light in the different channels.

The illumination levels in all of the channels are controlled
stepwise by Wratten (Type lA) neutral density filters, NDF (fig. 2.3),
and the test beam illumination level can be varied continuously by a
Kodak (acetate) neutral density wedge, W (fig. 2.3), so that the
illumination level of the test stimulus can be adjusted manually and
continuously by the observer, until the threshold criterion is

reached (fig. 2.3b). OPl-4 represent the object planes, in which
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Fig. 2.3b Schematic representation of the
’ electronic system which was used
to drive the NDW (fig. 2.3) across
the test stimulus beam.
photographic transparencies are placed to provide the test and
adaptation stimuli. In a number of experiments, beam 2 provided a
uniform background illumination, and in such cases, the test pattern

was always seen superimposed upon this background field. The

arrangement can be used for either monoptic or dichoptic presentation
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of stimuli by translating the mirror, M2, and including the mirror,
M3, to reflect the light beam to the viewing lens, L3, and the exit
pupil, E2. L3 and L4 constitute the viewing lenses, and have the same
focal lengths (f = 12 cm). The beamsplitters, BS3 and BS4, allow the
adaptation, test and background fields to be superimposed so that they
are all focused at the exit pupil, El, by Lé4.

Electromagnetic shutters are positioned at SH1, SH2, SH3 and SHA4.
These are driven and controlled by the Timer Unit (see later and
Appendix A) to give the stimulus presentation sequence required in
each experiment. In the adaptation period, the adaptation grating,
AG, is viewed by the right eye, RE, alone under monoptic presentation,
or by the left eye, LE, in dichoptic presentation with a uniform
background field presented simultaneously to the right eye, RE.
However, in the test period, the adaptation grating, AG, is occluded
by the shutter, and the test grating, TG, is always presented to the
right eye, RE, superimposed always on the uniform background field.

In later experiments, beam 1 provides the conditioning stimulus,
whilst beam 2 is split by the beamsplitter, BS2, to provide a uniform
background field and an adaptation stimulus. This arrangement allows
a conditioning grating, CG, or conditioning matrix, CM, to be
presented in beam 1 to the left eye, LE, an adaptation grating, AG,
through beam 4 to the right eye, RE, a uniform mean luminance
background field through beam 2 to the right eye, RE, with the test
grating, TG, superimposed on this mean luminance background field
through beam 3, during the relevant presentation sequence. The
sequence is controlled by the switching and triggering of the Timer

Unit (Appendix A) accordingly.
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A.iii. The Lamp Power Supply

A means for current limiting and precise voltage stabilization
were incorporated into the D.C. power supply from which the source, S,
was operated (Nunn, 1978). Also included was an automatic slow turn
on/fade circuit to eliminate any sudden current transients in fhe
lamp. Therefore, the voltage applied to the lamp at turn—on increased
only slowly, its rate determined by a resistor—capacitor combination,

until it reached a steady value of 23.0 + 0.003V within five minutes.

The decrease in the supply at turn—off was at a similar rate.

A.iv. The Shutter Control-Timer Unit

The shutter timing unit was designed to control up to three
shutters independently (Appendix A). The duration of opening, the
time interval between opening, and the sequence of opening of the
shutters were each controlled separately. The timer circuit was used
to set constant time periods in adaptation experiments, and thereby
eliminate observer differences should they operate the shutters faster
than the preset rate. The timing elements in the circuit were
integrated circuits, type no. ZN1034E, and the power was supplied to
these via a 12V precision regulator. The output voltages of the
timing elements were used to drive the shutters, via the Darlington
amplifier circuits, type no. ZN6385 in fig. A.l (Appendix A). The
circuit was arranged to provide a pulse to open the shutters rapidly,
followed by a sufficient potential difference to hold them open for
the specified length of time (fig. 2.4). The shutters were operated
by a switch mounted on a panel. This could be triggered by either the

observer or the experimenter. A counter unit and buzzer device
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(Appendix B) were
v also incorporated into
Timer this timer unit, to
TSV OUtPUt] signal the end of a
1
v set of measurements.
12v]
8v - Shutter
L 1 Volitage
T
Inf Light
[z 1sec Etntensnty
1 |
1
Time (sec)

Fig. 2.4 Graphs to illustrate shutter
control and operations.

A.v. Data Recording

Data collection was monitored by recording the setting of the
continuously varying neutral density wedge, W, on a digital multimeter
(DANA, model 3800B) and a digital printer (CREDSHIRE, model DP100).
This was achieved by connecting a 10—turn potentiometer by gears to
the wedge, with a constant voltage applied to the potentiometer. The
wedge position was recorded as the change in voltage corresponding to
the potentiometer setting, and the voltage dispiayed on the Dana.

This value is printed out on the Cfedshire printer, (see fig. 2.5),
from which data analysis could be achieved. The 'print-out' sequence
was incorporated into the metal box, and by the depression of the
relevant switches, the appropriate mode of operation could be selected;

one switch initiated a single 'print black' sequence, another a single
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Fig. 2.5 Block diagram of the arrangement used for
the automatic sampling and recording of
the experimental parameters.

'print red' sequence, and the third, a 'paper feed' sequence.

A.vi. Light Level Determinations and Calibrations

Throughout all of the experiments, it was essential to maintain
constant mean retinal illumination levels. This is achieved by
monitoring the relative light levels with a photo-detector device.

This consisted of a photodiode (a MACAM photometer head unit)
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encapsulated in a brass mount.

Its special feature is the current

output linearity as a function of incident light level which extends

over some 4 log unit change in light intensity (fig. 2.6). 1t
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Fig. 2.6 The logarithm of the light intensity

(log E), which falls onto the photodiode
surface is plotted against the logarithm
of the photodiode current (log i). The
output linearity of the photodiode extends
over some 4 log units change in light

intensity.

operates by converting the light falling onto the detector surface

into a current.
galvanometer
fig. 2.6 was
galvanometer

scales. The

(PYE Scalamp, No.79041S).

This is measured directly with a sensitive

The calibration curve shown in

obtained in situ with the wedge, W (fig. 2.3), and the
to check the linear response characteristics over several

photodiode was used to equalize the mean illumination

levels in each eyepiece in the experimental investigations, by

ad justing the light levels of the various stimulus beams with neutral

73.



density filters so that each beam gave the same photocurrent. The
position of the photodiode was always the same, and the light from the
exit pupils, El and E2 (fig. 2.3), fully illuminated the photosurface.

The retinal illumination level of the light stimuli was measured
using the method described by Westheimer (1966). A uniform white
magnesium oxide surface was positioned at a known distance, x m,
beyond the 2 mm artificial exit pupil, El or E2 (fig. 2.3). The
surface luminance, B (in mL), produced by the light transmitted
through the pupil and reflected at the white surface, was measured
with a calibrated MACAM (PR3010) photometer. The required retinal
illumination level provided by the source imaged at the exit pupil,

El or E2 (fig. 2.3), is given by:- )

Retinal Illumination, E = lgg_gz candelas/sq.metre (cd m- ),

y Eq. 2.3
where :-

B is the surface luminance of the source in mL,

A is the area of the pupil in square meters, and

X is the distance between the exit pupil and the perfectly

diffusing surface.

The source intensity at the exit pupil is measured in lumens per
steradian of visual angle, however, in most psychophysical experiments
the more common unit used to describe retinal illumination level is
the Troland, which is defined as the retinal illumination produced by
a source of luminance one candela per square metre viewed through a
pupil of area one square millimetre. Thus, the imaginary source of )

light imaged in the plane of the exit pupil has an intensity of 10Bx

candelas and it produces a retinal illuminance given by the
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following:-
7 2

Retinal Illumination, E = 10 Bx § Trolands, Eq. 2.4
where now:-

S is the area of the exit pupil in square millimeters.

Sets of neutral density filters, NDF (fig. 2.3), were used to
attenuate the various stimulus beams. These consisted of Wratten
(Type 1A) gelatin filters cemented between squares of neutral (optical
quality) glass, and were calibrated in situ using the photometer
(MACAM, PR 3010) unit.

The wavelengths of the monochromatic light for the various
experimental conditions were obtained either by Wratten broad-band
gelatin filters, or by Balzer (Type B40) interference filters
(bandwidth=~ + 5 nm). The spectral transmission of all of these
filters was measured on a BECKMANN recording spectrophotometer (model
DK2), and by positioning the Macam photometer at the exit pupil of the
apparatus, it was possible to measure the relative energy from the
source transmitted through the filters in situ. The spectral response
of the solid state detector head unit of this instrument was flattened
by the use of a radiometric filter, so as to ensure that the current
output of the light sensor was uniform to within 5% for an equal
number of incident photons per second at each wavelength of light in
the visible range, (400 nm to 700 mm). Figure 2.7 shows the relative
energy of the spectral distribution emitted by the source and
transmitted through the relevant interference filter, and figure 2.8
shows the relative energies incident at the cornea for each of the
monochromatic wavelengths transmitted. Energy calibrations of the

filters in situ were repeated at regular intervals to take account of
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The continuous wedge, W, was calibrated in situ at between twenty
to thirty positionms along its length, which corresponded to some
0.1 log unit change in optical demsity. Throughout the series of
experiments, these measurements were periodically re—checked for
calibration, but were found to remain stable to within 0.0l log units
of absorption. It is found that the logarithm of the optical density
varies linearly with position along the wedge (fig. 2.9), and it is
possible to calibrate the wedge, as is illustrated by fig. 2.9, in
combination with any of the interference filters, although as can be
seen the wedge is effectively neutral in its absorption.

During the experimental sessions, the observer was shielded from
stray light by an enclosure of matt black card, and appropriately
placed curtains, whilst a cooling fan ensured that the measurements
were made in comfort.

The components from which the apparatus was constructed were all
optically tested. The fully-aluminized mirrors were made by vacuum
deposition of.aluminium on the front surface of clean, 0.06" thick,
glass sheets of varying dimensions. The mounts for these mirrors
were designed to allow the maximum degree of freedom in three
directions by screw adjustments. The aberrations of the mounted
mirrors were measured with a Twyman-Green interferometer, and were
less than fifteen wavelengths of green light over the whole of the
surface of the mirror. The other components were mounted in similarly
designed stands allowing adjustment in all directions for alignment of

the system.

A.vi. Stimulus Production

The spatial patterns required for the experiments were produced
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Fig. 2.9 Calibration curve for the neutral density wedge, W, in
white and three monochromatic wavelengths of light. The
linear relationships between the relative transmission
(log I/Io) and voltage (V) can be represented by an
equation. The best straight line fitted to these data
points give the following set of equations.

-10.37V + 5.68,
- 9.55V + 5.37,
-10.25V + 5.63,
- 9.92V + 5.26.

For white light O - Log I/Io
for 636 nm light ® - Log I/Io
for 550 nm light A - Log I/Io
and for 435 nm light @ - Log I/Io

nn
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photographically and were drawn either by computer programme
(Appendix C) or by hand. Computer plotting was achieved by
computation of the required pattern distributions with the University
of London CD60 IBM computer, and the values were transferred onto
microfilm in 35 mm slide format. As each stimulus occupied only one
frame, it was possible to generate up to fifty frames on a roll of

35 mm film. The films produced were of positive form, i.e., the
pattern generated as white, unexposed, on a black, fully exposed,
background; the density of this background was approximately 2.0 to
2.5 log units. The patterns produced in this manner were then copied
onto Kodalithe Graphics Art film to increase the contrast to its
maximum value of at least 98%, and thereby prevent unwanted scattered
light leaking through the system into the eye. Figure 2.10 shows
examples of the square wave~form profiles generated in this manner,

for a number of modulation depths.
a.Mod. Depth=100%, : b. Mod Depth=80%
Spatial Frequency

f=1/d c/deg.

4
a

‘.--T--
l

1maxt.._.A__ -4
;min

Modulation . Depth ﬁggfg
c = Lmax~Imin
Imax * Imin

Fig210 To illustrate a Square-Wave Distribution of illumination level I
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The wide range of facilities available in the computer programme
plotting routines allowed a variety of configurations to be
investigated. Possible variations included independent variation of
the light/dark regions at constant period in the stimulus gratings.
It was also possible to obtain spot matrix arrays which were achieved
by use of one of the more special routines in the computer facilities.
Figure 2.11 shows an example of such a stimulus, and again, it was

possible to vary independently all the
parameters of the matrix. The precision
of the computer plotting routines was
checked by measuring the individual
dimensions of the pattern elements with a
travelling microscope.

: More complex patterns could not be
Fig. 2.11 To illustrate

the stimulus readily produced by computer plotting, so
composed of a

spot matrix were hand drawn using a Rot-ring pen and
array.

india ink. The traced grid was photo-
graphically reproduced to the correct magnification on the 35 mm
slides, which provided the stimulus patterns. The high contrast
resolution was achleved by printing the stimuli on Kodalithe Graphics

Art film, which again gave a modulation depth (contrast) of about 98%.

B. The Interferometer

B.i. The Interferometric System

The formation of interference fringes directly on the retina of
the eye has an advantage in psychophysical measurements. It allows
distortions produced by the ocular media or optics of the eye to be

by-passed, and also eliminates the necessity of selecting correction
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lenses for observers with focusing defects such as myopia and hyper-
metropia. This method, first proposed by Le Grand (1935), has been
used by Byram (1944) and later by Arnulf and Dupuy (1960), and
Westheimer (1960). The fringes, they produced, were of relatively low
illumination level and/or high contrast due to the conventional light
source used, and in an attempt to resolve this difficulty, Campbell
and Green (1965) used light derived from a He-Ne laser to produce the
interference fringes in an arrangement analogous to the double slit
interference technique of Young (1820 a,b). Two collimated beams of
coherent light derived from a single laser source were focused into
the plane of the eye pupil, close to the nodal points of the eye, to
produce a system of interference fringes on the retina where the two
beams overlap. The frequency was changed by varying the angle,E}, at
which the beams intersect.

The intensity distribution of a double slit fringe pattern is

given by:-
I(x) = I +I +2{I 1 Cos 2Ttx R Eq. 2.10
1 2 12 A
where Il, 12 are the in;ensities‘of the interfering beams,
respectively,

A is the wavelength of the light employed,

X is the retinal distance measured in degrees, and

t is the separation of the interfering beams.

In the original study of Campbell and Green (1965), the single
laser source is split into two collimated beams of coherent light by a
reflecting plate, and then refocused to converge and intersect in a

microscope objective. The fringe pattern is observed by positioning
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the head so that the eye is close to the two coherent point sources,
and the spatially distributed pattern of sinusoidal interference

fringes form on the retina (fig. 2.12). The two coherent 'point'

a.Mod. Depth=100% b.Mod. Depth=80%,
Modulation Depth

c= Imax ~Imin
Imax* Imin

c.Mod. Depth = eo% fmin

Spatial Frequency
t=1/d c/deg. .

Fig_2,12To illustrate a Sinusoidal distribution of illumination level I

sources are close to the nodal point of the eye, but essentially the
spatial frequency of the fringes is independent of the position of the
cornea, and dependent only on the angle,8 , between the two
interfering beams (fig. 2.13).

In the present studies, intereference fringes were produced by
means of a duplicated Mach-Zehnder interferometer (Born and Wolf,
1970). This instrument is designed so that the angle of inclination

of the two coherent light beams and, therefore, the spatial frequency
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of the fringes can be altered whilst still maintaining their
intersection at the microscope objective. This apparatus was

initially designed and built by Burton (1973).

Fig. 2.13 Detailed examination of the production of
fringes on the retina. The observer's eye
is located with its nodal plane a distance,
D, from the two focus points, Pl and P2, of
the two coherent beams focused by the micro-
scope objective.

B.ii. Production of fringes

Campbell and Green (1965) found that for interference fringes
formed directly on the retina, the spatial frequency of the gratings
was not critically dependent upon the position of the observer's eye,
nor on the state of visual accommodation (fig. 2.13). In order to
demonstrate this, the observer's eye is assumed to be located with its
nodal plane a distance, D, from the two focus points, P1 and P2, of
the two coherent beams of light focused by the microscope objective.
The rays from these components are those which give rise to the
ad jacent interference maxima at points A' and B' on the retina. The

points A and B are conjugate to A' and B' for a particular

accommodation state of the eye. To obtain maxima at these points, the
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path length between A' and B' must be an integral number of

wavelengths, i.e.,

(P A" - PA') -(PB'-PB') = nA, Eq. 2.11
1 2 1 2

where A is the wavelength of the light and,
n is an integer,
similarly: =

(PA - PA) - (PB~-PB) = mA , Eq. 2.12
2 1 2 1

where m is an integer.

B.iii. The Interferometer

In the Mach-Zehnder interferometer used in the following
experiments, the spatial frequency of the fringes was adjusted by
changing the angle between the coherent light beams incident on the
observing microscope objective, MO (fig. 2.14, simplified

arrangement). Under the precise intersection of these beams at the

\R
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\m
BS \\
LASER “ %\P
\
\
\
. Fig. 2.14
\ A simplified
D \\ arrangement to show
\ the production of
\ interference fringes
9 \\ in the interferometer.
\
\
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objective, MO, the angle between the beams, 8, 1s given by:-

-1
Angle, 8 = Tan S/D , Eq. 2.13

where S is the distance between BS and P, and
D is the distance from BS to MO.

Such an arrangement is difficult to achieve in practice, but by
rotating, as well as translating, the prism, P, it is possible to
obtain an approximation to the precise intersection of the beams
(Burton, 1973). The fringe system provides a range of spatial
frequencies, which extend from zero to about 60 c/o, by using a 10x
microscope objective at the eye piece. This means that the angle,e
(fige. 2.14), is very small, and equation 2.13 can be approximated
by :~

-1

Angle, B = 2. Tan (8/D) . Eq. 2.14
(2-s/D)

The relationship between 8 and D is maintained as the prism, P,
is fixed to a rotating bar, RO (fig. 2.14). This is driven by a
micrometer attachment, m, so that the pivdt of the bar, 0, forms a
right-angled issoceles triangle with the beamsplitter, BS, and eye-
piece objective, MO. The values of 8 achieved can be very small for
low frequency fringes, but the mathematical considerations still hold.

A plan view of the interferometer is shown diagramatically in
fig. 2.15. Two independent laser sources (Spectra Physics, Type
no. 120) were used to provide light for the lower and upper fringe
systems (inset of fig. 2.15), which ensures mutual coherence between
the beams for the production of the fringes, but a mutual incoherence
between the two sets of fringes to prevent them interfering. The

He~Ne lasers produced plane polarized beams of light, wavelength
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Fig. 2.15 The Interferometric Arrangement
632.8 nm, which were constant in intensity to +0.5%. Due to the split
level arrangement of the apparatus, laser 2 is situated at a lower
level than laser 1.

The beam from laser 1 (see fig. 2.15) is focused by a 10x
microscope objective, MOl, onto a 25 nm pinhole, PN, and is then
collimated by lens, L1, before entering the upper part of the
interferometer through beamsplitter, BS3. In a similar manner, light
from laser 2 is focused by a 10x microscope objective, MO2, onto a
25 nm pinhole, PN, before it is split into two beams by beamsplitter,
BSl. One of these beams passes through a double neutral density

wedge, W, to be recombined with the other beam in beamsplitter, BS2.
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The light from laser 2 passes by the lower beam into the
interferometer after deflection by prism, Pl.

Electromagnetic shutters, SH1, SH2 and SH3, are positioned and
operated in accordance with the nature of the experiment. Neutral
density filters (NDF) are included in all of the beams to control the
illumination levels.

After entering the interferometer, the beams are divided by the
beamsplitter, BS3, and subsequently reflected by the prism, P2, or the
reflecting prisms, RPl and RP2. These beams finally enter the beam
splitter, BS4. The reflecting prisms are arranged separately, one
above the other, so that light from laser 1 in the upper, RPl, and
that in the lower, RP2, from laser 2, can be independently translated
and rotated by the two micrometer attachments on the pivot arm, PA.

These components are all rigidly attached to a thick dura-
aluminium base, but one screw adjustment (S) is left on each of the
RP's to allow the orientation of the fringes to be aligned with
respect to the observer. Adjustment of S reflects the beams in a
plane close to the vertical, and only a minimal change is produced in -
the spatial frequency. The microscope objectives illuminate the
pinholes so that a diffraction limited point source is produced before
the light rays enter the collimating lenses, and also the pinhole
filters stray light, thereby, reducing the noise in the collimated
beam. Stops can be placed in the beams emerging from the
beamsplitter, BS4, depending upon the experimental configuration
desired. The conversion to binocular viewing is achieved by
reflecting the light not collected by BS4 in the prism, P3, to form

sinusoidal fringes in the left eye, LE. The microscope objective,
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MO4, behaves in a fashion similar to MO3, and focuses the collimated
components from laser 1 to two points close to the nodal points of the
observer's eye. The two beams are mutually coherent, and therefore
give rise to two interfering divergent beams, which produce the
sinusoidally modulated interference fringes on the observer's retina.
Judicial positioning of the stops in the emergent beams of BS4,
allows a number of experimental configurations to be achieved. The
inset to fig. 2.15 shows the stops inserted so that Sl prevents the
upper beam from entering the right eye, RE, and allows only light from
laser 2 to enter this eye by its defléction upwards in the prism, P53,
and into the objective, MO3. The fringes are produced in the
observer's eye, as explained previously, and only one of the
collimated beams will enter the eye at any one instant. The observer
sees the interference fringe pattern produced by laser 2 either in the
beam thch is deflected around the wedge, W, or in the beam which
passes through the wedge, W, combined with thé appropriate shutter
operation. Stop S2 placed as shown, before prism P4, prevents the
laser beams from laser 2 reaching the left eye, LE, and allows only
the collimated beams from laser 1 to enter the eye to form the
interference fringes. However, removal of stop, S2, and
simultaneously occluding all light entering the right eye, RE, allows
the light from laser 1 to reach the left eye, LE. A further stop can
eliminate the beams deflected around the wedge from laser 2, and with

such an arrangement, only the left eye, LE, will be stimulated.

Beiv. Calibrations

The spatial frequency of each system of fringes in both the left

and the right eyepieces was obtained in terms of the readings of the
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micrometer screw gauges, which drive the arms on which the reflecting

prisms are mounted. The separation, t, of the two coherent spots
produced (fig. 2.13), which governs the spatial frequency of the
fringe pattern formed, was measured by a travelling microscope for
several micrometer settings. From equation 2.10 for the intensity
distribution in the interference fringe pattern, if the angle,cfe
(fig. 2.13), between the successive maxima is small, then:-

Angle, dB = At o, Eq. 2.15

and the spatial frequency, f, is related to the angular distance,C{G,

by:-
f = tmw/A180 cycles per degree of visual angle. Eq. 2.16
60
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Fig. 2.16 Calibration curves for the upper and lower
micrometers in the interferometer.

Figure 2.16 shows the graph plotted from this calibration

pfocedure for the relevant eyepieces.
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Fringes of different orientation, with respect to the vertical
meridian relative to an observer stablilized by a mouthpiece, could be
obtained by the reflecting prisms, RPl and RP2, which were left free
specifically for rotation with the screw ad justment, S. Burton (1973)
checked the sinusoidal distribution of the fringes, and showed by a
least squares fit approximation that a cosine curve fitted the
profile, with less than 0.5% harmonic distortion.

The wedge, W, was made of blue glass. Both this wedge and the
neutral demsity filters, NDF, were calibrated in situ by positioning
a photomultiplier tube (EMI, Type 9698) at the eyepiece objective.

The calibration graph (see fig. 2.17, plotting optical density against

Q
s

OPTICAL DENSITY (log units)

o
U

& 3 s 3 o

12

8 10
DISTANCE (mm.)

Fig. 2.17 Calibration curve for the wedge, W,
in the interferometer.

the wedge setting) was obtained by taking the photomultiplier tube

readings at pairs of points; T , without the wedge, and T , for the
1 X
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beam transmitted at point x on the wedge. The wedge transmission at
each point is given by:-

T = T/T , Eq. 2.17
x 1

and the optical density, D, by:-

D = log 1/T (log units) . Eq. 2.18
10

The neutral density filters, NDF, were calibrated for
transmission in a similar manner.

A photoconductor device, designed by Burton (1973), monitored the
power output of the lasers, and was also used to set the retinal
illumination levels for the different experimental conditions.

This device is illustrated in fig. 2.18. The condensing lens, C, and
photoconductor, P, are mounted in a brass tube, which fits tightly
over the eyepieces. The lens forms an image of the field on the
surface of the photoconductor, which produces an electrical impulse to

deflect the spot on a galvanometer (PYE Scalamp, No. 79041S). The

PHOTOCONDUTOR

Fig. 2.18 Schematic representation of the
light monitoring photo-conductor
device. (after Burton, 1974)
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photoconductor was also used to equalize the mean illumination levels
in each eyepiece, by adjusting the neutral density filters so that

each beam gave the same photocurrent.

B.v. Experimental Procedure

The adaptation phenomena studied are those associated with
threshold detection of spatially periodic patterns, such as linear
gratings, following a short period of adaptation to a high contrast
grating with spatial characteristics similar to those of the test
grating (see fig. 2.12). The threshold illumination level following
such adaptation is greater than that found after adaptation to a
uniform field of the same mean illumination level. If the contrast
threshold setting, Tg, the illumination level of the test grating is
recorded, and also the contrast threshold setting, Tu, for a uniform
field of the same mean illumination level as the grating, the amount
of contrast threshold elevation,[&, is measured as:-—

Adaptation,/\ = log Tg - log Tu , Eq. 2.19
(see Chapter 1, Section C.v.).

At the beginning of all experiments, it was necessary to make
ad justments to the interferometer, so that the observer was optimally
aligned and positioned. The eye—piece separation was ad justed so that
it matched the observer's interocular separation, and he saw a fused
image of the two fields. Because the adaptation effects for gratings
of different wavelength and spatial frequency are the same if their
illumination levels are set at the same supra—threshold level, the
threshold illumination levels for the detection of the different

adaptation gratings were determined at the start of each experiment.
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They would then be set at a fixed level above threshold for the
adaptation measurements. Experimentally, neutral density filters were
introduced into the adaptation field until it could ' just-no-longer'
be detected; the criterion used for all threshold detection
determinations. The optical density of the filters which gave the
threshold setting was recorded, and by subsequent adjustment of the
filters, the illumination level could be raised to a selected supra-
threshold level.

During periods of adaptation the observer was instructed to kéep
his gaze wandering over the entire field, in order to prevent the
formation of unwanted after images. The shutters, SHI and SH3,
operate so that the adaptation grating is extinguished, and the test
grating becomes visible. The test grating field is of slightly

smaller diameter than the adaptation grating (fig. 2.19), which

R.E.

LE. F
ADAPTATION FIELDS
toRE,LE.or bhoth
simultaneously.
e 3O et - 3

M

TEST FIELD
to RE. or L.E.
alone

262

Fig. 2.19 Schematic diagram to show the
type and size of fields produced
by the interferometer.
ensures that the test grating is presented to a uniformly adapted

retinal region. After an initial period of two minutes adaptation,

the test field and adaptation fields are presented alternately for
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1 second and 20 seconds respectively, and the cycle repeated until
the threshold illumination setting was achieved. The test beam
illumination level was set three or four times, and in the repeated
measurements of the same threshold, the wedge was reset on each
occasion to a random setting. For adaptation measurements with a
uniform field, one of the two interfering beams was blocked and a 0.3
log filter removed from the other beam, in order to give the same mean
illumination level as the grating. The experimental procedure was
exactly the same as that used for the grating, thus the two settings,
log Tg and log Tu, defined in equation 2.19, were obtained. The
standard error associated with the measurements calculated from the
standard deviation of the results is about 0.05 log units, and is
acceptable compared with the magnitude of the contrast threshold
elevation effect, some 0.3 to 0.4 log units. The contrast threshold
elevation effect is transient, becoming insignificant within some 30
seconds of cessation of adaptation. This necessitates the brief
presentation of the test pattern and subsequent re—adaptation periods

during the experiment.

C.i. The Wright Colorimeter

Colour matching experiments were performed with the colorimeter,
designed by Wright (1927-8, 1946), the optical system of which is
illustrated schematically in fig. 2.20. The source, Sl, a 100V
quartz-halogen lamp, is focused by the collimating lens, L1, onto an
ad justable vertical entrance slit, SL. The light, which emerges from
this slit, is collimated again by lens, L2, and the beam passes over
the reflecting prism, RPl, to be dispersed by the two optically dense

glass prisms, DP. A split mirror arrangement, DM, which is also shown
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F1G2.20 A Schematic Representation of the WRIGHT Colorimeter.
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in fig. 2.21, reflects the upper half of the dispersed light through
the lens, L3, to form a focused spectrum, W1, whereas the lower half
of the light passes through an aperture in DM, and is collected by L&

to form another spectrum, W2. Small roof-reflecting prisms, N,

Divided Mirror

Arrangement - - r
S |
Srosls S/ W —_ 1y
T

sl L we
DM

Roof-Reflecting
Prism

Fig. 2.21 An enlarged view of three components
of the Wright Colorimeter.

(see fig. 2.21) are placed at appropriate positions in both of these
spectra to reflect small bandwidth regions along paths below the
incoming beam, but due to the roof prism, N, with the spectrum order
reversed. Thus, the final passage through the dispersing lenses
doubles the dispersion; a device which limits the effect of spectral
impurity due to stray light. The W2 spectrum provides the mixture of
three wavelengths required for the matching half of the bipartite
field of view. A neutral density wedge, W, is suspended in front of
each of the roof-reflecting prisms in the W2 spectrum for this
purpose. These wedges are graduated in cm, and the observer adjusts
their positions relative to the roof prisms In order to establish a
colour match. The Wl spectrum carries two roof-reflecting prisms; one

which provides the required wavelength for the test field, and the
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other provides a desaturating field for certain critical matches. The
light collected by the roof-reflecting prism providing the test field
is reflected in a downward path relative to the incoming light and is
collected by the lems, L3 (fig. 2.20). This light is therefore
reflected back into the dispersing prisms, DP, by the lower half of
the split mirror arrangement, DM (fig. 2.21). The returning light is
also laterally inverted due to the roof-prism, N, (see fig. 2.21), and
further dispersed by the prisms, DP. The pgism, RP1l, reflects this
light into the prism, Pl. The light reflected and similarly processed
by the roof prisms in N2 passes, after collection by the lens, L4,
underneath the divided mirror, DM, (see fig. 2.21) and enters the
dispersing prisms, DP.

The light, which emerges from RPl, consists of two vertically
displaced beams; the upper beam is a mixture of at most three
monochromatic matching stimuli, and the lower beam provides the test
field. Both of these beams are collected by the prism, Pl (fig. 2.21),
and are focused onto the exit pupil, E, by the lens, LS5, which
therefore provides a Maxwellian field of view in the right eye of the
observer, RE.

The light incident on the exit pupil is a dispersed 'image' of
the entrance slit, SL, and the double transit through the dispersing
prisms, DP, together with the slit width, produce a sufficiently large
'image' to cover an exit pupil of 2 mm diameter. The pupil contains
an eye achromatising lens (Thomson and Wright, 1947), and the
bipartite fields of 1020' or 80' are obtained by positioning the

appropriate field stop, A, close to the prism, Pl.
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C.ii. Calibration of the Colorimeter

The density gradients of the wedges which provide the
ad justable colour matching field and filters are all calibrated in
situ by means of a photomultiplier (EMI, type 9558) placed at the
observing position. The brightness matching technique of Wright
(1946, pp 64-66) makes it possible to check the photomultiplier
calibrations of the wedges. Figure 2.22 shows the best line fits to

the data for some wavelengths in these wedges. The photomultiplier

was also used to obtain the relative energies of the monochromatic
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Fig. 2.22 Calibration curves for the wedge, W,
’ showing the linear regressions for the
data at five wavelengths.
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lights reflected by the prisms in the Wl and W2 spectra, so that any

change in the spectral output of the lamp, Sl, could be accounted for,

(see fig. 2.23), in the Wl spectrum.
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Fig. 2.23 To show the relative change in
energy of the source as a function

of wavelength.

A line source (Phillips, mixed gas spectral source, type

Hg-Zn~Cd, 0.9A, B7) replaced the main colorimeter source, Sl, to

obtain the wavelength calibration of Wl and W2.

Each roof prism

was moved along the spectral plane until it reflected one of the

spectral lines which was then seen in the exit pupil, E, focused with

a lens to obtain a centrally positioned image of the line.

A complete

wavelength calibration was then generated by interpolation between

these lines with the Cauchy Equation.
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CHAPTER III

Determination of Post-Receptoral Spectral Responses
in Human Vision

A.i. Introduction

Investigation of human colour discrimination mechanisms rests
primarily on the psychophysical techniques of colour matching (Wright,
1929, 1936, 1946) and the increment threshold (Stiles, 1939, 1949,
1959) measurement. Both of these methods describe spectral mechanisms
which occur at the first stage of vision, that is, at the receptoral
stage. For observers with normal colour vision, both yield broad-band
spectral responses which are closely related to the absorption spectra
of the photopigments contained in the three classes of cone (Brindley,
1970). These methods are therefore not well suited to the
investigation of colour vision mechanisms which involve post-
receptoral responses. It is of interest to examine the spectral
characteristics of post-receptoral responses because, as well as
providing information on normal colour vision, they could also be used
to study defective colour vision, particularly those defects which are
caused by abnormal post-receptoral function. Rushton (1958) developed
a technique of retinal densitometry with which he managed to isolate
two cone functions in an observer with normal colour vision. To do
this he compared the difference in the relative absorption of each
wavelength of light projected onto neighbouring areas of the fovea
before and after bleaching the photopigments with intense light of a
narrow band of wavelengths. The bleached pigments then absorbed fewer

photons. He repeated this measurement with several subjects with
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defective colour vision, one of which was a deuteranope (Rushton,
1965). He established that in fact the deuteranope lacked the green
cone photopigment (chloralabe). There may also be, however,
deficiencies in congenital and, in particular, acquired colour vision
defects which arise at a stage more central than the photoreceptors.
In the introduction (chapter 1), it has been shown that post—
receptoral mechanisms can be investigated by adaptation methods, which
establish that the human visual system possesses binocularly
controlled response mechanisms selectively sensitive to specific
stimulus attributes, such as the orientation and width of an elongated
bar (Gilinsky, 1968; Pantle and Sekuler, 1968; Blakemore and Campbell,
1969b and Maudarbocus and Ruddock, 1973b). However, the analysis of
visual responses to one—dimensional stimuli leaves unresolved the
problem of defining an elongated stimulus. This requires
investigation of the contrast threshold elevation effect for a set of
two-dimensional stimuli, in which it is possible to vary both the
length and the width of the bar-shaped elements (Burton and Ruddock,
1978). Two classes of response mechanisms are evident from their
results and they suggested that there is one mechanism preferentially
tuned to the relative length of the bars in the test and adaptation
patterns, and another which is not. The independence of these two
kinds of response is demonstrated by the fact that the length-
selective adaptation mechanisms are monocularly controlled, whereas
the non~length-selective are under binocular control (Naghshineh and
Ruddock, 1978). The receptive fields associated with the detection of
elongated, bar-shaﬁed stimuli have a length:width ratio of three,

which is consistent with the orientation selectivity of the contrast
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threshold elevation effect as measured with one-dimensional gratings
(Burton and Ruddock, 1978).

The contrast threshold elevation effect (Gilinsky, 1968; Pantle
and Sekuler, 1968 and Blakemore and Campbell, 1969b) forms the basis
of the investigation to be described in this chapter. Briefly, this
effect requires the adaptation of the right eye (RE) of an observer
to a high contrast grating (fig. 3.la), which consists of alternate
dark and light bars, for a period of about two minutes. During this
time, there is no fixation, and the observer allows his gaze to wander
over the entire stimulus pattern. Subsequently, the adaptation
grating, AG, is replaced by a test grating, TG, 100%Z contrast but of
low illumination level, superimposed on a uniform background field of
the same mean illuminance as that of the adaptation grating. It is
found that the contrast threshold level required for the detection of
the one-dimensional test grating, TG, is raised compared to the level
required after adaptation to the uniform field of the same mean
retinal illumination level (see fig. 3.1f, point a). This increase in
the contrast threshold level is associated specifically with the
spatial characteristics of the test and adaptation gratings, which
must be closely matched in size and orientation to obtain any
significant effect.

The effect can be interocularly transferred, as shown in fig.
3.1b, since the contrast threshold level required for the detection of
the test grating, TG, presented to the right eye, following two
minutes adaptation of the left eye to a high contrast grating, is also
increased (see fig. 3.1f, point b); for this configuration, however,

the amplitude of the effect is slightly reduced. The effect is
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therefore attributed to adaptation in cortical units at the level
where the signals from the two eyes converge. In the human visual
system, the pathways from the two eyes converge anatomically after
partial decussation of the optic nerve fibres at the optic chiasma.
Neurophysiological studies of the visual cortex of primates show that
these converging pathways carry signals from both eyes to the same
cortical neurones. Interocular transfer of the contrast tﬁreshold
elevation effect suggests that this kind of adaptation takes place at
a central location in the cortex. Any other interpretation would
involve retinal control by fibres radiating from the cortex, and there
is no evidence for their presence (Brindley, 1970, pp 105).
Interocular transfer is an inter-observer variable; Blakemore and
Campbell (1969b) report a transfer of 70 to 80%, but Maudarbocus and
Ruddock (1973b) showed that as much as a 90% transfer could be
obtained in some observers. The results of Wigley (1977) show that
the degree of interocular transfer is indeed dependent on the degree
of an individual's stereoscopic fusion capacity. Observers, who are
termed stereoblind, exhibit a complete absence of interocular transfer
(Abadi, 1974).

It may be thought that by simultaneously adapting the two eyes to
similar high contrast gratings, it would be possible to induce
sumnation and thereby increase the effect. This was the aim of the
investigation of Wigley (1977), but the results of adaptation of both
eyes (fig. 3.lc) only leads to a further reduction in the amplitude of
the effect (see fig. 3.1f, point c¢). Further, if the two eyes are
adapted to different grating patterns, the left eye to a coarse high

contrast square-wave grating, and the right eye to the test frequency
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of the same mean retinal illumination level (fig. 3.1d), it was found
that the effect was virtually abolished (see fig. 3.1f, point d)
(Ruddock and Wigley, 1976). Thus, the interaction between the
adaptation stimuli, presented to the two eyes, is inhibitory.’

It has already been emphasized that there are two separate
mechanisms which contribute to adaptation phenomena (Burton and
Ruddock, 1978); one associated with 'long' bars and the other with
'short' bars. In addition to the contrast threshold elevation effect
established as a result of adaptation to high contrast bar gratings,
Naghshineh and Ruddock (1978) have shown that a contrast threshold
elevation effect is also observed after adaptation to two—dimensional
patterns consisting of spot stimuli. The contrast threshold elevation
effect in this case is established by a class of stimuli which do not
possess well-defined axes of symmetry, and therefore would not give
rise to strong adaptation effects in orientation selective mechanisms,
i.e., those with a length specificity (Burton and Ruddock, 1978).
Naghshinéh and Ruddock (1978) showed that adaptation to a high
contrast spot matrix array affects the contrast threshold required for
the detection of linear square-wave gratings. Therefore the
two—dimensional pattern produces_a selective adaptation in the visual
system which affects the mechanisms that detect the contrast of one-
dimensional grating stimuli.

The major conclusion which arises from such data is that
adaptation to two—-dimensional stimuli gives rise not only to a size
specific contrast threshold elevation effect for other regular or
irregular two~dimensional stimuli, but also that it selectively

elevates the contrast threshold for linear grating stimuli. The
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maximum elevation occurs when the diameter of the elements of the two-
dimensional adaptation stimulus is equal to the width of the light
bars in the test stimulus.

The investigation to be described in this chapter combines the
binocular adaptation effects associated with the length— and
non—length selective mechanisms, and it is shown that unlike the
adaptation effects associated with elongated bars in both the contrast
threshold elevation effect and in its bimocular suppression
(Maudarbocus and Ruddock, 1973b; Ruddock, Waterfield and Wigley,
1979), this effect is colour-selective. From this wavelength
selectivity, it is possible to derive three spectral, post—receptoral
response curves, which have been measured for two normal observers,
and data are also presented for one dichromatic observer, a
deuteranope. The remainder of this chapter is concerned with the
detailed investigation of colour and spatial properties of the

inhibitory binocular adaptation effect.

A.ii. Experimental Apparatus

The Maxwellian viewing system, described in section A, chapter
11, adapted to provide a binocular viewing arrangement, and with four
channels for stimulus presentation, was used in this investigation.
In the experiments which are to be described, the circular adaptation
' o
fields were restricted to some 3 in diameter, whereas the test field
o)

was of slightly smaller dimensions, 2.5 in diameter. The visual
fields employed in the investigation are illustrated in fig. 3.le and

in fig. 3.2. The right eye was adapted to a linear square-waveform

grating with the same bar width and orientation as the test grating,
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and the left eye to a two-dimensional pattern which consisted of spot
stimuli in a matrix array. These stimuli were produced as described
in section A.vi, chapter II. Experiments were performed with linear
gratings of various bar widths, d minutes of arc, and the spot matrix
arrays had diameters d' minutes of arc, which varied through the same
range as the bar widths of the gratings. Thus the different stimuli
could be matched in terms of equivalent spatial frequencies. The test
grating, TG, was always presented to the right eye which also viewed
the adaptation stimulus, AG. The left eye was adapted simultaneously
with the right eye, and its adaptation stimulus is distinguished by

the term conditioning matrix, and denoted by the symbol, CM.

A.iii. Experimental Procedure

The observer's head position was fixed throughout the
experiments by a dental bite bar. The adjustable bite bar aided

alignment of the observer's pupil relative to the artificial

instrumental exit pupil

L.E. 'R.E.

of 2 mm diameter. For

dichoptic stimulus
. presentation, it was also

|
{ necessary to adjust the

interocular separation of

C.M. A.G.

the two exit pupils, so

that it matched that of

the observer, who could

then fuse the two visual

e. T.G

fields (fig. 3.2).

Fig. 3.2 To illustrate the visual field
configuration presented to the
observer.
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Adaptation effects for linear gratings of different spatial
frequencies and different wavelengths are equal, provided that their
illuminations are set at the same supra-threshold level (Maudarbocus
and Ruddock, 1973a). Thus, the threshold illumination levels for the
detection of the different monochromatic gratings, AG, and
conditioning matrices, CM, were determined at the beginning of each
experiment. They could then be set at the same supra-threshold level
for the adaptation measurements. The criterion of 'just-no-longer'
seenwas adopted in all threshold detection measurements, and neutral
density filters wefe introduced into the relevant beam until this
condition was satisfied. The optical density of the filters required
to give the threshold setting was recorded, and the illumination level
was then raised to the required supra-threshold level by adjustment of
the filters.

Initially, the adaptation gratings were presented for two
minutes, during which time the observer was instructed to keep his
gaze wandering randomly over the entire visual field, to prevent the
fﬁrmation of localized after—images. After this initial period, the
shutters, SH1, SH2 and SH3 (see fig. 2.3, chapter II) were triggered
(see Appendix A) and operated so as to expose alternately the
adaptation fields and test field for ten seconds and three seconds,
respectively. The cycle was repeated until the threshold illumination
setting was achieved. During the three second test period, the
adaptation grating was completely occluded by shutter, SH2 (fig.

2.3), and the low illumination level test grating was seen super—
imposed upon the uniform background field. The illumination level of

the uniform background field was equal to that of the adaptation
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grating, thus the state of adaptation remained conmstant throughout the
experiment. The brief presentation of the test pattern and the
subsequent periods of re-adaptation were necessary because of the
transient nature of the adaptation effect. During the périods of
re-adaptation, the observer operated the wedge, W (fig. 2.3, chapter
I11), to reduce the illumination level. In this way, the illuminationm
level of the test beam was adjusted to threshold level, i.e., that
point at which the test grating was 'just-no-longer' detected. In the
brief presentation periods of the test grating, the observer merely
made the decision as to whether he did, or did not detect, the test
pattern.

The procedure was repeated several times for each stimulus
configuration and the settings recorded by depressing the appropriate
switch on the printer (see fig. 2.5, chapter II). The threshold
illumination level was determined three or four times, to obtain log
W , and in these repeated measurements of the same threshold, the
wgdge was reset to a random position on each occasion. The procedure
was also repeated for adaptation measurements with the adaptation
gratings replaced by a uniform field of the same mean illumination
level as the grating pattern, to give the threshold illumination
level, log W . Thus two logarithmic threshold illumination levels are
obtained, an: a measure of the adaptation effect, associated with the

grating pattern is defined as:-

Adaptation effect,zx = log W - log W . Eq 3.1
g u

The end of one particular sequence of measurements was indicated
to the observer by a buzzer signal (Appendix B), and the mean of these

results gave the average value of the adaptation effect,[X.
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Fig. 3.3 Spectral sensitivity functions as revealed

by the increment threshold technique of
Stiles (1959). a.TT5 mechanism, b.TT4

mechanisme.

Observer V.W.

V.W.,
(female, aged 23
years) an
emmetrope, and
I.H., (male, aged
23 years) a myope,
both possessing
normal colour
matching
responses, and
normal colour
sensitivity as
revealed by the
colour matching
and by the
increment
threshold
technique of
Stiles (1949,
1959, 1978),
shown in fig. 3.3
and in fig. 3.4,
for each observer,
respectively, and
in fig. 3.5.

A third

subject, observer
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C.C. (male, aged
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a congenital
colour vision
defect. His
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Ishi-hara Colour
Vision test
plates (Edition
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colour matching
revealed that he
is a dichromatic
deuteranope. All
three observers
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stereoscopic
fusion when
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analglyphs
(Julesz, 1971).
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Fig. 3.5 Increment threshold data for both
observer V.W. and I.H.

supra-threshold for each observer. All the data points are the mean
of at least four determinations, and the mean standard error for the
observers is as follows:~ V.W., = 0.03 log units; I1.H., ® 0.04 log

units and C.C., ® 0.04 log units.

B. Preliminary Results

The first experiments were designed to investigate the variation
onk with the change in the diameter, d', and wavelength, A , of the
spot matrix. Each set of data in fig. 3.6 to fig. 3.9 refer to
adaptation (AG) and test grating (TG) patterns of linear square-wave-
form and bar width, d = 5.7 minutes of arc (corresponding to a
fundamental spatial frequency of 5.2 c/o), but of different
wavelengths (i.e., fig. 3.6, 636 nm; fig. 3.7, 577 nm; fig. 3.8,

551 nm and fig. 3.9, 435 nm). The broken horizontal line in each

diagram represents the values on& obtained in the absence of the
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Fig. 3.6 Adaptation,[&, plotted as a function of spatial
frequency of conditioning matrix, fc » for the
field configuration shown in fig. 3.%. AG and
TG are presented in a wavelength of 636 nm,
whereas CM is in 636 nm ( M ) and 611 om ( O ).
The dotted line represents adaptation produced in
the absence of CM. Data are for observer V.W.

matrix presented to the left eye, and represents the adaptation effect
associated with the simplé contrast threshold elevation effect (see
fig. 3.1a). The magnitude of the adaptation effect,Z&, is plotted
against (2d')_1, expressed in cycles per degree, and it is apparent
that, in each case, values of A are minimum for large matrix spots of
diameter in the range 0.8o to 6' of visual angle. If, however, the
sppt matrix wavelength is changed to 542 nm, as in fig. 3.10, values
szx are virtually independent of the size of the spots in the matrix
array, whereas if the matrix is of still shorter wavelength, 512 nm
(fig. 3.11) or 470 nm and 439 nm (fig. 3.12), values onX increase

relative to the simple contrast threshold elevation level (broken

line) for coarse spots.
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Fig. 3.7 As in fig. 3.6, but AG and TG are presented
in a wavelength of 577 nm, and CM in 61! nm.
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Fig. 3.8 As in fig. 3.6, but AG and TG are presented
in a wavelength of 551 nm, and CM in 656 nm.
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Fige. 3.9 As in fig. 3.6, but AG and TG are presented
in a wavelength of 435 nm, and CM in 611 nm.
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Fig. 3.10 As in fig. 3.6, but AG and TG are presented
in a wavelength of 636 nm, and CM in 542 nm.
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Fig. 3.11 As in fig. 3.6, but AG and TG are presented
in a wavelength of 551 nm, and CM in 512 nm.
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Fig. 3.12 As in fig. 3.6, but AG and TG are presented
in a wavelength of 636 nm, whilst CM is in
470 am ( O ) and 439 nm ( M ).
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Measurements were also made with a reverse contrast spot matrix,
that is, with black spots on a bright background. 1In figure 3.13,Zx
is plotted against (2d‘)-l, where d' is the diameter of the black
spots, the adaptation and test gratings had similar spatial
characteristics to those of fig. 3.6 to fig. 3.12, but were of
wavelength 551 nm. Data are given in fig. 3.13, for three wavelengths
of the matrix surround, namely, 636 nm, 551 nm and 439 nm. Again,
the values onX fall significantly below the broken line, for (Zd')—1
in the range 0.8O to 6' of visual angle, particularly for a matrix
background of wavelength 551 nm, but much less so for wavelengths 439
nm and 636 nm. The data shown in fig. 3.14 are equivalent to those
in fig. 3.13, but the test and adaptation gratings were of wavelength
636 nm. The effect is similar to that shown in fig. 3.13, and thus

the results for a negative contrast spot matrix show binocular

interaction, which reduces the value oféﬁ, for a range of spot sizes

0.5

A+

Q3

OBSERVER V.W.
v -ACM= 439nm.

Ot A=Acm=551nm.
A=NAcy=636nm,
AG=55%51nm,
TG
O T é T T T ) L3 ¥ T 1'0

4 6 8
SPATIAL FREQUENCY f.,(1/2d") C/DEG.

Fig. 3.13 As in fig. 3.6, but CM is of reverse contrast
characteristics and presented in light of
wavelength, 439 nm ( ¥ ), 551 nm ( & ) and
636 nm ( A ), whilst AG and TG are in 55! nm.
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OBSERVER V.W.
v-Acm= 439nm.
2-Aepw = 551 nm.
o1t a=Acpm = 636 nm.

AAG=635ﬂm.
TG

o %

SPATIAL FREQUENCY T, (1/2d’) c/DEG.
Fig. 3.14 As in fig. 3.13, but AG and TG are of a
wavelength 636 mm, and CM is of 636 nm
(A ), 551 nm ( A ) and 439 om (v ).
similar to that found for the positive contrast spot matrix (see fig.
3.6 to fig. 3.12). In no case, however, did the values of A\ increase
relative to that for the simple contrast threshold elevation effect
when negative contrést gratings were employed.

Other combinations of stimuli were employed to investigate
possible activity of short wavelength (blue—sensitive) mechanisms.
Coarse gratings were employed, because the blue-sensitive mechanism
has coarser spatial characteristics (Stiles, 1949; Brindley, 1953;
Brindley, Du Croz and Rushton, 1966; Burton and Ruddock, 1972; Pugh
and Mollon, 1979). Thus, the adaptation and test gratings were linear
square-waveform with a bar width of some 10 minutes of arc
(corresponding to a fundamental spatial frequency of 3 c/o), and of

short wavelength (435 mm). Further, the blue test grating was

presented in simultaneous contrast, i.e., on a uniform yellow
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(580 nm) background in order to enhance the isolation of the short
wavelength mechanism. The illumination of this yellow background was

equated, photometrically, to that of the 435 nm adaptation grating.
-1
Results for these measurements, with[& plotted against (2d')

s
where d' is the diameter of the spots in the matrix array, are shown
in fig. 3.15 and in fig. 3.16; the former referring to a 439 nm, and
the latter to a 524 nm conditioning matrix. It can be seen that in
the former case,Zx is significantly reduced for values of (2d')—1 in

0
the range 0.8 to 8' of visual cycle, whereas there is a smaller

effect in the latter case. Thus there appears to be a short

wavelength effect associated with these stimulus conditions.

0.5
OBSERVER VW,
Ag,= 439 nm.
M
A }‘AG= 435nm.on 580 nm.
T TG
--~~=-=Monoptic
% 7
e
4 .\\\\
®
on

4 -8

8 10
SPATIAL FREQUENCY £, (1/2d") C/DEG.

Fig. 3.15 As in fig. 3.6, but the spatial
characteristics of the visual
field configuration are coarser,
and presented using the method
of simultaneous contrast. AG
and TG are presented in a
wavelength of 435 nm, with CM
in 439 nm.
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Fig. 3.16 As in fig. 3.15, but CM is presented
in a wavelength of 524 nm.

The experimental data presented so far display characteristics
similar to those of the binocular inhibitory interaction observed with
gratings (Ruddock, Waterfield and Wigley, 1979), except that in this
case, it is wavelength selective. Ruddock and Wigley (1976) report
that a bar grating conditioning stimulus whose spatial frequency lies

0 0 0

in the range 1 ¢/ to 4 ¢/ (equivalent to bar widths of 0.6 to 7' of
visual angle) presented to one eye, significantly reduces the contrast
threshold elevation effect exerted by a bar grating adaptation
stimulus on a similar spatial frequency test grating presented
contralaterally. However, they found that a blue and red conditioning
grating were equally effective in suppressing the contrast threshold

elevation effect associated with red adaptation and test gratings.
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C.i. The Spectral Characteristics of the Three Response Mechanisms

The preceding section described a series of experiments which
vielded at least three spectral classes of wavelength selective
binocular adaptation. A detailed investigation of the wavelength
selectivity of these three binocular adaptation mechanisms was
undertaken and in this and subsequent sections results are given
relating to the following:-

a. The detailed spectral properties of the three response
mechanisms,

b. The magnitude of the effect as a function of the illuminaﬁion
ievel of the conditioning grating, and

C. The characteristics of the effect for a colour defective
observer.

From these measurements, the spectral sensitivity of the post-
receptoral mechanisms associated with these responses can be
determined.

The stimulus configuration shown in fig. 3.2, section A.iii of
this chapter, was used in all of the following experiments. The
results of the preliminary experiments were used to select the spatial
parameters appropriate to the isolation of each of the three spectral
mechanisms, aﬁd in all of the experiments, the test and adaptation
gratings were of the same wavelength. The experimental variable was
in each case the wavelength of the conditioning matrix, A, a two-

CM
dimensional array of spots presented to the left eye. Data are
presented for the two observers with normal colour vision, V.W. and

I.H.
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C.ii. Results

Values onl (defined by equation 3.1) are plotted against the
wavelength of the spot conditioning matrix, A , in fig. 3.17 to fig.
3.20. Adaptation and test gratings have a baSMwidth of 5.7 minutes of
arc, and the spot diaﬁeter of the matrix was 9.3 minutes of arc. The
results represent the responses of the observers V.W. and I.H., and
each figure is labelled accordingly. Each figure refers to a
different wavelength of the adaptation and test gratings, as defined
with the figure. The broken line in each case represents the
magnitude of the monoptic contrast threshold elevation effect for the
gratings, measured in the absence of the spot matrix, i.e., fig. 3.la.

Figure 3.17 and figure 3.18 refer to the data for the two

observers when the conditioning grating has positive contrast, that
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OBSERVER VW.
AAG=:656 nm.
G
A T -I2 ~Monoptic
0.3+ a
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t:::::lﬁffj____Ei ______________________________
1 \ .————I\-
»
\.
o1t .
\-
o Y + ¥ + +
450 500 550 600 50 700
Ay  WAVELENGTH  (nm

Fig. 3.17a Adaptation,[&, plotted as a function of wavelength
of conditioning matrix, , for AG and TG of
wavelength 656 nm. Broken line represents
adaptation in the absence of CM. Data are for
observer V.W.
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Fig. 3.17b As in fig. 3.17a, but AG and TG are of
wavelength 636 nm.
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Fig. 3.17¢ As in fig. 3.17a, but AG and TG are
of wavelength 551 nm.

123.



Q-5
OBSERVER V. W,
}\AG= 536 nm.,

A -+ --T-G—Monoptic
O3 e PN m e —— —————
|
/ \I
RN /.—.
Q-1 r \ »
l/
0 Y } t + ?
450 500 550 600 650 700
A WAVELENGTH (nm.)

Fig. 3.17d As in fig. 3.17a, but AG and TG are
of wavelength 536 nm.
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A TG _
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~
.‘\I—"’.\
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Acm WAVELENGTH (nm.)

Fig. 3.17e As in fig. 3.17a, but AG and TG are
of wavelength 495 mm.

is, it consists of bright spots on a dark background. The data show
that in all of the cases investigated, the adaptation effect,A, is
markedly dependent on the wavelength of the spot conditioning matrix,

A », and the effect is similar for all adaptation and test grating
CM
wavelengths.
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Fig. 3.18a Adaptation,A, plotted as a function of
wavelength of conditioning matrix,A ,
for AG and TG in light of wavelength
656 nm. Broken line represents adaptation
in the absence of CM. Data are for observer
I.H.
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Fig. 3.18b As in fig. 3.18a, but AG and TG are

of wavelength 636 nm.
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0.1+
450 500 550 600 650 700
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Fig. 3.18c As in fig. 3.18a, but AG and TG are
of wavelength 577 nm.
Q5
OBSERVER |.H.
A )\A =551Tnm.
- —Monoptic
N e i DL R L
o1t
O"as0 i 550 ' 650

Ao WAVELENGTH ()

Fig. 3.18d As in fig. 3.18a, but AG and IG are
of wavelength 551 nm.

For matrix wavelengths, A > 600 nm, the monocular contrast

CM
threshold elevation effect is virtually abolished (i.e.,A = 0),
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whereas for wavelengths, A < 580 nm, the adaptation effect,[&,

CM
recorded in the right eye is approximately the same as that found for
monoptic adaptation (shown by the broken line), and in some
conditions, it is even increased (see fig. 3.17a,b,c,e and fig.
3.18a,c). Thus, there seems to be some opponent activity within the
red-green regions of the spectrum. The responses of the two observers

agree within experimental error, and each gives a minimum value of [&

for A % 610 nm.
CM

Figure 3.19 and figure 3.20 represent the responses of the two
observers when the conditioning matrix is presented in negative
contrast, that is, black spots of 9.3 minutes of arc diameter,
superimposed upon a monochromatic background. Under these conditioms,

values of [& fall significantly below the broken line for matrix

05 OBSERVER V.W.
Aag- 656 nm
TG R
A+ --- = Monoptic
A\‘
03t o

a—
‘—._—A
o4
y/ 2 N " " "
o7 500 600 700
A WAVELENGTH (nm.)

Cwm

Fig. 3.19a Adaptation,[&, plotted as a function of
wavelength of conditioning matrix,)\CM,
(negative contrast) for AG and TG in
light of wavelength 656 nm. Broken line
represents adaptation in the absence of CM.
Data are for observer V.W.
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Fig. 3.19b As in fig. 3.19a, but AG and TG are
of wavelength 636 nm.
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Fig. 3.19¢c As in fig. 3.19a, but AG and TG are
of wavelength 577 nm.
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Fig. 3.19d As in fig. 3.19a, but AG and TG are
of wavelength 551 nm.
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Fig. 3.19e As in fig. 3.1%a, but AG and TG are
of wavelength 495 nm.
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Fig. 3.20a Adaptation,A, plotted as a function
of wavelength of a conditioning matrix
of negative contrast,>\ cM>» for AG and
TG presented in light of wavelength
656 mm. Broken line represents
adaptation in absence of CM. Data are
for observer I.H.
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Fig. 3.20b As in fig. 3.20a, but AG and TG are
of wavelength 636 nm.
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Fig. 3.20c As in fig. 3.20a, but AG and TG are
of wavelength 551 nm.
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Fig. 3.20d As in fig. 3.20a, but AG and TG are
of wavelength 495 nm.
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Fig. 3.21a Adaptation,A, plotted as a function
of wavelength of conditioning matrix
(coarse spatial characteristics), A gy
with AG and TG presented in a wavelength
of 470 nm and in simultaneous contrast.
Broken line represents adaptation in
absence of CM. Data are for observer V.W.
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Fig. 3.21b As in fig. 3.2la, but AG and TG are
of wavelength 453 nm.
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Fig. 3.21c As in fig. 3.21a, but AG and TG are
of wavelength 446 nm.
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Fig. 3.21d As in fig. 3.2la, but AG and TG are
of wavelength 435 mm.

wavelengths, A , in the range 500 nm to 580 nm, which is similar for
CM

both observers. At no wavelength, however, is there an enhancement of

the effect.
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The data, shown in fig. 3.21 and in fig. 3.22, represent the
values of A obtained for adaptation and test gratings of bar width 10
minutes of arc, and a conditioning matrix of spot diameter equal to
some 15 minutes of arc. As for the preliminary data (see fig. 3.15
and fig. 3.16), the test grating was presented on a yellow, 580 nm,
uniform background field. Figure 3.21 and figure 3.22 show the
responses for the two subjects, and again, the variation ofA with
A is similar for both. The values ofA are significantly reduced

N
bglliow the monoptic level only for short wavelengths, A , in the range

CM
400 nm to 500 nm.

oof e
\ . \\ R
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Fig. 3.22a Adaptation,A, plotted as a function of
wavelength of conditioning matrix (coarse
spatial characteristics), A gM, with AG and
TG presented in light of wavelength 470 nm
and in simultaneous contrast. Broken line
represents adaptation in absence of CM.
Data are for observer I.H.
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Fig. 3.22b As in fig. 3.22a, but AG and TG are
of wavelength 446 mm.
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Fig. 3.22¢ As in fig. 3.22a, but AG and TG are
of wavelength 435 nm.
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C.iii. The Effect of Changing the Illumination level of the
Conditioning Matrix

The data, shown in fig. 3.17 to fig. 3.22, were all obtained
with the adaptation stimuli set at an illumination level 4 log units
above the threshold level for their detection, thus they are equated
for visual efficiency.

In the measurements to be presented here, the adaptation grating
presented to the right eye was still set at an illumination level 4
log units above its threshold detection level, but the illumination
level of the conditioning spot matrix, I , presented to the left eye

M

was the experimental variable. The spatgal and spectral parameters
were determined from the data of fig. 3.17 to fig. 3.22, such that
they gave the maximum amplitude ofzx, either positive or negative with
respect to that found for monoptic adaptation in the absence of the
spot matrix. Separate experiments were performed for those conditions
which increase and for those which decrease the value onX relative to
the monoptic value. The experiments were performed for conditions

which were appropriate to the isolation of each of the three

mnechanisms.

C.iv. Results
Results for a number of combinations of adaptation and test
grating wavelengths are shown in fig. 3.23 to fig. 3.26. The
magnitude of the effect, [X (equation 3.1), is plotted alomng the
ordinate in relative log units, as a function of the illumination
level of the conditioning matrix, log I . Figure 3.23 and figure
cM

3.24 represent the variation of the effect under conditions which give

the red-green opponent responses shown in fig. 3.17 and in fig. 3.18,
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Fig. 3.23a Amplitude variatiom of[& as a function
of log of illumination level of CM above
threshold for its detection. Data points
represent a number of AG and TG wavelengths
for a >‘CM giving maximum suppression of
effect for observer V.W. from fig. 3.17.
Q5
OBSERVER LH,
At
2 . "
03'-' \\\
\\
L od \.\\
\\.
» ~. "
\\*______._--__‘.—
Ot
o 1 2 3 s 5 6
LOG ICM

Fig. 3.23b As in fig. 3.23a, but data points
are for observer I1.H. (see fig. 3.18).
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Fig. 3.24 As in fig. 3.23a, but conditions tested

are those which facilitate the effect

compared to the monoptic condition.

Data are for observer V.W. ( B ) and

I.H. ( O). (see fig. 3.17 and fig.

3.18, respectively).
i.e., with a matrix of bright spots on a dark background. Figure
3.23a,b represent conditions under whicﬁ1£&is lower than the monoptic
value, and figure 3.24 conditions under which it is greater. Results
for the negative contrast spot matrix, which yields the green-
sensitive responses, are shown in fig. 3.25, and those obtained with
coarser patterns and blue test superimposed on a yellow background
(see fig. 3.21 and fig. 3.22) are given in fig. 3.26. Results are
presented for two subjects, V.W. and I.H., as indicated on the
diagrams.

Increase of log I , the intensity of the conditioning matrix, is
CM

accompanied by a decrease inZ&, to a value of approximately 0.08 log

units, in fig. 3.23, in fig. 3.25 and in fig. 3.26. This change
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Fig. 3.25a As in fig. 3.23a, but the data points
are for observer V.W. for the conditions
examined in fig. 3.19.
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Fig. 3.25b As in fig. 3.23a, but the data points
refer to observer I.H., and the
conditions of fig. 3.20.
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occurs in the range 1.5 to 4.5 log units above the threshold for the
detection of the matrix. Further increases in log I do not reduce
[&significantly below this value. However, in fig. 2?21, increasing
I , the intensity of the conditioning matrix, has the opposite

CM

effect. This time the value of[& increases to a value of about 0.5
log units over the same approximate range, 1.5 to 4.5 log units above
threshold.

These data can be compared with the variation with illumination
level of the adaptation grating when no conditioning matrix is
present, i.e., the simple contrast threshold elevation effect (see
fig. 3.1a). Such data were obtained for a number of test and
adaptation wavelengths, and the mean of these data is plotted together
with the mean data of fig. 3.23a, in fig. 3.27. This plot shows that

although the changes in the value onS are in the opposite direction,

the adaptation grating illumination level for which the peak value of
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1 2 3 4 5 6
LOG I,

Fig. 3.26a As in fig. 3.23a; the data points
are for conditions examined in
fig. 3.21, and refer to observer
V.w.
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Fig. 3.26b As in fig. 3.23a, but data are for
observer I1.H. under the conditions
of fig. 3.22.
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Fig. 3.27 To compare the variation in the amplitude
of A obtained under simple monoptic
conditions (---), i.e., fig. 3.la, and under
binocular conditions (=-=), i.e., fig. 3.le.
Observer V.W.
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Z&is just attained in the contrast threshold elevation effect, is

approximately the same as that of the conditioning matrix which just

yields the minimum value onX in the binocular arrangement. For

values of log 1 in the range 1.5 to 4.5 log units above threshold,
CM

there is an approximate linear relationship between[& and log I .

cM

C.v. Characteristics of the Effect investigated with a Colour
Defective Observer

A number of the experiments carried out by the two observers with
normal colour vision and described in the previous section were
repeated with a congenitally colour defective subject. The
experiments chosen for this subject were restricted to those involving
red~green effects, as it has been shown that it is in this spectral
range that deuteranopes have abnormal photopigment absorption
(Rushton, 1958 and 1965), and colour discrimination (Wright, 1946),
whereas the short wavelength response mechanism is apparently normal
(KBnig, 1893). The adaptation effect,[&, (equation 3.1) was
determined as for the normal observers.

The results of the measurements with observer C.C., the
deuteranope, are shown in fig. 3.28. The adaptation and test
gratings presented to the right eye were of bar width 5.7 minutes of
arc, and the spot diameter in the matrix, d', was 9.3 minutes of arc.
Data obtained for a positive contrast spot matrix equivalent to fig.
3.17 and to fig. 3.18 for the normal subjects are given in fig. 3.28.
The results show that unlike the two normal observers, V.W. and I.H.,
the deuteranopic observer, C.C., shows no significant wavelength
selectivity for the positive contrast matrix. The mean data of fig.

3.17 and of fig. 3.28 for observers V.W., and C.C., respectively, are
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Fig. 3.28 Adaptation,A, as a function of wavelength
of CM for a number of wavelengths of AG
and TG. Data are for observer C.C. and
conditions are as given in fig. 3.17.

a. AG and TG are of wavelength 656 nm.
05 7
Ad

OBSERVER C.C.

ot Aag =636 nm
TG .
~ == =Monoptic
Ol 4 —— + +
450 550 650

WAVELENGTH Acw (nm)
Fig. 3.28b AG and TG are of wavelength 636 nm.
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Fig. 3.28c AG and TG are of wavelength 577 nm.
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TG are of wavelength 551 nm.
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plotted for comparison in fig. 3.29.
o5

@-0OBSERVER V.W.
©-OBSERVER C.C.

O } + + -

500 600 700

WAVELENGTH (nm.)

Fig. 3.29 Mean data replotted from fig. 3.17 for
observer V.W. ( @ ) from fig. 3.28 for
observer C.C. ( O ).

D. Discussion

D.i. Derivation of the Post-receptoral Spectral Response Functions

The data, shown in fig. 3.17 to fig. 3.22, can be transformed by
means of the data in fig. 3.23 to fig. 3.26 to give the sensitivity of
the post-receptoral spectral response mechanisms. Adaptation,[&, is
not linearly dependent on log 1 , as shown in fig. 3.23 to fig. 3.26,
but over the range 1.5 to 4.5 122 units above the threshold
illumination level required for the detection of the conditioning
matrix, there is an approximate linear relationship between the value
onX and log I .

CM

The sensitivity profiles of the respective post-receptoral

response mechanisms were calculated from the following expression:-—
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log S = —-log W_. + log I , Eq 3.2
A A cM
where:-

S represents the sensitivity of the mechanism at a particular
wavelength,%,

W is the energy in pW/m2 of the monochromatic spot matrix at
a retinal illumination 4 log units above the threshold
illumination level, for which the experimental data were
determined, and

Log 1 corresponds to the increase in the illumination level, as
m225ured for the data of fig. 3.23 to fig. 3.26, which would

be required to make the amplitude onX equal for different

wavelengths, A .
CM

This transformation process produces the data plotted in fig.

3.30 to fig. 3.32. 1In each of these figures, the sensitivity of the
post-receptoral spectral response function is plotted along the
ordinate in terms of a normalized scale of relative reciprocal energy
units with wavelength, in nanometers, plotted along the abscissa. The
full symbols, squares, triangles and circles, in each of the figures
respectively, represent the mean of the transformed data, whereas the
open symbols in each of the figures represent the transformed
psychophysical data points, each symbol representing a different test
wavelength, as indicated for the relevant symbols in the legend.

Figure 3.30a,b represent the sensitivity functions for observers
V.W. and I.H., respectively. The most notable feature of the
sensitivity profiles plotted in fig. 3.30a,b, are the narrow-band long

wavelength components, which have a peak sensitivity at approximately
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Fig. 3.30a A 'red-green' spectral sensitivity funection
derived from the binocular suppression of grating
threshold illumination level (see fig. 3.17,
observer V.W.). Each symbol is the mean of six
values, with standard error 0.5, and corresponds
to a different wavelength of the spot matrix [i.e.,
656 nm ( A ); 636 nm (O ); 551 (<& ); 536 nm ( O )
and 495 nm ( v )]. The full squares ( B )
represent the best-fit mean curve.

610 nm, and a half bandwidth of some 50 nm. There is also a broad-
band short wavelength component with polarity opposite to that of the
long wavelength component. The 'neutral point', at which the
sensitivity is zero, is at approximately 540 nm, and these spectral

characteristics suggest a red—green opponent mechanism.
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Fig. 3.30b As in fig. 3.30a, but data refer to
fig. 3.18 and observer I.H.

The sensitivity profiles for the green sensitive mechanism
are shown in fig. 3.31, and the broken line represents the spectral
sensitivity of the Tl mechanism (Stiles, 1959; numerical values from
Wyszecki and Stiles,41967). For both subjects, the sensitivity
profile of this mechanism has its peak response at approximately 530
nm, and a half bandwidth of some 70 nm. However, this spectral

function exhibits no component with a sensitivity of opposite

polarity, as shown in the mechanism of fig. 3.30.
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Fig. 3.3la A green-sensitive spectral response mechanism.

Symbols are as in fig. 3.30, but data refer to
fig. 3.19, and observer V.W.
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(A ) represent the best-fit mean curve, and the
broken line, the spectral sensitivity of the TT
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Fig. 3.31b As in fig. 3.3la, but data refer to fig. 3.20,

and observer I.H.
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Fig. 3.32a A blue-sensitive spectral response mechanism.
Symbols are as in fig. 3.30, but data refer to
fig. 3.21 and observer V.W. The full circles
(®) represent the best—-fit mean curve, and the
broken line, theTlq spectral sensitivity mechanism
(Stiles, 1959; numerical values, Wyszecki and
Stiles, 1967).
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The data of observers V.W. and I.H., shown in fig. 3.21 and in
fig. 3.22, are transformed and replotted in fig. 3.32a,b,
respectively, to give a third spectral response function. The
sensitivity profile is very similar to that of the TT spectral
sensitivity mechanism of Stiles, plotted as the brok;n line in fig.
3.32a,b (numerical values from Wyszecki and Stiles, 1967). The peak
sensitivity of this response mechanism occurs at approximately 450 nm
for both observers, and its half bandwidth is of the order of 50 nm.

D.ii. Mechanisms underlying the Post—receptoral Spectral Response
Functions

Two models for the combination of the outputs of the different
spectral classes of cones, which may yield the sensitivity of the
post-receptoral spectral mechanismsare examined. These are shown in
fig. 3.33, and in both cases only two receptor mechanisms are
considered, mnamely those with relative spectral semsitivities, R>\and
GA’ per unit irradiance of monochromatic stimulus of wavelengdlk. R

A

and GA’ are assumed equivalent to the Stiles'lT5 and'ﬂ; spectral
sensitivity mechanisms, respectively (Stiles, 1939, 1949, 1953, 1959,
1978; numerical values from Wyézecki and Stiles, 1967).

The spectral sensitivity S_ of the interaction unit is
represented as a linear combination of the two separéte inputs in fig.
3.33a, and defined by equation 3.3:-

s>\ = F [R}\—BG}‘] , Eq 3.3
where the value of the coefficient B is a comstant, and in fig. 3.33b,
the model proposed is based on a logarithmic transformation of the two

inputs before the site of the interaction mechanism, i.e., F(R_) and

F(G_), respectively. The sensitivity is therefore predicted from the
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Fig. 3.33 Models proposed for the post—-receptoral
spectral response function a. linear and
b. non—-linear combination of the spectral
outputs from the two types of cone
photoreceptors.

equation:-

S = k[log (R.) - 1log (G )] . Eq 3.4
A A A

The combination of TT and TT , which, on the basis of equation
5 4
3.3, gives the optimum fit to the 'red-green' opponent mechanism of

fig. 3.30 is examined first. Values of TT and T taken from Wyszecki
5 4
and Stiles (1967) are plotted in fig. 3.34, with T multiplied by B

equal to 0.9. Computation showed that this value zave the best
agreement between equation 3.3 and the experimental data shown in fig.
3.30, and the predicted and experimental values are plotted in fig.
3.35. As the Wyszecki and Stiles data represent average values,
however, the TI and TT spéﬁtral sensitivity functions were measured

5 4
for the two subjects, V.W. and I.H. (see fig. 3.3, fig. 3.4 and fig.
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Fig. 3.34 Derivation of the post-receptoral spectral

response function from a linear combination

of the Stiles' spectral sensitivity mechanisms

(numerical values from Wyszecki and Stiles, 1967).
3.5) and values of B determined on the basis of these individual
functions. The optimum value of B for subject V.W. was 1.0, giving
the computed function (T =TT ) (or R_ - G_ ), shown in fig. 3.36, and

5 4 AA
for subject IL.H., the value was 0.82, giving the computed function
shown in fig. 3.37. In each of these figures, the experimental data,
taken from fig. 3.30a (V.W.) and fig. 3.30b (I.H.), are plotted
together with the computed values, and it is clear that in each case,
the computed peak sensitivity and 'neutral point' are similar to the
experimental values.
A similar computation was performed for the green-sensitive

In this case, the functions were

mechanism (e.g., in fig. 3.31).

computed as:—
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Fig. 3.35
Experimental
and computed
data of the
'R—-G' opponent
mechanism of
fig. 3.30.
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linear
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of Stiles'
spectral
mechanismswith
B=o0.9.

Fig. 3.36

As in fig.
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value of the
coefficient
B=1.0 for
observer V.W.
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l As in fig.
Sasot+ 3.35, B has
= a value of
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S}\ = F[G}\ - «R}\] R Eq 3.5
where & is another constant coefficient. Computation, on the basis of
Wyszecki and Stiles' average data, showed that the best fit was
obtained with &« equal to 0.33, as is illustrated in fig. 3.38, and
computations using theT]-mechanism values found for each individual
subject gave optimum fit values of & equal to 0.32 for subject V.W.
(see fig. 3.39) and 0.30 for subject I.H. (see fig. 3.40).

Attempts were made to reproduce the red-green sensitivity
functions of fig. 3.30 and fig. 3.3! from non—linear combinations of
the TT and Tz spectral response mechanisms (see fig. 3.33b and Eq.

5

3.4 ). As the contrast threshold elevation effect and its binocular

suppression both yield log—linear relations between the adaptation
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effect and illumination level (e.g., fig. 3.27), combinations of log
T and log T were explored. It was found, however, that the
eiperimentalAdata, particularly the 'red-green' opponent mechanism
(see fig. 3.30) could not be predicted in this way, because the
differences of logarithmic values of'ﬂ; and Tz gave maximum
sensitivity at the red end of the spectrum, i.e., in fig. 3.41.
Thus, although the experimental method involves high contrast
stimuli of high mean illumination level, the resulting spectral
response functions can be closely represented by linear combinations
of the component spectral response mechanisms. It should be noted

that the three response mechanisms derived in these measurements, one

with spectral sensitivity of the TT mechanism (see fig. 3.32), another
1,
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Fig. 3.41 Derivation of the post-receptoral spectral

T -T (fig. 3.30)
5 4

response function from a logarithmic
combination of the Stiles' spectral
sensitivity mechanisms (numerical values
from Wyszecki and Stiles, 1967).

and a third, TT - 0.3T (fig. 3.31) correspond
4 5

closely to the three component mechanisms isolated psychophysically

after high level bleaching of the macaque retina (Sperling and

Harwerth, 1971).

D.iii. Spectral Sensitivity Correlations in the Visual System

All of the principal theories of colour vision postulate a

trivariant organization of cone spectral responses.

from the experimental fact that three stimuli are required in additive

colour matching.

Hering (1875) proposed a coding scheme for colour

which was based on inhibition, even though at that time he had no

This is inferred
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direct evidence for such inhibition processes. He postulated a system
based on several perceptual effects of colour coding which suggested
an opponent, rather than a component, coding system. He suggested
that there were three specific pairs of coded representations (see
fig. 3.42), which acted in opposition; one pair was a red-green
opponent system, R-G, a second, a yellow-blue, Y-B, and the third a

black-white, Bk-W, channel which specifies brightness and saturation.

NEuRAL RESPONSES
- + - + + -

g
~

B Y Gt R W

o4 8 L8

IS (NN S E SO U M

R

OprrPONENT CODING MbDEL
FOR COLQOUR YVision

Fig. 3.42 Model based on Hering's proposals
(after Hurvich and Jameson, 1957).

The model suggested that wavelengths corresponding to red and
green are coded as opposites and not combinations. Thus, the
red-green absorbing system will receive its inputs from red cones and
green cones. If the red input dominates, then the output of the
red-green channel is positive, indicated by an increase in its firing

frequency over the spontaneous level of activity, while negative,
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should the green input be greater, or vice versa.

Red—-green coding is

therefore handled by one system, which is nowadays presumed to occur

after the initial receptor absorption.

Later, Hurvich and Jameson (1957) derived the spectral

sensitivity functions for the two opponent-colour processes, and

provided a qualitative description of how variations in wavelengths

lead to apparent changes of hue.

psychophysically for an assumed opponent response sSystem.

The functions were determined

The data

were obtained by neutralizing, e.g., a blue stimulus, by the addition

of a particular yellow wavelength until the stimulus appeared neither

blue nor yellow.

between the balance of yellow and blue.

The result is regarded as fixing the null point

The amount of a yellow which

has to be added to a particular blue, provides a measure of the

relative blue response of the yellow-blue opponent system for that

wavelength of blue.

This type of process is repeated for all

wavelengths in the spectrum for both the Y-B and G-R systems to

generate the curves shown in fig. 3.43.

pair

R

RELATIVE RESPONSE OF
Green inR/G pair Red in R/G pair &

&Biue inY¥/B pair Yellow in Y/B
 §

Fig. 3.43

LINE
400 500 600 700
WAVELENGTH ¢nm)

Theoretical spectral sensi-
tivity functions for the two
opponent colour processes,
one for red-green, and the
other for yellow-blue, (after
Hurvich and Jameson, 1957).

These distinct

processes, which underly the
triple nature of colour
vision, can only function as
a discriminating device if
the quality of one physical
radiation and another differ
significantly on their
spectral sensitivity curves.
These physiological sensiti-

vity curves are more
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Fig. 3.44 Several derivations of the

fundamental response curves,
a. after Maxwell, 1890;

b. after Konig, 1886;

c. after Abney, 1913;

commonly referred to as
the fundamental response
curves, and are
primarily related to the
process of light
absorption in the
retina. Several psycho-
physical methods have
been suggested for the
derivation of these
fundamental response
curves, notably Maxwell
(1890) who derived

a set of curves from
speculations on the
shape of the spectral
locus in the chromati-
city chart (fig. 3.44a),
Helmholtz (1911), Hecht
(1932) and others
derived curves from the
analysis of colour
mixture and colour
discrimination data,
(see fig. 3.44d) as also
did Abney (1913) but he

included results on the
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fundamental response curves, which were determined by the analysis of
colour adaptation phenomena, and are shown in fig. 3.44e. Lastly, in
fig. 3.44f, the curves of Pitt (1944) are shown. These were derived
from the location of the fundamental stimuli from considerations of
the confusion zones for colour defectives.

The fundamental response curves, shown in fig. 3.44, all have
similar characteristics; the blue curve has a maximum sensitivity in
the short wavelength end of the spectrum (440 to 460 nm), the green
curve peaks in the green (540 mm) and the red in the yellow/orange
region (580 to 600 nm). Thus, it can be seen that although the
response curves of fig. 3.30 to fig. 3.32 are also derived from
psychophysical data, and have similar peak sensitivities to the data
in fig. 3.44, the curves are measuring a different kind of spectral
sensitivity. The data of figure 3.44 appear to be closely related to
the absorption spectra of single cones (e.g., Marks, Dobelle and
MacNichol, 1964), whilst those of fig. 3.30 to fig. 3.32 appear to
represent post—receptoral interaction mechanisms. None of the red
curves, in fig. 3.44, show any opponent type process of the kind seen
in the data of fig. 3.30, and it is clear that the green mechanism of
fig. 3.31 does not correspond to the sensitivity mechanism of Stiles'
T . The blue mechanism (see fig. 3.32) does, however, follow closely
tse spectral sensitivity of theTT; mechanism of Stiles.

Sperling and Harwerth (1971) have obtained spectral sensitivity
data from behavioural studies on both monkeys and humans in order to

relate the receptor sensitivities to psychophysical response data.

Their studies show that spectral semnsitivity in the primate eye can be
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regarded as the upper envelope of three spectral semnsitivity

functions, defined as follows:—

Channel 1 : s, =TT -TT , Eq 3.6
A 5 4

Channel 2 : s, = T - T , Eq 3.7
A 4 5

Channel 3 : s, = T . Eq 3.8

A 1

The sensitivities of the three response channels described by
Sperling and Harwerth (1971) are therefore remarkably similar to those

discovered in the present studies, defined by:-

Mechanism 1 : s, = T -1 , Eq 3.9
A 5 4

Mechanism 2 : S_ = T - 0.33TT , Eq 3.10
A 4 5

Mechanism 3 : S =T . Eq 3.11

A 1

D.iv. Mechanism underlying Colour Defective Post-receptoral Spectral
Respomnse

The data shown in fig. 3.28 for the deuteranopic observer C.C.,
indicate that the red-green opponent post-receptoral spectral response
is non-functional. Comparison data to that in fig. 3.19 and in fig.
3.20 for normal subjects indicates that a "type' of green-semsitive
mechanism occurs in the deuteranope, and that binocular suppression is
active for this subject.

Deuteranopes have dichromatic colour vision (Wright, 1946) and
Rushton (1965) has shown that the lack of discrimination for the
red-green spectral range is associated with the loss of the green-
sensitive cone pigment, chloralabe. Thus for the deuteranope, the

model of the 'R-G' opponent post—-receptoral spectral response
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mechanism, (see fig. 3.30), must be modified, as the green

photoreceptor, G is either absent, or is replaced by the red photo-

A’
receptor, RA. The sensitivity of the opponent response mechanism is
either equal to R, (if G_ is simply absent) or approximately zero (if

A A

GA is replaced by RA)’ as it was shown that the value of B is
approximately.equal to unity.

The data for the deuteranope shows clearly that the reduction in
the contrast threshold elevation effect which in normal vision arises

from the 'red-green' opponent mechanism (R, — G ) does not occur in

A
the case of the deuteranope (see fig. 3.29). This implies that the
opponent channel responsible for this interaction in normal vision
gives zero output for the deuteranope, i.e., it supports the
substitution hypothesis that in deuteranopia, the green-sensitive cone

response mechanism, G_, is replaced by the red-sensitive mechanism,

R .

A

D.v. Neural and Physiological Correlates of the Binocular Inhibitory
Effect

When Hering (1875) proposed his opponent colour coding model, he
had no neurophysioclogical evidence of opponent or inhibitory
processes, nor was there any evidence to suggest that there were
interactions arising in the output of three cone spectral mechanisms.

The first opponent chromatic responses were observed in the
retinae of fish by Svaetichin (1953, 1956). He recorded from two
classes of cell, in which the responses were amplitude modulated, but
in one, the luminance, or L-type, the response was always negative,
i.e., hyperpolarizing, whereas in the other, the chromatic, it was

depolarizing or hyperpolarizing depending upon the light stimulus, and

165,



two kinds were found as shown in fig. 1.9b, (chapter 1); one
depolarized for long wavelength stimuli, and hyperpolarized to shorter
wavelength stimuli (i.e., R-G, see fig. 1.%9b,a) and vice versa (i.e.,
Y-B, see fig. 1.9b,b). It was shown by intracellular dye injection
that these signals were generated in retinal horizontal cells and
similar chromatic organization was later observed in goldfish retinal
ganglion cells by Svaetichin and MacNichol (1958), Daw (1968) and
Spekrei jse, Wagner and Wohlbarsht (1972).

In ganglion cells, chromatic signals are also organized into
spatially separate centre and surround receptive field areas. For
example, the receptive field centres may respond to long wavelength
stimuli with a burst of spike potentials at light 'on', and the
surrounds to short wavelength stimuli with a burst of spikes at light
'off's In primates, some twenty-six different combinations of
spectral and spatial receptive field organizations have been observed
(De Monasterio and Gouras, 1975). The majority of these cells have
concentrically arranged receptive fields and are also colour—-opponent,
i.e., centre and surround regions are driven by different spectral
classes of photoreceptor. De Monasterio, Gouras and Tolhurst (1975)
have identified three functionally distinct classes of ganglion cell
in the rhesus monkey retina. Those with concentric receptive field
organization possess single spectral cone input into the receptive
field centre and one or two come inputs into the antagonistic
surround. In addition, there are cells with broad—band spectral
responses, which exhibit transient responses and concentric,
antagonistic receptive fields, with the centre and surround responses

mediated by the same two cone inputs (see fig. 1.13, chapter I).
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De Valois (1965) first reported direct evidencelfor colour
opponent coding at the level of the primate lateral geniculate
nucleus, and De Valois, Abramov and Jacobs (1966) measured the
responses of single geniculate units in response to diffuse
illumination. Their study established two types of cell; one which
was classified as non—opponent, and the other as opponent. The non-
opponent cell class behaved exactly like an intensity detector, but
the opponent cells showed wavelength dependence in their responses.
For some wavelengths, their firing rate was increased above the
spontaneous level, whereas for others, it was decreased. In one of
their examples, a cell yielded a positive response to long
wavelengths; others showed approximately the reverse characteristics
(see fig. 3.43).

Wiesel and Hubel (1966) showed that as well as being colour
coded, geniculate neuronal receptive fields are also spatially
organized into antagonistic concentric centre-surround regions.

Electrophysiologically, all three cone mechanisms of primate
vision have been identified in the earliest visual activity of
cortical neurones (Gouras, 1971, 1972; Gouras and Padmos, 1974).
Further, studies of the visual cortex in primates (Gouras, 1970; Dow

and Gouras, 1973; Dow, 1974) showed that some cells in this region

received trichromatic input, e.g., an inhibitory input signal from the

green—sensitive cones, and an excitatory input signal from both the
blue- and the red-sensitive cones. This suggests a cortical

trichromatic orgnization, which indicates that the subcortical

organization found at the lateral geniculate nucleus level (De Valois,

1965; Wiesel and Hubel, 1966), where some cells receive only inputs
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from the green— and the red-sensitive cones, and others only from the

blue- and the green—, or from the blue— and the red-sensitive cones,

must undergo a central reorganization for the cortical processing of

colour information.

Gouras (1974) classified the majority of the cells in layer IVB

of the visual cortex as possessing opponent-colour properties, a

classification based upon finding a particular wavelength which

168.



separates the response polarity (excitation or inhibition) for a
particular cell, and defines its 'nmeutral point'. Most cells in layer
IVB exhibit neither orientation nor direction selectivity (Gouras,
1974) but layer IVB and layer IIIB receive a large input from the
optic radiations (Hubel and Wiesel, 1972) and therefore colour-
opponency plays a major role at the early stage of visual processing
in tﬁe foveal striate cortex. Monkeys are found to possess more non-
oriented receptive fields for cortical cells than the cat (Hubel and
Wiesel, 1962 and 1965), whicﬁ correlates with the reduced colour
vision observed in cats compared with that in the monkey (Poggio,
1972; Dow and Gouras, 1973).

The difference between the receptive field organization of the
opponent-colour cells in the L.G.N. and in the cortex may provide the
additional neural processing which is required to produce the spatial
specificity in colour vision. In the monkey, the opponent-colour
cells in the L.G.N. receive direct excitation from one cone mechanism
and inhibition from another (Hubel and Wiesel, 1968; De Valois and
Pease, 1971 and Daw, 1973).. These cells have spectral opponency
without any spatial opponency at one end of the spectrum at least, and
are therefore insensitive to colour contrast and have only poor
spatial contrast. Many of the opponent-colour cells in the foveal
striate cortex, however, have a centre, surround, antagonistic
receptive field organization, both of which may receive inputs from
the same cone mechanism. This has already been observed by Hubel and
Wiesel (1968) who report a similar situation for several opponent-
colour cells in the non-foveal striate cortex (10%).

The opponent—colour cells with non-directional specificity are
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also particularly sensitive to simultaneous colour contrast effects,
because an appropriate wavelength which excites the surround,
disinhibits the centre's response. The psychophysical data presented
in fig. 3.22 (section C of this chapter) are consistent with the
findings of Gouras (1974). 1In his study, the cells with a weak
surround antagonism have a lower spatial frequency sensitivity than
those with a strong surround, and cells with different degrees of
spectral antagonism result in response channels with different
spectral bandwidths.

Michael (1978,a,b,c) studied electrophysiclogically cells in the
primate's striate cortex which were specifically sensitive to colour.
The cells which he defines as concentric, namely ones where both the
field centres and surrounds receive opposite types of input from the
red- and the green—-sensitive cones, have similar properties to those
termed opponent-colour cells by Gouras (1974). Michael's concentric
cells, as the Gouras opponent—colour cells, were also driven only by
one eye, and their laminar distribution was restricted to layer IV and
its sub-divisions. Further evidence (Michael, 1978a) suggests that
the concentric cells receive direct input from the geniculate cells,
and therefore they represent the first cortical stage in the
integration of colour contrast information.

The experimental data of section C of this chapter in which
colour—-selective central responses have been obtained psychophysically
with two-dimensional spot stimuli rather than one-~dimensional linear
square-wave gratings, is consistent with the neurophysiological
evidence which shows that the cortical neurones which possess colourf

selective properties, are those which have non-oriented receptive
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field profiles. The cells which have oriented receptive field
profiles are usually non-colour-selective in their response properties
(Hubel and Wiesel, 1968; Gouras, 1974; Schiller et al., 1976).

In the pre-striate cortex of the monkey, Cragg (1969) and Zeki
(1969, 1970, 1971a) have shown there are multiple anatomical areas,
which suggest a division of labour within the area as a whole, and
differential wiring to each area dictates the aspect of the visual
stimulus which will be emphasized, generalized or de—emphasized. Zeki
(1978) has systematically compared the receptive field properties of
neurones in the pre—striate areas, and has shown that although ocular
dominance shows very little or no variation, orientation specificity
is much more common in the areas he defines as visual areas V2, V3 and
V3A than in V4 (in the anterior bank of the lunate sulcus) and STS (a
region in the medial part of the inferior bank of the superior
temporal sulcus); opponent-colour coding also appears to be virtually
absent from all but areas V4 and the lateral STS. A picture emerges,
therefore, of a mosaic of areas, each with a different functional
emphasis, and presumably the visual information analyzed in these
areas will be further assembled at an even more central cortical area.

The post—-receptoral spectral response functions, derived in
section D.i, correlate very closely with the overall responses
measured by Sperling and Harwerth (1971) (see section D.ii) and Regan
(1974). Their spectral response channels combine data from
behavioural and electrophysiological studies, and show that a linear
subtractive interaction between the response of cones containing the
photopigments with peak sensitivity at 575 nm and 535 nm accounted for

the threshold sensitivity of the primate's eye. They account for the
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peak sensitivity near 445 nm by the action of a single class of cones
containing a photopigment with maximum sensitivity at 445 nm, and
wnich has no intevaction with any other class of cone.

D.vi. Psychophysical Evidence regarding Colour Selectivity in
Central Mechanisms

Psychophysical evidence does exist which suggests colour
selectivity is present in central mechanisms, notably the McCollough
effect (McCollough, 1965), and several colour after—effects (i.e.,
Anstis et al., 1978). The McCollough effect has been used to indicate
the presence of neural channels not only selective to colour, but also
to other spatial variables (Harris and Gibson, 1968) and more recently
different modulation transfer functions for the mechanisms which
underly overall pattern appearance, and those which govern the
establishment of the McCollough effect (White and Mandler, 1978).

The experimental data presented in this chapter have shown that
with a suitable choice of stimulus parameters, binocular adaptation
effects associated with the perception of spatially structured stimuli
exhibit selected bandwidth épectral response functions. Only three
independent spectral response mechanisms were observed, but it may be
that other combinations of the stimulus parameters might rgveal
further post—receptoral spectral response mechanisms.

The method described in this chapter, may provide a useful
technique for the analysis and classification of acquired colour
vision defects which arise from abnormal post-receptoral responses and
it may also, as demonstrated in section C, help to elucidate the
origins of congenital red-green colour vision deficiencies (Nunn and

Ruddock, 1978; Alpern, 1979).
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CHAPTER IV

Visual Organization in a Subject with a Central
Colour Vision Defect

A.i. Introduction

Congenital colour vision defects are caused by abnormal photo-
pigment absorption (Rushton, 1963 and 1965) and are characterized by
reduced wavelength discrimination and abnormal colour matching. Such
defects do not, however, give rise to loss of other visual functions
such as form perception, spatial resolution, stereoscopic depth
perception and motion perception. In this chapter, data are presented
for a subject with an unusual colour vision defect, which affects
other visual responses.

The male subject, M.W., was 26 years of age during the period of
the investigation. Ophthalmoscopic investigation reveals that M.W.'s
fundus and ocular media are normal, and his visual acuity, measured
with test charts, is 6/5. He has no medical history of ény serious
diseases or injuries, nor treatment with any unusual drugs. In
preliminary tests with the Ishi-hara Colour Vision test plates
(Edition 1976), he was unable to identify correctly any but the first,
which is an orange figure twelve on a blue background. This is
identified by all subjects except those with monochromatic colour
vision. Nevertheless, M.W.'s performance with the remaining plates
was still inconsistent with those of the standard forms of defective
colour vision. Both maternal and paternal sides of the family have a
history of defective colour vision. His father gives deutan responses

to the Ishi-hara plates, whilst the male members of his mother's
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family give responses which are classified by the Ishi-hara plates as
red/green defective. He also has a sister whose responses to the
Ishi-hara plates are classified as mildly red/green defective. His
colour vision has been subject to previous extensive investigation
(Bender and Ruddock, 1974), the main results of which are briefly
reviewed.

Wavelength discrimination data for observer M.W. measured for a

bipartite 80' x 80' visual field are given in fig. 4.l. There is

virtually no

601t = © o
OBSERVER M.W. discrimination for
AA NORMAL ----
T wavelengths below
(nm)
° 500 nm, and the
40t ° -
° o
discrimination step
®
T s * o is minimum, with a
L ] [
value of some
207 ° .
i °
° 15 om, at around
o
o o
T o 620 nm. The
gl e eeaenn e eeenamamnen -"i‘ logarithm of the
550 600 650
WAVELENGTH (nm‘) absolute threshold
Fig. 4.1 sensitivity for a
The 'just noticeable' difference steps of o
wavelength discrimination for observer M.W., 1 circular test
established between two halves of an
80' x 80' bipartite field in the Wright field is shown as a
Colorimeter.
(after Bender and Ruddock, 1974) function of

stimulus wavelength in fig. 4.2 M.W.'s absolute threshold
sensitivity is very low compared to that of a normal observer,
especially for long wavelength stimuli. The most unusual feature to

emerge from this study, however, is the form of the increment
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plotted as a function of stimulus wavelength.
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broken curve represents M.W.'s data shifted
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comparison with those of the normal trichromat,
B.B. (after Bender and Ruddock, 1974) fields. The most

significant feature of this data is the sudden fall in the threshold
illumination level of the test stimulus, I , which occurs as the

t
illumination level, %p, of the background field is increased beyond a

175,



e
\
,2__
| +
- ot
3
~ ‘l--.;k OBSERVERS
o o -MW.
o O - G.JB.
| | 4A—-B.B.
B 5 S :
LOG I/u

Fige. 4.3
Logarithm of threshold retinal illumination levels, log I,
expressed in log trolands, plotted against the logarithm of
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(after Bender and Ruddock, 1974)

critical value. This critical value of background illumimatiom level
coincides approximately with that at which the background field just
becomes visible to M.W. In addition to M.W.'s low threshold
sensitivity for zero background field, which is some 105 log units
below that of the mormal observers, the variation of I 1is restricted
to a range of values im the upper part of the normal r;sponse range.
The principal feature of M.W.'s subjective response is his almost
total failure to detect red objects. Light stimuli of wavelength A
>610 nm are described by him as black when viewed in day-light, or
'silvery-grey' in the dark adapted state, and devoid of any well
defined structure. In red light, he is able to resolve only gross

o
spatial structures which subtend a visual angle of 1 to 2 , and his
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grating acuity, measured with 100%Z modulated, high illumination level
sinusoidal interference fringes, derived from a 632.8 nm Spectra
o

Physics helium—neon laser beam, was less than 0.5 ¢/ , compared with
6Oc/o for normal observers. Nevertheless, as stated previously, his
white light acuity is normal, with 6/5 vision in either eye. Two-
colour—increment threshold measurements (Stiles, 1959) provide
evidence for the activity of two of the normal Tl mechanisms; one
corresponding to the normal'ﬂ; (red-sensitive) mechanism, and the
other, an interaction mechanism with a long and short wavelength
component from which the TI mechanism can be isolated with an

1
auxilliary background field. Thus, although his responses to long
wavelength stimuli are grossly abnormal, the long wavelength sensitive
increment threshold mechanism appears to function. Further, a normal
pupil reflex action was obtained for long wavelength stimuli using the
apparatus shown schematically in fig. 4.4. Table 1 tabulates the
values of the observer's pupil diameter for a range of wavelengths of
light and under four intensity conditions. The pupil reflex behaves
normally under all illumination conditions, even for the long (red)
wavelength lights which he is unable to perceive.

The fact that M.W. exhibits a normal TT increment threshold
mechanism implies that he possesses the redEsensitive cone mechanism.
Further, the pupillary response to red lights implies that signals
elicited by red lights are transmitted beyond the retina. In the
present investigation, visual functions dependent on central
processing have been studied. These are:-

a. The contrast threshold elevation effect for linear grating

stimulus patterns (Gilinsky, 1968; Pantle and Sekuler, 1968;
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Blakemore and Campbell, 1969b). This effect is interocularly
transferred, and therefore, most probably arises in neuronal responses
of the primary visual cortex (Maffei, Fiorentini and Bisti, 1973).

b. Stereoscopic image perception with two coloured, random dot
stereograms, called analglyphs (Julesz, 1971). Stereoscopic fusion
can only be accomplished by the convergence of neural signals from the
two eyes. Cortical neurones have been identified which are capable of
stereoscopic depth discrimination (Barlow, Blakemore and Pettigrew,
1967; Hubel and Wiesel, 1970).

C. Binocular rivalry between crossed linear gratings. Rivalry
occurs only after the signals from the two eyes have converged, and
there is evidence to suggest that this particular function is
therefore mediated at a level in the visual system central to the
mechanism responsible for the contrast threshold elevation effect
(Blake and Fox, 1974; Ruddock and Wigley, 1976).

In the experiments with M.W., these three functions, all of which
are associated with spatially structured stimuli, were measured with
long wavelength (A>610 nm) stimuli, for which he has very low
spatial resolution. This long wavelength stimulus was obtained by
filtering a white light-source (colour temperature=3 x 103K) through
narrow band interference filters (Balzer, Type B40) with a peak
transmission at 630 nm and #5 nm half-bandwidth. Although it was not
possible in all experiments to position the interference filter in a
parallel light beam, measurements with a Beckmann DK2 recording
spectrophotometer established that for a + 7O angle of incidence,
equal to the maximum value employed in the experiments, the filter
transmission spectrum was shifted by only some 5 nm to the shorter

wavelengths.
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In addition to these measurements, data are also given for some
general visual functions, mnamely visual acuity and motion perception.
A combination of the signals elicited by the retinal image
transmitted to the cortical centres from the eye, and the association

of these transmitted signals with known objects is required for
pattern recognition in human observers. The mechanisms responsible
for the transmission of the signals have been studied both psycho-
physically and electrophysiologically, and are shown to exhibit
responses which are highly specific for different stimulus attributes.
The stage at which the 'association' takes place for pattern
recognition has not been analysed, but the illusory appearance of
certain stimulus parameters has been used to infer a mechanism
involving the formation of central (cognitive) hypotheses concerning
the structure of retinal images (Gregory, 1963, 1966 and 1970). A
contrary view is that the visual illusions are the result of inherent
distortions introduced during transmission of the signals along the

visual pathways, and indeed some of the illusory effects can be

explained by computation from the basis of known spatial filters which

simulate visual response characteristics (Ginsburg, 1971, 1973 and
1975). Observer M.W. provides a valuable means of isolating the
functions at the 'association' stage in visual pattern recognition.
His responses can be used to test whether illusions have to be
perceived in order to be detected (the perceptual hypothesis) by
presenting to him the illusory patterns printed partly, or wholly, in
red. Thus M.W. will not perceive some elements of the pattern,
although they will be transmitted along his visual pathway as far as

the level at which his defect occurs. If the illusory effects arise
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before the site of the defect, they may be detected by him, but if

they require perception of the whole image, they will not be detected.

A.ii. Experimental Apparatus

The Maxwellian viewing system, described in Section 4,
Chapter I1I, was used to determine visual acuity and for measurement of

the contrast threshold elevation effect.

A.iii. Subjects
The subjects involved in this investigation were the observer
M.W. and two observers with normal colour vision and stereoscopy, V.W.

(female, aged 23 years) and K.H.R. (male, aged 38 years).

B. Measurements

B.ei. Visual Acuity

Visual acuity was measured in terms of the resolution of linear
gratings, consisting of alternate dark and coloured bars, with a

light:dark ratio of one (see fig. 4.5). The gratings were produced as

FIG 45
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Schematic Representation of Linear Gratings

181.



described in section A.vi, Chapter I1I, and were viewed by the subject
through an artificial, 2 mm diameter, pupil in the Maxwellian viewing
system. An arrangement designed for automatic random stimulus
selection (Barbur, 1979) was used to present the linear gratings to
the observer in beam &4 of the optical system (see fig. 2.3,

Chapter II). The observer's head position was maintained by the use
of a dental bite bar, and normal accommodation throughout stimulus
presentation was obtained by means of a 0.20, 530 nm fixation spot
derived from beam 3 (see fig. 2.3). Beams 1 and 2 were prevented ffom
entering the eyepieces by means of suitably placed stops. The
illumination level of the grating was controlled by a neutral density
wedge, and their spectral composition by narrow band interference
filters (Balzer, type B40, + 5 nm half-bandwidth). The retinal
illumination level at which a grating of given bar width and
wavelength could 'just-no—longer' be resolved by the observer was
measured, and thus, the grating visual acuity was determined as a

function of illumination level and wavelength.

Beii. Motion Perception

Motion perception was investigated using apparatus specifically
designed for such experiments (Barbur, 1980) and the observer's

responses to target movement measured by recording the threshold
o}
illumination level required for detection of a 3.5 diameter, circular

target, moving at constant velocity along the horizontal meridian.
o}
The target moves through 10 of visual angle positioned centrally
o} o}
within a 17.5 diameter, 2 wide, white light annulus (see insert,

fig. 4.8). The observer maintained correct accommodation by focusing
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this annulus, which also provided a guide to the position at which the
moving target would appear. Both the annulus and the circular target
were produced photographically, and viewed through the 3,5mm diameter
pupil of a Maxwellian optical system, which comprised the motiom
detection equipment. Threshold illumination levels were obtained for
the detection of the moving target for several target velocities and
for monochromatic stimuli, one red (630 nm), and the other green

(540 nm). In the latter case, the target was seen against a 540 nm,

o}

18 diameter, circular background field, located centrally with

respect to the annulus.

B.iii. The Contrast Threshold Elevation Effect

The contrast threshold elevation effect was measured for linear
square-waveform'grating patterns, produced as decribed in section
A.vi, Chapter II. Suitable adaptation and test grating stimuli were
placed in beams 1 and 3, respectively, of the Maxwellian viewing
system of fig. 2.3 (section A, Chapter II) and presented dichoptically
to the subject. A high contrast adaptation grating (beam 1, fig. 2.3),
which was either red (630 nm) or blue (436 mm), was presented to the
left eye and the test grating (436 nm), superimposed on a uniform
436 nm background field of illumination level equal to the average
level of the adaptation grating, was presented to the right eye.

The experimental procedure was outlined in section A, Chapter II,
and also section A, Chapter V. The adaptation effect produced by the
high contrast grating is defined by equation 2.19 (Chapter II). The
magnitude of the adaptationm effect,ZX, represents the logarithmic

change in threshold levels between uniform and grating adaptation.
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The 436 nm square-wave test grating was of fundamental spatial
frequency, f , equal to 5.6c/0, and a series of adaptation gratings of
fundamental ;patial frequency, f , and in a wavelength of 630 nm or
436 nm were presented to the lef: eye.

B.iv. Stereoscopic Vision

Two colour random dot stereograms, called analglyphs (Julesz,
1971), were used to test M.W.'s stereoscopic function. The analglyphs
were printed in red and green inks, and in this investigation were
viewed with a stereo viewer which had interference filters (Balzer,
Type B40) incorporated into the eye pieces, with a red (630 nm) filter
in front of one eye, and a green (530 nm) before the other. The
measurements were performed under two illumination conditions; one of
artificial fluorescent lighting, and the other, Northern Daylight
(approx. colour temperature 6.5 x 103k). Observations were made by
M.W., and by the‘two normal subjects. A number of different
analglyphs were presented in random order to each observer, and
intermingled with these were examples from thé series which contain
different degrees of correlation between the red and the green
patterns (Julesz, 1971, fig. 8.12, A to G). Observer M.W. has had no
scientific training, and therefore, had not previously seen the
analglyphs, but as a further precaution, the text describing the

appearance of the stereo images was obscured from view.

B.v. Binocular Rivalry

Binocular rivalry was investigated with crossed vertical and
horizontal, high contrast square-wave gratings, presented one to

either eye, in a stereo viewer system. The high contrast gratings,
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produced photographically on square cards, were of fundamental spatial
o o

frequency, 3¢/ , and the side of each card subtended 10 at the

observer's eve. The observer was asked to indicate changes, over a

five minute period, in the dominant appearance from vertical to

horizontal bars, or vice versa, by pressing a buzzer.

B.vi. Pattern Recognition

A series of illusory patterns were printed either in red or in
red and black on white card. The reflection spectrum of the red ink
(measured with a Beckmann DK2 recording spectrophotometer) was
effectively restricted to wavelengths greater than 620 nm, so that it
fell well within the abnormal response range of M.W.

Each series of patterns consisted of approximately forty copies
of each, togethér with the related 'null' patterns (fig. 4.6). The
elements of these patterns which were printed in red are denoted 'r'
in fig. 4.6, except for the patterns B.i, which were printed entirely
in red. The first series shown in fig. 4.6 A.i.a. consists of the
Kanizsa triangle illusion (Kanizsa, 1955), which appears as a bright
triangle whose apices are formed by the missing segments of the
circles. The 'created' object has sharp contours, which bound a large
region of enhanced brightness. Figure 4.6 A.i.b,c, shows other
patterns which were used in the test, and the 'null' patterns were
similar to fig. 4.6 A.i.a,b,c, but the left hand side of the triangle
was lost. Figure 4.6 B.i.a shows Ehrenstein's effect which is
perceived as a bright area in the centre of the radially distributed
lines. In fig. 4.6 B.i.b,c,d, the presence of the additional
contours, or misaligned components, eliminates the effect, at least,

in part. The Poggendorf illusion is shown in fig. 4.6 ¢, for which
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To illustrate the illusory patterns

used for pattern recognition.

(see fig. 4.6 D.i.b and E.i.b).

normal sub jects report that
the two diagonal lines
appear displaced parallel to
each other, when in fact
they are parts of the same
straight line. The 'null'
pattern of fig. 4.6 C.i.b
shows that the effect is
attfibutable to the presence
of the parallel vertical
lines. A number of
representations and forms of
the well known Miller-Lyer
illusion are shown in fig.
4.6 D.i and E.i. Normal
observers report a length
difference between the two
horizontal lines, which are
physically equal in length,
and a displacement of the
short central vertical line
to the left in fig. 4.6
E.i.a.

These effects are

lost in the 'null' patterns

Similarly in the last series, the

Ponzo illusion shown in fig. 4.6 F.i.a., normal observers report that

the upper of the two horizontal lines appears longer, although
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physically they are the same length. This effect is lost in the
'null' printing (see fig. 4.6 F.i.b).

The visual illusions presented in the red and black format were
readily identified by normal observers, and M.W. was able to identify
the illusions correctly when they were shown to him printed in black
and white. Forty copies of each pattern relating to a single defect
were presented in random sequence and orientation to M.W. At the end

of each test series, M.W. was asked to draw his perceived image for

each of the printed illusions.

C. Results

Ceis Visual Acuity

-1
Grating visual acuity, expressed as d , where d is the bar width

in minutes of arc of the linear square—wave test gratings, is plotted
against the logarithm of the mean grating illumination level (relative
absolute units) in fig. 4.7. Data are given for observer V.W. by open
(O-540 nm) and full (@-610 nm) circles; all of the other data points
refer to observer M.W.

The data in fig. 4.7 show that M.W. suffers a marked loss of
visual acuity for stimulus wavelengths, A 2 580 nm, and for A 2600 nm,
he is able to resolve only the coarsest gratings, with a bar width of
about 1o of visual angle. It seems, therefore, that the wavelengths
for which M.W. has markedly subnormal visual acuity are those for
which he also has low detection sensitivity, and those which appear
'silvery-grey' to him. In other regions of the spectrum, 470 nm= A
=540 nm, his results are much more comparable to those of the normal
observer V.W., and they also establish that M.W.'s visual system is

capable of high spatial resolution.
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Grating visual acuity, expressed as d , where

d is the bar width in minutes of arc of the
linear square—wave test gratings, plotted against
the logarithm of the mean grating i1llumination
level (in relative absolute units). The
modulation depth of the test grating images is
>95%, and the wavelength for each set of data

is denoted in nme.

C.ii. Motion Perception

o)
Threshold illumination levels for the detection of a 3.5

o -l
diameter, circular target moving at constant velocity, Vs , across a
uniform background field are plotted in fig. 4.8. Data arepresented
in fig. 4.8 for the two observers, M.W. and V.W.; the squares refer to
o

a green (540 nm) target moving against a 540 mm, 18 diameter,

circular background field of mean illumination level 1.3 log troland
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Fig. 4.8

(O-M.W., M=V.W.),
whereas the circles

refer to a 630 nm

target moving against

a dark background
field (O-M.W.,
®-V.W.).The data are
given for a number of
target velocities,
and all data points
are the mean of four
observations with a
typical standard error
of 0.04 log trolands.
The experimental
data of fig. 4.8 shows
that M.W.'s threshold
sensitivity for the
540 nm target is
similar to that of the

normal subject V.W.

However, for the 630 nm target, his

detection is limited to the high illumination levels, and the higher

range of velocities.

Thus, as in the case of visual acuity, M.W.'s

sensitivity to motion is markedly wavelength selective, being near

normal for green, but highly abnormal for red targets.

This result

confirms the gross abnormality which exists in M.W.'s visual system

for stimulus wavelengths, A, 2 610 om.
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C.iii. The Contrast Threshold Elevation Effect

The value of ZX(equation 249, Chapter II) obtained for a
436 nm square-waveform test grating presented to the right eye and
square—waveform adaptation gratings presented to the left eye, are

shown in fig. 4.9 and in fig. 4.10. The fundamental spatial frequency
of the test grating was 5.60/0, and that of the adaptation grating was
f c/o, the experimental variable. Data are given in fig. 4.9 and in
fig. 4.10 for observers V.W. and M.W., respectively, and each data

point is the mean of four observations with the error bars denoting
the standard error. In each figure, the magnitude of the adaptation
effect, in log units, is plotted along the ordinate as a function of
the adaptation spatial frequency, f , in cycles per degree. In fig.

a
4.9, the full squares represent the data obtained for observer V.W.,

0371 OBSERVER VW,

02+

o

O T T $ } ¥
| 3 5 }t 7 9 g0

Fig. 4.9 Contrast threshold elevation,zx, measured for a blue
(436 + 15 nm) test grating and both red (63041 5 nm) and
blue (436_i 15 nm) adaptation grating for observer V.W.
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when the adaptation grating is presented in red light (630 nm), and

the open squares, when it is presented in blue (436 mm). This data

shows that the amplitude of the effect,Zx, is a maximum for f = f
[o) a t
(i.e., 5.6c¢c/ ); it falls to an insignificant value when f = f or
a t/2
f = 2f , and is similar for both adaptation wavelengths. Thus, it is
a t

consistent with that reported previously by Blakemore and Campbell

(1969b) and Maudarbocus and Ruddock (1973a).

0-3+ OBSERVERS
®,0 - MW,
Tttt VLW,
A |

e 23
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-
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7 9 I
i

Fig. 4.10 Contrast threshold elevation,zx, measured for a blue
(436 + 15 nm) test grating and both red (630 + 5 nm)
and blue (436 + 15 nm) adaptation gratings, for
observer M.W. ' Also shown superimposed (broken line)
are the mean data for observer V.W.

The data for observer M.W., obtained under similar experimental

conditions to those of fig. 4.9, are shown in fig. 4.10, where the

191,



full circles refer to the red (630 nm), and the open circles to the
blue (436'nm) adaptation grating. The broken line in this figure
represents the mean data of observer V.W. superimposed from fig. 4.9.
The experimental results plotted in fig. 4.10 display similar
characteristics for both adaptation wavelengths, but are significantly
different from those of the normal observer V.W., in fig. 4.9,
following adaptation to a uniform (f = Oc/o) field, which has the
same mean illumination level as the iigh contrast adaptation grating.
Subjectively, M.W. is unable to resolve any of the red adaptation
gratings; he perceives all of them as a uniform 'silvery-grey' area.
The results establish, however, that these unresolved structures are
capable of inducing the same contrast threshold elevation effect as
the blue adaptation gratings which he could resolve. The point
corresponding to £ = Oc/owas repeated some fourteen times with each
adaptation wavelen;th, in order to confirm the high[gpvalues obtained
by M.W. Despite the intrinsic difficulties involved in making such
threshold measurements, the data seem to establish that M.W.'s data

deviate significantly from the normal response pattern for this

adaptation condition.

C.iv. Stereoscopic Vision

The responses of each observer to the analglyphs (Julesz, 1971)
were similar for both of the illumination conditions. Observer M.W.'s
visual acuity through the 630 nm filter in the stereo viewer was such
that he could identify the edge region of the high contrast, bar shape
patterns, whose width exceeded 2o of visual angle, and could detect

o
some variation in contrast for bars of width greater than 1 of
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visual angle (see fig. 4.7, section C.i). He could detect no spatial
structure in the analglyphs when viewing through the red interference
filter alone, but the elements of the analglyphs, the width of which
subtend approximately 12' at the observer's eye, were resolved
successfully through the green (530 nm) filter. Nevertheless,
observer M.W. was able to identify correctly, in both stereo-—
perspectives, the analglyphs containing graded correlations at 1007%
and 90%, and could partially identify that at 80%. Observer K.H.R.
gave very similar results, and observer V.W. could identify completely
the pattern with 80% correlatiom, and identified in part that at 70X%.
In general, therefore, M.W.'s ability to identify the different
analglyphs 1is similar to that of the reference observers with normal
vision.

In an attempt to simulate M.W.'s responses, the observers with
normal vision placed either neutral density filters or a diffuser
before the red filter, in order to reduce their visual acuity. Under
neither condition, however, could they correctly identify the
analglyphs when their grating visual acuity fell below 5c/0, compared

o

with M.W.'s maximum acuity of 0.5¢/ . This implies that M.W.'s

stereo acuity is not impaired by the functional abnormality which

causes the loss of acuity associated with red patterns.

C.v. Binocular Rivalry

Under daylight illumination, observer M.W. reported that he was
readily able to resolve the gratings used to produce binocular
rivalry. His responses, over a five minute period, indicated that he
detected the horizontal bars for 317% and the verticai bars for the

remaining 69% of the presentation period. When the horizontal grating
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was viewed through the red (630 nm) interference filter, and the
vertical grating through the green (530 nm) interference filter, he
detected the vertical grating for 68% of the presentation time, but
for the remaining 327% of the time, reports that it was suppressed, and
that no clear structure was visible. In both of these measurements,
the vertical grating was seen for periods of some 8s duratiom, and
suppressed for periods of 3.5s. With the horizontal grating viewed
through the green filter, and the vertical grating through the red
filter, M.W. reported detection of the horizontal grating for 587 of
the presentation period, with no clear resolvable structure present
during the other 427 of the time. (This corresponded to average
detection periods of some lls and 8s, respectively.)

The results of the final test, when the horizontal grating was
replaced by a uniform white card, showed that M.W. experiences no
binocular suppression when viewing the field configuration of a
vertical grating and white card presented in the stereo viewer in
day—~light nor through the green and red filters, respectively. This
final observation establishes, therefore, that binocular rivalry
depends upon the presentation of crossed grating structures to the two
eyes. Thus, although M.W. was unable to perceive the 3c/o grating,
when viewing through the red fiiter alone, it still produced the

effects of rivalry when the green grating was seen by the other eye.

C.vi. Pattern Recognition

This next section describes the results obtained from the
series of illusory patterns, designed to investigate the activity of

cognitive mechanisms in visual pattern recognition. Figure 4.6.Ai-Fi,
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section B.vi of this chapter, shows the illusory and 'null' patterns
used in this investigation, and A.ii to F.ii are examples of the
drawings made by M.W. to illustrate the appearance of the patterns.
The percentage of presentations on which each respective illusion was

correctly identified by M.W. are summarized in Table 2.

TABLE 2
PERCENTAGE of CORRECT
FiGure RESPONSES

4.6 a. b. C. d.
Ai. |100| O o)

Bi. [100| 5 |100] 10
Ci. [100| ©

D.i. 5 o]

E.i. 20| ©

F.i. o] o]

The results in Table 2 show that on 100% of the occasions of
the presentation of the Kanizsa triangle series, M.W. was able to
identify correctly fig. 4.6 A.i.a, and as indicated by his drawing in
fig. 4.6 A.ii.a, the bright lines depict a ériangular structure for
this form. However, he does not detect the triangular region in the
other patterns.

In the series representing Ehrenstein's effect, M.W. was asked to
locate any region on the test card which he perceived as significantly
brighter than the general white background. M.W. was able to identify
correctly the bright area in fig. 4.6 B.i.a and c. However, the
sub ject was not misled by the brightness contrast between the centre
and the surround, as he failed to report a central region brighter

than the surround, under the conditions which are known to destroy the
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illusion, shown in fig. 4.6 B.i.d,e, for normal observers.

When asked to report the relative disposition of the two diagomal
lines, in the Poggendorf illusion (fig. 4.6 C.i.a), M.W.'s responses
were as expected from normal subjects on 1007 of the presentations,
whereas, he did not see the illusion for the 'null' patterns.

In contrast, M.W. could identify correctly neither the Miller-
Lyer illusion (fig. 4.6 D,E), nor the Ponzo illusion (fig. 4.6 F).

The effect of the contrast of the red ink was varied in the last
series, by increasing its saturation. It was found that not until the
saturation was so great that the lines appeared almost black to normal
observers, was M.W. able to correctly identify any of the illusioms.

These results indicate that the illusions fall into two groups;
those which merely involve a distortion in brightness or shape can be
identified although all the pattern's elements are not perceived,
whereas those which involve a change of metric cannot be identified

unless all the components are resolved.

D. Discussion

The results of these separate investigations will now be
considered as a whole. Essentially they indicate that despite M.W.'s
inability to resolve spatial patterns, presented in long (red)
wavelength light, signals elicited by them contribute to pattern
dependent responses. It is necessary, however, to consider whether or

' red coloured patterns is truly an

not M.W.'s inability to 'see
attribute of his visual sensory system, or whether it is due to some

psychological block in perception. In view of his very unusual

dichromatic colour matching characteristics, and his increment
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threshold responses, (see fig. 4.1 and fig. 4.3, in the Introduction
to this chapter), it seems logical to associate the abnormal responses
with a malfunction of the primary visual pathways. Both of these
response functions have remained stable over a period of at least
eight years, and there is no simple way in which an observer can
manufacture consistent responses of this kind.

M.W.'s visual response characteristics do not apparently
correspond to any recorded previously, but they may belong to a class
of defects referred to as 'colour aphasias' (Duke-Elder, 1949). The
defect 1is, nevertheless, non-progressive, and M.W. has been aware of
his colour vision deficiency from an early age. At the age of four or
five years, he reports suffering burns from a failure to detect the
red glow of heated objects. He has also incurred many educational and
employment difficulties as a result of the deficiency.

The investigations, described in this chapter, show that observer
M.W. possesses a visual defect which severely impairs his detection of
red-coloured spatial patterns, but does not interfere with his
stereoscopic fusion, nor binocular rivalry elicited with long (red)
wavelength stimuli, (sections C.iv,v). It should be noted that Lu and
Fender (1962) found that Julesz analglyphs could not be fused to give
stereoscopic images if they gave only chromatic contrast, suggesting
that colour mechanisms do not contribute to this response. The fact
that M.W., a subject with a colour vision defect, is able to perceive
the stereoscopic image is consistent with this conclusion. The
contrast threshold elevation effect can also be induced for red
patterns which he cannot perceive (fig. 4.10, section C.iii), but

these results do exhibit some abnormality in their dependence upon the
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spatial frequency of the adaptation grating.:

M.W.'s visual acuity 1s markedly wavelength selective. He
exhibits near normal acuity for a certain spectral range,

480 nm 2 A < 580 nm, but has very poor acuity for long wavelength
stimuli, especially A 2 600 nm (see fig. 4.7). This is reflected in
his response to motion (fig. 4.8), in which his sensitivity to a green
(540 nm) target is normal, whereas that to a red (630 nm) target is
grossly abnormal.

The visual defect of this subject, therefore, is restricted to
certain functions which involve the detection of red light stimuli.
This implies that either.the neural pathways which process
stereoscopic function and binocular rivalfy are organized in parallel
with the defective pathways, or the defect arises at a stage of
processing central to the mechanisms responsible for these normal
responses. If the absorption in M.W.'s red-sensitive cones were
abnormal, it would account for his general malfunction in response to
all long wavelength stimuli. The fact that he displays the TT , (red-
sensitive) increment threshold mechanism implies, however, cht the
red-sensitiQe cones function normally. Another possibility is that
the defect arises at a post-receptoral level, and affects pathways
other than those which project to the visual centres dealing with
stereoscopy, which is normal even for red light. Although
electrophysiological studies indicate that groups of ganglion cells
are specialized for form or motion perception (Enroth—Cugell and
Robson, 1966; Hubel and Wiesel, 1970), there does not appear to be any
special group associated with disparity sensitive cortical neurones.

Thus, it cannot be argued that the retinal projection which elicits
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global stereoscopic vision is separate from the other projections.
The experimental data presented in sections C.i-vi of this
chapter provide evidence of colour selective functional losses in
M.W.'s vision. The human visual system signals information about a
variety of stimulus parameters, and the results of recent
neurophysiological investigations suggest that the visual cortex may

be organized in such a way that different attributes of the visual

image are processed in different areas of the cortex. In other words,

there is evidence for multiple projection maps of the visual field,
each map having a specific associated response, i.e., colour

discrimination, stereoscopic function and increment detection (Hubel

and Wiesel, 1970; Zeki, 1973, 1978a,b,c, and Cowey, 1979). Neurones,

which respond selectively to a given stimulus parameter localized in
each map, tend to be sensitive only to chaﬁges in the parameter
encoded by that map. Such multiple representation of the field with
associated division of function requires extensive interconnections

between the different visual areas. Gilbert and Kelly (1975) have

described highly organized nerve fibre projections which exist between

the different visual areas, and which could account for such
interconnections.

The anatomical and electrophysiological data have been
interpreted as evidence that different stimulus parameters are
processed separately by the central visual pathways. M.W.'s data
shows, however, that a defect involving only long wavelength (red)
light, i.e., a colour vision defect, selectively influences spatial
acuity and detection of movement (see fig. 4.7 and fig. 4.8,

section C.i and ii, respectively). It has already been argued that
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the effect arises after the site of binocular fusion, so that it must

be cortical in origin. M.W.'s responses imply that central processing

of colour, form and motion are interdependent, because malfunction in

one affects the other two. This does not provide support for the view

that these parameters are processed independently, although the
interactions may occur at a point beyond the level of separate
processing, for example, in the synthesis of the final perceived
image.

The study of visual illusions with observer M.W., described in

section C.vi of this chapter, could provide an insight into the

significance of visual illusions. As described in the Introduction to

this chapter, there are two hypotheses regarding visual illusions.
One proposal is that the identification of a particular pattern is
derived on the basis of the available visual information, which can
lead to a misinterpretation of the image and produces 'false' images,
termed visual illusions. This constitutes the cognitive hypothesis
(Andrews, 1964; Gregory, 1963, 1966 and 1970 and Hoptopf, 1966). On
the other hand, there is the view that visual illusions are caused by
distortions introduced during signal transmission along the visual
pathways (e.g., Ginsburg, 1973). The experimental data of section
C.vi, obtained from the presentation of illusory patterns, printed in
red or in red and black on a white background, to the observer, M.W.,
has produced some new evidence which can be related to these two
hypotheses. M.W. is unable to perceive the red components. of the
patterns, but he could nevertheless describe and identify correctly
some of the visual illusions. In contrast, some illusions were not

detected unless all of the components of the pattern were perceived.
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Thus, he perceives those illusions, i.e., Group A = the Kanizsa
triangle, Ehrenstein's effect and the Poggendorf illusion, which
involve the distortion of apparent brightness or shape, even though
all the components of the patterns are not perceived, whereas those
illusions which include a change of metric, i.e., Group B - the
Miiller-Lyer and the Ponzo illusion, he cannot detect unless all the
components of the pattern are perceived. These results imply that the
illusions in Group A are the result of distortions occurring in the
visual system, prior to the stage of the abnormal functional response
in M.W.'s visual pathways, whereas those in Group B may be produced as
a result of signal distortion which occurs in the transmission
mechanisms, at a site more central than the defect of the observer
allows, or may indeed be due to some cognitive activity in the visual

system.
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CHAPTER V

Colour and Spatial Pattern Discrimination in an Albino

A. Introduction

In this chapter, abnormal visual function which occurs as a
result of albinism is examined. Albinism is an anomaly created by an
'inborn error of metabolism'. It provides a good example of an
inherited trait which is dependent on a rare recessive gene. This is
an abnormal X-linked allele with an autosomal recessive character, and

4
has an incidence of 1 in 2 x 10 . Homozygosity of this gene is
responsible for the absence, or inactivity, of an enzyme. This enzyme
participates in the transformation of an amino acid, tyrosine, into a
precursor of melanin. Its absence, therefore, creates a block in the
reaction (Duke-Elder, 1964; Lentau and Montagu, 1971; Stern, 1973).
Non-albinotic individuals have numerous microscopically small granules
deposited in their skin, hair and iris, which contain melanin pigment,
and give rise to their colour. However, the block in the conversion
of tyrosine to melanin for albinos prevents them from possessing this
pigmentation, and as a result they are very light skinned, have white/
light haif and their eyes are pinkish, because any reflected light
will pass through the blood vessels in the eye. Occasionally, they
have pale blue/green eyes, when some pigment has formed in the iris.

In animals, including primate apes, albinism is associated with
a projection from the retina to the lateral geniculate nucleus and the
visual cortex, which differs from the normal pattern beyond the optic

chiasma. There is a total crossing of fibres in the albino, and,
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consequently, each hemisphere in the visual cortex receives a

mapping of the complete visual field (Kaas and Guillery, 1973;
Guillery, 1974). To counteract diplopia, which will result from such
a mapping, albinos tend to suppress one eye, which leaves them with
monocular vision rather than stereovision.

Albinism in humans is the result of an X-linked autosomal
recessive gene, but two types have been identified and are classified
by the hair bulb incubation test. One of these types possesses quite
normal sized melanosomes in the epithelium, yet still exhibits a
significant hemispheric asymmetry in the visual evoked potentials
(VEP) elicited by monocular stimulation. The retino-geniculo-striate
projections are, therefore, thought to be organized in a way similar
to that previously reported for albino mammals, and this suggests that
these abnormal optic nerve projections are associated with a lack of
ocular pigment, and not with any specific generalized pigment defect
(Creel et al., 1978). A squint, so often associated wifh albinism,
maybe a useful functional adaptation to this mis-routing of optic
fibres (Guillery et al., 1974).

Numerous studies have been conducted to investigate albinism in a
variety of species, e.g., rats, cats and mink, with particular
reference to the anatomical and functional organization of their
visual systems. In albino mammals, the absence of pigmentation in the
eyes is associated with abnormalities of the visual pathways (Creel et
al., 1978), and recent research on siamese cats has shown that they

-
possess very similar abnormalities in their visual systems to those
associated with the albino gene. In siamese cats, however, there is

more than one pattern of abnormality of the visual pathways, which
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results in a scrambled input to the visual centres of the brain, and
likewise the visual cortex has more than one way of dealing with its
selection of this abnormal input (Guillery, Cassagrande and
Oberdorfer, 1974; Shatz and Levay, 1979).

There appears to be a great deal of literature relating to

albinism in all species except man. Most of the recent investigations

of human albinism have been connected with the method of visual evoked

potentials (VEP), which attempts to analyse the behaviour of albinos'
visual systems. This method does reveal an asymmetry between evoked
potentials recorded from each hemisphere of monocularly illuminated
humén albinos, relative to those of normally pigmented subjects
(Creel, Witkop and King, 1974; Regan, 1975), so indicating that there
is a mis-routing of the signals in the visual pathways. These
measurements can sometimes prove difficult for albinos, due to an
associated characteristic of nystagmus, created by an optokinetic

anomaly (Collewi jn, Winterson and Dubois, 1978).

B.i. Experimental Apparatus and Methods

The Wright colorimeter and the interferometer used in this
investigation have been described in detail in section C and B,

Chapter II, respectively.

a. The Wright Colorimeter

Colour matches were established for a 80' x 80' bipartite field
(fig. 5.1), in which the top half consists of an additive mixture of

the three 'matching' stimuli, whilst the lower half consists of the

test stimulus to be matched. The observer makes his match between the

two fields by varying the amounts of the red (R), green (G) and
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blue (B) with R = 650 nm,

«— 80/ —» G =530 nm and B = 460 nm.
T Relative spectral
sensitivity was determined by
/
80
brightness matching methods
*AA 1 for which the two halves of

FIG. 5.1 the field consist of

monochromatic stimuli

Figo 501
Colour matches were established of wavelength A (derived
for a 80' x 80' bipartite field. 1

from the Wl spectrum,

fig. 2.20, Chapter II), and A (derived from the W2 speétrum)
2
respectively. The brightness of the A field is controlled by
1
neutral density filters, which are inserted into the Wl spectrum,

whereas the brightness of the A field is continuously varied with
2
the photometer wedge. The observer adjusted the brightness of the A
2

field with this wedge until it appeared to be of equal brightness to
that of the A field, under the given conditions of observation. This
was repeated éor values of A throughout the spectrum, and in spite of
the difference in colour, whfch exists between the two halves of the
field, consistent matches were achieved. In particular, at the lower

brightness levels, the subject found colour differences less
obtrusive, and thus less disturbing to the accuracy of the match.
Critical flicker fusion frequency can also be found with the
colorimeter by insertion of a 900 sector, whose front surface is
coated with magnesium oxide. This surface was illuminated by a

parallel light beam from the lamp source, S2 (fig. 2.20, Chapter II).

As the sector rotates, the observer sees alternately the light from
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the sector, and the light from the colorimeter (fig. 2.20). The
observer was instructed to adjust the intensity of the test stimulus,
by the photometer wedge in the W2 spectrum, until he has established
the condition of minimum flicker between the white light and the
matching stimuli. The rotating speed of the sector was adjusted to
the critical frequency by means of a controlling rheostat, and similar
measurements were repeated for several matching stimuli throughout the
spectral range.

Stray light was occluded by matt black card and black curtaining.
Fifteen minutes dark adaptation was allowed before the observer
commenced measurements, and his head positioning was maintained steady
by a dental bite bar. This eliminated any colour fringing, caused by
the chromatic aberrations of the eye, when the colorimeter exit pupil
is located to one side of the optical axis of the eye, and also
because the pupil function changes with point of entry of the light
(Stiles and Crawford, 1933).

Measurements of spectral sensitivity and foveal colbur matching
are made to investigate the colour vision characteristics of an albino
observer. A previous investigation of the colour vision
characteristics of three human albinos (Pickford, 1958), using a Nagel
anomaloscope, indicated that compared with normal vision, albinos
possessed abnormal colour vision with matches equivalent to those of a
protanomalous observer. There is, however, no other evidence to
support this hypothesis, and so the aim of these measurements was to
compare the colour matching responses of the albino with those of a

normal subject.
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b. The Interferometer

i. Contrast Thresholds for Single Sine-Waves

Grating acuity measurements can be obtained using the
interferometric arrangement (fig. 2.15, Chapter II), which provides
100% modulated high contrast sinusoidal fringes. A potentially more
useful measurement of acuity, however, is the determination of
contrast threshold, which requires the superposition of a test
stimulus on a uniform background field. The interferometric apparatus
achieves this (fig. 2.15, Chapter II), by deriving the uniform
background as a single beam from laser l, and with both beams from
laser 2 forming the interference fringes. All beams were diverted
into the right eye, and the left eye was occluded. The arrangement of
the apparatus allows the maximum, Imax, and minimum, Imin,
illumination levels present in the visual field to be ad justed without
altering the mean retinal illumination level, and therefore the retina
is maintained in a state of constant light adaptation. The contrast,

C, and contrast sensitivity, M, of the stimulus are defined as

follows:—
C = Imax - Imin , Eq. 5.1
Imax + Imin
and M = 1/C. Eq. 5.2

The variation of the contrast threshold semnsitivity of the stimulus
with spatial frequency defines the modulation transfer function (MTF)
for threshold detection of the gratings.
o
The interferometer provides a circular visual field of some 30

in diameter. If Io represents the mean retinal illumination level,

and f, the spatial frequency of the sinusoidal grating superimposed
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upon a uniform background field, the variation of retinal illumination,
I, with visual angle x, is given by:
I = Io (1 +C Cos 2meEx) , Eq. 5.3

where C defines the contrast of the grating, and has a maximum value
of 1.

The contrast sensitivity M, is defined as in equation 5.2.

The observer adjusts the visual stimulus, represented by equation
5.3, to contrast threshold level by moving the wedge, W (fig. 2.15,
Chapter II), thus increasing the optical neutral density in the beam
and thereby reducing the value of C (equation 5.3), until the
sinusoidal grating could 'just-no-longer' be distinguished from the
background field. This procedure was repeated several times for each
spatial frequency value, and also for a number of spatial frequencies.

ii. Contrast Thresholds for Beat Frequencies derived from two
sinusoids

When two sinusoidal gratings of similar frequencies, h and k, are
o}

superimposed, the result is a sine-wave of frequency (ht+k) ¢/ , which

is modulated in amplitude with a periodicity of (h-k), equation 5.5.

I = Cos 27Whx + Cos 2Tkx , Eq. 5.4
then:-
I = 2Co0s 27 (htk)x Cos 2T (h-k)x . Eq. 5.5
2 2

The modulation has a periodicity given by (h-k), because in order to
define the periodicity of the beats, the distance required is that
between corresponding points on the waveform, i.e., 1/(h-k).

When such a waveform is seen, it is the low frequency modulation

of spatial periodicity (h-k) which is observed. This is termed the
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first difference beat frequency (Burton, 1973). If h is changed to
be equal to 2k, second difference beating is observed which has a
periodicity of (h-2k).

For the determination of contrast threshold sensitivity to the
beat frequencies, the 300 visual fields were composed of a mixture of
two high contrast (C = 1.0) sinusoidal gratings of different spatial
frequencies, h and k, one derived by interference of two beams from
laser 1, and the other from laser 2 (fig. 2.15). The two laser beams
were polarized at right angles to each other, thus ensuring that they
were incoherent and could not interfere. The values of h and k were
chosen to produce either first or second difference beating,
appropriately. In this situation, there is no background field, and
the 'beat' contrast threshold level was found for the observer by
moving the wedge, W (fig. 2.15), to increase the optical neutral
density in the beam from laser 2. This increases simultaneously the
mean illumination level of the higher frequency component, h, in
comparison to the lower frequency component, k, until the threshold
criterion of 'just-no-longer' detect beats is reached. In this
situation the total average retinal illumination will remain
unchanged, and its profile is given by:-

I = Io [(14C ) Cos 2Whx + (1-C ) Cos 2Tkx] , Eq. 5.6
where C defines th: 'beat' contrast ang is determined from the
increasz in the optical density required to reach the threshold level.
The beat contrast sensitivity, M , is defined:~-

M = 1/Cc . ’ Eq. 5.7
B B

The contrast threshold for first order beating was determined by

maintaining one of the component sine-wave gratings in the pattern at
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a fixed wvalue, h ¢/ , whilst the other component was set at various

0 0
frequencies, k ¢/ , thus producing a beat frequency of (h-k)c/ .
Contrast thresholds were also determined for first difference beats,
produced from combinations of different pairs of component

0

frequencies, h and k ¢/ , and for a fixed beat frequency generated
from different contributions of spatial frequencies.

In each case, the contrast thresholds were determined several
times for each 'beat' frequency, and the wedge reset to a random
position between.every setting. The change in the optical demnsity
recorded by the wedge position gives a measure of the contrast
threshold level of the visual system to a particular grating stimulus,
and the reciprocal provides the relative log contrast sensivity of the
visual system. The contrast threshold function for sine-waves was
determined with a uniform background field derived from a single laser
beam, so that it is comparable to the beat patterns. In this way,"
both sets of measurements were obtained against a speckle background.

Measurements of visual acuity and MTF's for both single sine-
waves and first difference beating were to quantify and examine the
effect of the very poor restriction on the entry of light into the
albino’'s eyes, and its subsequent impairment of visual acuity. Beats
arise only from a mixture of two sinusoidal frequencies when they pass
through a non-linear device, and Burton (1973) suggested that this
non-linear device'occurred prior to the mechanisms in the visual
system where the spatial interaction occurs which defines the shape of

the MIF's. Thus, beat measurements are used to investigate the level

at which an albino's anomalous acuity is determined.
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iii. The Contrast Threshold Elevation Effect (section C.vii, Chapter 1)

The contrast threshold elevation effect (section C.vii,
Chapter 1) is the increase in the threshold illumination level
required for the detection of a test target after adaptation to a high
contrast structure of identical spatial frequency, compared to that
required after adaptation to a uniform field of the same mean
illumination level as the structure. The effect applies to both
linear square or sine-wave gratings, and has been described
extensively in the introduction to Chapter III.

The field configurations used to measure the contrast threshold

elevation effect in this investigation are shown in fig. 5.2 for sine-

L.E. OR RE. . L.E. R.E.
< 300 .,
A.G, A.G.
4—-26Q——-
a. TG b. TG
L.E. R.E. )
o1 T Figo 5'2
Schematic representation
of field configurations
used to investigate the
Contrast Threshold
i il Elevation Féfect.
C.G. A G
(i
"LJ.. J-"
cC. T.G
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wave gratings produced by the interferometer (section B, Chapter II).
Figure 5.2a illustrates the configuration for monoptic presentation

of the stimuli, in which the adaptation (AG) or test (TG) gratings are
presented to either only the right eye (RE) or the left eye (LE) by
positioning stops in front of the appropriate eyepiece in the
interferometer. The high contrast adaptation grating was derived from
the light beam of laser 1, as also was the uniform adaptation field.
In the latter case, one of the two interfering beams was masked, and a
0.3 log unit neutral density filter was removed from the other beam so
that the uniform field's illumination level was equal to the average
level of the interference fringes. The test grating was derived by
the interfering beams from laser 2, which pass through the wedge, W.
It is by means of this wedge that the test grating can be adjusted to
the threshold criterion. These measurements are designed to test the
symmetrical adaptation responses of the two eyes in the albino
subject, who possesses monocular vision and shows a right eye
dominance.

As described in the Introduction (section C.vii, Chapter 1) the
contrast threshold elevation effect can be interocularly transferred.
This effect is tested by the stimulus configuration shown in fig.
5.2b, which results in dichoptic presentation, that is the high
contrast adaptation grating is presented to the left eye (stop in
position before exit of beam to right eye, fig. 2.15, Chapter I1) with
the subsequent presentation of the test grating to the right eye (stop
to prevent lower beam entering the left eye). Measuring this effect
with an albino subject investigates the means by which such an effect
is transferred. As a result of the total decussation of the optic

fibres at the optic chiasma, and thus unlike a normal subject, the
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albino has a complete mapping of the visual field presented to each
eye in the contralateral hemisphere in the visual cortex. The two
hemispheres are connected by the transcallosal fibres of the corpus
callosum (Choudhury, Whitteridge and Wilson, 1965), but their precise
function is not yet known. Measurements of the interocular transfer
of the contrast threshold elevation effect will show whether in fact
they do serve as the interconnecting pathway between the two separate
visual representations in the two hemispheres of the visual cortex in
albino subjects.

Figure 5.2c represents the field configuration used to study the
binocular inhibitory effect of the contrast threshold elevation effect
(Ruddock and Wigley, 1976; see section A.i, Chapter III). In this
case, the high contrast adaptation and test grating presented to the
right eye have identical spatial frequencies, whilst the high contrast
adaptation grating, defined the conditioning grating (CG) presented to
the left eye, is varied through a range of spatial frequencies. 1In
normal observers, the presence of this conditioning grating inhibits
the monocular contrast threshold elevation effect, and the data
suggest that the effect arises at a post-chiasmal location where the
signals from the two eyes come together, i.e., in the visual cortex
(Hubel and Wiesel, 1967). As was discussed in the Introduction to
this chapter, albino animals do not possess the normal retino-
geniculate-striate projections, and so it is of interest to find
whether or not this binocular interaction occurs in subject D.C. (an
albino).

The experimental procedure for determining the change in the
threshold illumination level, produced as a result of adaptation to

these grating configurations, and measured in terms of the parameter
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nyhas been described in detail (section B, Chapter II). In all three
experiments, measurements represent the mean of at least three
determinations, with standard mean errors of = 0.05 log units. Unless
otherwise stated, the retinal illumination levels were setb4 log units
above the subject's threshold level for the detection of the test

grating presented against a dark background field.

B.ii Sub jects

The principal observer was a male albino, D.C., aged 33 years
(Cameron, 1979). He is classified as a complete albino with nystagmus
in all positions, due to the non-formation of a fovea, which is a
distinct characteristic of human albinism. The iris of his eyes are
translucent, and pale blue-grey, but D.C. has no other fundus
abnormality, apart from it being albinotic (Pickford and Taylor,
1968). He suffers from another albino characteristic, which is
attributable to the low pigmentation, and that is photophobia. He has
a right convergent squint, and attended an oculist at an early age to
be fitted with tinted spectacles in order to correct a moderate degree
of hypermetropic astigmatism. His external albino features are all a
consequence of his low pigmentation. He has snow-white hair, a rough,
folded hyper-keratotic milk-white complexion, and from the results of
the hair bulb inCu§ation test, he belongs to the group of albinos
classified as Tyrosinase negative (Dr. Winder, Ins. of Ophthal.). 1In
view of his suppression producing monocular vision, and strabismic
history, it is not surprising to find that he lacks any form of
stereoscopic vision as tested by the Julesz anaglyphs (Julesz, 1971;

Wigley, 1977; Abadi, 1974). Under two lighting conditions, he could
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fuse neither the two random dot patterns printed in black and white,
nor identify the stereo image hidden in the patterns printed in red
and green ink, and his performance did not improve for increased
viewing distance (Mollon et al., 1979).

Comparison results for most of the investigations are also given

for a normal observer, V.W., (female, aged 23 years, an emmetrope).

C. Results

Csis Colour Discrimination

The results of brightness matching and flicker determination of
the spectral sensitivity function both for the albino subject, D.C.,

and for the normal subject, V.W., are shown in fig. 5.3. 1In this

figure, the
100+ AN,
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SUBJECT VW-A AI \A\ relative
-~—DATA REPLOTTED b .
80+ FROM WRIGHT,1946. ; & luminosity
I' o .
' A O is plotted
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1A \
4 \
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> & a \
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) == ’:A - . , \ \ A\B~,‘,§ . wavelength,
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WAVELENGTH {(nm.) in nano-
Fig. 5.3 The spectral sensitivity function as meters,
determined for the albino, D.C. and the
normal subject, V.W., by brightness along the
matching and flicker determination
(see text for details). abscissa.

Flicker determination and brightness matching proved difficult for
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the albino due to nystagmus, especially in the short wavelength region
of the spectrum, but nevertheless the experimental results shown in
fig. 5.3 are not significantly different from those of a normal

observer, under similar conditions. There is, however, a slight shift

of the albino's peak spectral sensitivity towards the shorter

wavelength regions.

Figure 5.4 shows subject D.C.'s colour matching coefficients, and

also for comparison the broken line represents those of a normal
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Fig. 5.4 Spectral coefficient curves for observer D.C.

The broken line represents those of the normal

observer V.W.
subject, V.W. This figure shows that within the limits of the

experiment, the two sets of data are very similar.

216,



C.ii. Visual acuity and MIF's

Probability of detection curves obtained for twenty-five
presentations of 100% modulated, 632.8 nm, sine-wave gratings of
various spatial frequencies are shown in fig. 5.5. Data are given for
two illumination levels; one, at the albino's absolute threshold for a

uniform field of

100+ o a SUBJECT D.C.
»n wavelength 632.8
=
b nm, measured
ggo.. LI | .
e = = after forty
w n
< n
: | g minutes of dark
g n adaptation (0O),
O
w O+ a n and the other, 3
<
g )
g n log units above
&
o7 " this threshold
=%
o
g level for the
O ' 1 ' 2 : 3 ; g uniform field
SPATIAL FREQUENCY (C/DEG)
Fig. 5.5 To show the probability of detection (W ). These
as a function of spatial frequency
for the albino subject, D.C. _ data show that

in comparison to the normal observer, the albino, D.C., suffers a
severe reduction in visual acuity. The increase .in retinal
illumination improves his acuity limit, but even so, it is still
considerably lower than that of a normal observer, with maximum cut-
o] o

off at 4 ¢/ , compared to 60 ¢/ for the normal observer under the
same conditions.

Contrast threshold sensitivity data for single sine-wave and beat

detection are given in fig. 5.6 and in fig. 5.7 for the albino

sub ject, D.C., and the normal observer, V.W., respectively. Both sets
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Fig. 5.6 Contrast threshold sensitivity functions for single

sine-wave and beat detection determined using the
interferometric arrangement for the albino subject,
D.C.

of data were obtained at a retinal illumination level 3 log units

above the threshold level for the albino's detection of a 632.8 mm

uniform field.

In each figure, the ordinate denotes the logarithm of

the contrast sensitivity with the spatial frequency, or the perceived

beat frequency, plotted along the abscissa in cycles per degree of

visual angle.

Each data point represents the mean of at least three

determinations, and the mean standard error was typically 0.05 log

units.

The MIF for a single sine-wave grating is shown as open triangles

( A ) both in fig. 5.6, for the albino, D.C., and in fig. 5.7, for the
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Fig. 5.7 As fig. 5.6, but data are for the normal
subject, V.W.
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1

normal observer, V.W. The logarithmic contrast sensitivity curve of
the normal observer, V.W., for the single sinusoidal test grating,
presented against a laser generated background field, agrees for this
range of spatial frequencies and retinal illumination level with those
reported by Burton (1973), (see fig. 5.8a). The data show a gradual
increase in the log contrast sensitivity as the spatial frequency
increases up to a value of 4 c/O to 6 c/o. The data for the albino,
D.C., (fig. 5.6), however, lie within a narrower range of spatial
frequencies with the cut-off at 4 c/o. (N.B., This is the value which
represents the limit of his visual acuity.) His peak sensitivity

)
occurs at a spatial frequency of some 0.5 ¢/ . Both of these values
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Fig. 5.8a

Modulation transfer
functions for a single
sine-wave (A), first
difference 'beating' (a)
and second difference
beating (o). (Replotted
from Burton, 1973).

Fig 5.8b

Log contrast sensitivity
functions for a first
difference 'beating' of
9.6 ¢/° with respect to
mean retinal illumination
levels for several pairs
of component frequencies,
shown alongside the
relevant curve in c¢/°.
(Replotted from Burton,
1973).

Fig. 5.8c

Log contrast sensitivity
functions for first
difference beats with
respect to the higher
frequency components, at
five mean illumination
levels, which are shown
next to the corresponding
curve in log trolands.
(Replotted from Burton,
1973).
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are significantly lower than for a normal observer, whose peak
o}
sensitivity occurs at some 5 ¢/ and shows a cut-off point at some

o)
60 ¢/ .

Log contrast threshold sensitivities obtained for first
difference beats are shown in fig. 5.6, for observer, D.C., and in
fig. 5.7, for observer, V.W. This time, in each case, the abscissa

o}
represents the perceived beat frequency, (h-k) ¢/ , which was obtained
by maintaining one of the component sinusoids at a fixed spatial
0
frequency, h ¢/ , whilst the other was set at different frequencies,
k c/o. The value of the fixed component frequency is shown alongside
the corresponding curve. These results show significant variation in
the contrast sensitivity for the albino, D.C., as the fixed frequency
o}
component, h ¢/ , changes, yet for the normal subject V.W., there is
very little difference between data for different h values and the
contrast sensitivity data for simple sinusoidal gratings. Burton's
(1974) data for a normal subject also show that when component
frequencies produce a beat frequency within the frequency range, 0 c/0
o}
to 10 ¢/ , the results are not critically dependent on the component
frequencies. Burton (1974) shows also that there are two factors
which influence beat detection in norma% vision, the mean retinal
illumination level, and the frequency of the upper fixed component
sinusoid. If the latter exceeds a critical value, then immaterial of
the illumination level, the subject observes no beats. This situation
exists for the albino when the fixed component of the beat frequency
is 16 c/o, a value which significantly exceeds the limit of his
spatial resolution under normal conditions. A possible explanation

o}
for the fact that reduction in sensitivity occurs at 16 ¢/ , as
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o o
opposed to the usual 60 ¢/ to 70 ¢/ for normal vision, is that in

the albino, contrast reduction may occur in the two component
sinusoids, as their frequencies are increased. This is caused
primarily by light scattering effects in the optical media and eye
movements, both of which are significant features of albino vision.
Contrast threshold sensitivity was also measured for a fixed beat
o
frequency, 0.5 ¢/ , as a function of retinal illumination level.
(N.B., The spatial frequency of 0.5 c/o was chosen because the maximum
sensitivity of the albino's contrast sensitivity function occurs at
this spatial frequency (see fig. 5.65).) Data are given for the two
subjects, the albino, D.C. and the normal, V.W., in fig. 5.9 and in
fig. 5.10, respectively. 1In both of these figures, the ordinate
denotes log contrast threshold sensitivity for beat detection and the

abscissa, the relative change in the log retinal illumipation level of

the beats, where log I equal to zero corresponds to threshold level
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for the albino's detection of a 0.5 ¢/ sine waveform grating. The
two spatial frequencies, from which the conétant beat frequency was
derived, are shown at the side of the relevant curves in cycles per
degree. Each of the curves in fig. 5.10 can be represented by a
single function of retinal illumination level. The effect produced by
changing the spatial frequencies of the component gratings, whilst
maintaining a constant beat frequency of 0.5 c/o, translates this

function along the ordinate axis, without significantly changing its

shape (c.f., fig. 5.8b).

C.iii The Contrast Threshold Elevation Effect

The experimental data, given in fig. 5.11 énd in fig. 5.12,
show the contrast threshold elevation effect for the albino observer,
D.C., under the three stimulus configurations illustrated in fig. 5.2.
In each case, the value oflx, determined from equation 2.19 (chapter.

1I) is plotted as a function of spatial frequency, expressed in cycles
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Fig. 5.11

The contrast threshold elevation

effect.

a. and b. Determined for the
configuration of fig. 5.2a,
i.e., monoptic presentation
of the stimuli to the right
eye, and left eye,
respectively.

c. Determined for the
configuration of fig. 5.2b,
i.e., dichoptic presentation
of the stimuli.

per degree of visual angle, of the sinusoidal adaptation grating (fig.

5.11), and of the conditioning grating (fig. 5.12).

Data, shown in fig. 5.1la and b, are the results of the contrast

threshold elevation effect determined for monoptic presentation of the
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Fig. 5.12 The contrast threshold elevation effect
determined for the stimulus configuration
of fig. 5.2¢, in which the two eyes are
adapted to gratings of two different
spatial frequencies.

grating to either the right (fig. 5.1la) or the left (fig. 5.11b) eye

of the albino, D.C. The spatial frequency of the test grating, f ,
o] t
remained constant at 2 ¢/ , and was chosen to lie within the albino's

range of resolution. This spatial frequency value allowed the spatial

frequencies in the adaptation grating, £ , to be varied through a
a
range with a bandwidth of + 1 octave around the test value. The data

establish that the contrast threshold elevation effect occurs for each
eye of the albino subject with appropriate low frequency gratings.
The tuning curve obtained with the right eye (fig. 5.1la) exhibits

similar bandwidth selectivity to that of normal observers with the
o
maximumAvalue for f =f = 2 ¢/ , falling to an insignificant value
a t
onX when £ =f /2 or £ = 2f . A more unusual result is shown in
a t a t
the experimental data obtained with the albino's left eye, (see fig.
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5.11b), which is of smaller amplitude compared to the values for the
right eye. This may be due to the albino's right-eye dominance,
accompanied by suppression of the left eye.

Data obtained for dichoptic presentation of the test and
adaptation stimuli are given in fig. 5.llc. These data show that
adaptation of the left eye fails to produce any significant changg in
the threshold illumination level required for the detection of the
test grating in right eye.

The binocular inhibition associated with the contrast threshold
elevation effect was measured using the stimulus configuration of fig.
5.2c. In this experiment, the spatial frequency of both the
adaptation and test grating presented to the right eye was fixed at
2 c/o, whilst that of the grating presented to the left eye was varied
over the range, O c/0 to 5 c/o. The experimental data are plotted in
fig. 5.12, and show that the magnitude of the adptation effect,zx, for
the albino subject is constant for all spatial frequencies of the
conditioning grating, thus no inhibitory interaction occurs between

the two eyes, in contrast to the results found for a normal subject

(full triangles, fig. 5.12).

D. Discussion

D.i. Colour Vision and Discrimination

Evidence from pfevious investigations (Pickford, 1951, 1958;
Pickford and Taylor, 1968) suggests that there may be a protanomalous
deficiency associated with the colour vision characteristics of
albinos. The data given in . section C.i of this chapter indicate,

however, that the albino, D.C., possesses normal colour matching
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responses, and therefore has normal trichromatic colour vision. This
is not to say that albinos are exempt from the other sex-linked colour
vision deficiencies which may be inherited, but there is no intrinsic
colour vision deficiency associated with albinism, as suggested by
Pickford (1951, 1958). As explaiﬁed in the introduction, albinos lack
pigmentation, but the experimental data (see fig. 5.4) indicate that
in spite of this, the pigments of the three types of come are produced
in the normal way, and it is concluded that they themselves are not,

therefore, melanin based pigments.

D.ii. Visual Acuity

Albinos suffer a gross impairment in their visual acuity as is
shown in fig. 5.5, section C.ii of this chapter. This is brought
about in part by the lack of pupillary restriction on the entry of
light into their eyes, caused by the low or zero iris pigmentation.
Further, it has been suggested that this reduction in visual acuity is
due to abnormally large receptor size, or to receptor density
differences, or that it is a consequence of the poor imaging qualities
of the eyes due to an excess of scattered light in the optical media
and the low pigmentation (Blake and Antoinetti, 1976).

The experimental data, shown in fig. 5.6, indicate that the
severe reduction in visual acuity must occur at a post-receptoral
stage in the visual system. Responses of the normal visual system to
sinusoidal grating profiles and first difference beats have been
reported by Burton (1973). Burton suggests that the normal contrast
threshold sensitivity function, associated with first difference

beats, which is similar in both shape and form to that for a single
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sine~wave stimulus, indicates that near threshold the beating between
two sine-waves has similar properties to that of the single sine-wave,
and can thus be considered as a difference frequency. This will only
arise from a mixture of two sinusoidal frequencies if they pass
through a non-linear device. Burton's data suggests that this
non—linear device occurs at a level in the visual system prior to that
mechanism where the spatial interaction occurs to define the shape of
the MTF.

The similarity between the sine-wave and 'beat' contrast
sensitivity values in fig. 5.6, indicate that the albino possesses and
detects the two by a similar mechanism. Thus the two conditions for
the detection of beats, that firstly, the beats are only detected if
the visual resolution limit is not at the photoreceptor level, and
secondly, a non—-linear processing of the illumination level must occur
in a mechanism prior to that which sets the resolution limit, must
apply to the albino, D.C. His spatial resolution is, therefore,
limited neither by nystagmus, nor by abnormal receptor distribution.
His abnormal low-pass filter appears to be located at post-receptoral
level.

Another visual response in which the albino's low-pass spatial
filter characteristic is exhibited is in thg motion sensitive IMG
response function (Barbur and Ruddock, 1980a,b). This function is a
spatial frequency tuning curve obtained from the threshold detection
of a moving target over a structured background of different spatial
frequencies. The albino subject, D.C., has an abnormal IMG function
as shown in fig. 5.13, (Barbur, Halliday, Ruddock and Waterfield,

1980), which differs greatly from the normal functions obtained under
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similar experimental conditions (Barbur and Ruddock, 1980a). D.C.'s
IMG function exhibits similar low-pass characteristics to those of his
contrast sensitivity function, i.e., with a peak at a spatial
frequency of ™ 0.4 c/o and being insignificant for frequencies 2 4 c/o.

Thus both responses must be subject to the same abnormal low-pass

spatial filter.

D.iii. The Contrast Threshold Elevation Effect

Experimental data, shown in fig. 5.11 and in fig. 5.12,
indicate that due to the abnormal input to visual cortex, the albino's
adaptation responses are significantly restricted. His resolution
capacity restricts the range over which adaptation responses occur,
but the suppression and consequent deprivation of visual input to the

non—dominant left eye significantly affects its responses, (see fig.
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5.11b). This is consistent with the hypothesis that a specific
deficiency of features in early visual input alter the organization
and connections in the visual pathways (Freeman and Thibos, 1973;
Barlow, 1975; Hess and Howell, 1977; Eggers and Blakemore, 1978)
especially when connected with the albino's astigmatism. Pickford and
Taylor (1968) also noticed a reduction in the number of early
components in VER recordings when taken over D.C.'s right hemisphere,
compared with those measured over the left hemisphere.

As stated in the introduction to this chapter, in contrast to
normal animals, albinos have abnormal retino-geniculate-striate
projections produced by the total decussation of the optic nerve
fibres at the optic chiasma. Thus each hemisphere of the visual
cortex receives a complete mapping of the contralateral visual field.
Daniel and Whitteridge (1961) and Zeki (1978e) have shown that
normally, the two separate hemifield maps in the two hemispheres are
re-united by the fibres of the corpus callosum. Von Bonin, Garol and
McCulloch (1942), Myers (1962) and Zeki (1970) showed that the
transcallosal fibres of the corpus callosum in the cat synapse into
area 18 of the visual cortex, and from there establish short axon
connections into area 17, which borders area 18. This border region
of area 17 has been shown to contain the cortical representation of
the vertical meridian of the visual field (Choudhury, Whitteridge and
Wilson, 1965; Zeki, 1978e). This has led to the hypothesis that the
transcallosal fibres are responsible for joining the two halves of the
visual field together, and are therefore responsible for interactions
which take place between the two eyes.

The experimental data indicate a 'null' effect both for the
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dichoptic contrast threshold elevation effect and for the binocular
inhibitory effect. In the albino, therefore, the visual signals
elicited in the two hemispheres of the visual cortex are not
transmitted by the transcallosal fibres of the corpus callosum, and
thus there is no interaction between the two hemispheres. Ruddock and
Wigley (1976) suggest that the binocular inhibitory effect associated
with the contrast threshold elevation effect may be induced by the
transcallosal fibres, in order to suppress the effect of two
non-matching inputs in the visual field. The effect appears to occur
only for vertically oriented gratings and may, therefore, aid the
fusion of the two visual half-fields when they are matched.
Alternatively, the inhibitory signals, which arise from the
conditioning grating, may subserve stereoscopic vision, since Mitchell
and Blakemore (1970) and Blakemore (1970) have shown that the callosal
fibres may be necessary for stereoscopy at the fovea. In the albino,
however, neither of these functions occurs; there is a complete
mapping of the visual field in the contralateral hemisphere, and
therefore, it is not ﬁecessary to suppress a non-matching input along
the vertical meridian. Also, the albino has monocular vision, and
exhibits no stereoscopic fusion in any part of his visual field. Thus
in the albino, the transcallosal fibres show no compensatory function
to aid his deficiency with respect to the separation of the visual
input, and as a result, may even have become functionally redundant.
The rather unusual spatial frequency tuning shown in the
adaptation responses of the albino's left eye is quite different from
the symmetrical adaptation responses reported for the two eyes of two

other monocular visioned subjects, who suffered from congenital
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strabismus (Ruddock, Waterfield and Wigley, 1979). The results shown
in Table 3 indicate that both of their eyes show symmetric adaptation,
even though they are stereoblind and they show no binocular inhibition

(see fig. 6.10, chapter VI).

Table 3

SUBJECT ADAPTATION, Z&
' (log units)

RIGHT EYE LEFT EYE
A.C. 0.30 0.35
D-Po 0-28 ‘ 0-30
D.C. 0.20 0.15

Mean error>~+ 0.05 log units

D.iv. Electrophysiological correlates of Albinism

The experimental data of this chapter has established that the
albinobobserver, D.C., responds to most visual stimuli, but many of
his responses exhibit abnormal properties when compared to normal
ones, especially as they are restricted to lie within his visual
acuity range.

Stone and Dreher (1973), and Ikeda and Tremain (1979) have shown
that in cats which experience a retinal image blur, there is abnormal
development of the X and the Y pathways. In particular, cats, which
suffer abnormal visual development, have X- and Y-type ganglion cells
which exhibit broader receptive fields with smaller inhibitory
surrounds than in normal cats. Ikeda and Tremain (1979) have also

shown that cats which lose the use of the area centralis as the normal
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visual axis during their early post-natal development, comnsequently
develop amblyopia. Loss in the ability to fixate produces inadequate
stimulation of the central retinal ganglion cells because of the
habitual presence of blurred images at the area centralis, which
arrests their full development during the critical period of 4 to 12
weeks after birth. Such abnormal development does not occur if
alternating fixation between the normal and the squinting eyes can be
achieved. A large contribution to the reduction in the visual acuity
of human albinos may be attributed to a similar inability to fixate,
due to a non—-forming fovea, and a prominent characteristic of the
group is nystagmus, which creates continual retinal blur, and
therefore abnormal visual input, during the critical period. Thus,
the abnormal development of X- and Y—type‘ganglion cells could arise
in the same manner as described by Ikeda and Tremain (1979) for the
cats. The conclusion from the 'beat' frequency experiments that
resolving power is set at post-receptoral level is consistent with

this view.
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CHAPTER VI

Colour and Spatial Pattern Discrimination in an
Observer with a Right Field Hemianopia

A. Introduction

Hemianopia is defined as the loss of vision in one half of the
visual field (see fig. l.6, Chapter I), and the characteristics of a
number of cases have been given by Teuber, Battersby and Bender
(1960). Hemianopia may be complete or there may be sparing of the
macular region; in the latter case, it is usually caused by damage to
the terminal projection of the optic radiation, whereas other cases in
which there is no macular sparing, either the optie tract or optic
radiation has been interrupted prior to this point. The visual field
and retina are mapped topographically into the optic radiation and
visual cortex. This produces an ordered retino-topological mapping of
each half-field on either side of the cortex with the visual field
divided along the vertical meridian. The upper half-field is mapped
into the lower portions of the optic radiation and striate cortex,
and vice-versa for the lower half-field. From examination of cross
sections taken from the optic radiation, Polyak (1957) suggests that
the macula fibres which subtend a visual field of some 90, with the
central 20 representing the fovea centralis, are concentrated at an
intermediate level with the more peripheral fibres from thé visual
field segregated above and below (Polyak, 1932 and 1933).

A schematic view of the arrangement within the optic radiation,

in fig. 6.1, shows that throughout its entire course, it carries all

the fibres which correspond to the upper peripheral quandrants of the

234.



Fig. 6.1
Schematic representation illustrating the mapping
of different sectors and concentric zones of the
right homonymous half field (A) in the anterior
part of the left optic radiation (B), the posterior
part of that radiation (C), the lip of the left
calcarine fissure (Dq), and the depth of the fissure
(Dp). (Stippling indicates the macular and perimacular
regions). The diagram on the upper left schematically
indicates the two planes of cross section (B and C) of
the optic radiation (ON) in relation to the ventricle
(V). The macular fibres in the anterior part of the
radiation (B) do not completely separate the more
peripheral fibres (postulated by Polyak, 1957), but
are concentrated at the lateral margin of the
radiation. Only in its posterior plane (C) does the
radiation have a distribution which conforms to
Polyak's view. (after Spalding, 1952).

field in its ventral portion, whereas the fibres which correspond to
the lower quadrants are carried in the most rostral portion. It is
believed that the bundle of fibres which represent the homonymous

halves of the macula are interposed between these peripheral
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representations (Rgnne, 1914 and 1919; Polyak, 1957).

Hughes (1954) proposed a standard form for this scheme. He
suggested that a cross section of the optic radiation in its course
from the posterior horn of the ventricle followed the shape of
a 'C'. The uppermost segment of the C contains the lower quadrantic
portion of the corresponding contralateral monocular crescent in the
field of view, whilst the lowermost segment contains the upper
quadrantic portion of the monocular crescent. Above and below these
segments, the representations of the lower and upper peripheral
quadrants are found, and it is in the middle of the C that the lower
and upper quadrants of the macula are represented. Macula sparing is,
therefore, very probable whep the optic radiations are severed in the
occipital lobe. At this stage it seems the central field has a lower
vulnerability to damage because of the widespread macula
representation in the optic radiation and cortex, and also the
cortical macula has an improved vascular supply (Polyak, 1957).
However, for man, at least in the anterior parts of the optic
radiation, the macula fibres overlap with some peripheral
representations.

The subject of this investigation is G.Y., a male, aged 21 years,
who possessed normal vision, as far as is known, until the age of 7
years, when he was involved in a car accident. The results of
subsequent medical examinations showed that the optic radiations in
the left hemisphere had been severed. Consequently, the subject has a
right field hemianopia with macula sparing. At the time of the
accident, the subject suffered a strabismic squint, but this was

eventually corrected using the 'patching' technique.
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The homonymous hemianopia of subject G.Y. creates a visual field
loss in the right hemifield of both right and left eyes, which means
that it i1s in the temporal half of the visual field in the right eye,
but on the nasal half of the visual field in the left eye. The
temporal defect of the right eye will be more obvious to the subject
than the corresponding nasal fileld defect in the left eye. The
asymmetry in a defect of this kind parallels the asymmetry in the
fibre spectrum of the optic nerve. Chacko (1948) reports that the
fibres from the nasal retina have a different diameter to those in the
temporal retina.

The aims of the present experiments were to examine possible
Viéual field interactions between the normal and the 'blind'
hemifield, and to examine the possibility of surviving responses
within the 'blind' hemifield. Brindley, Lewin and Gautier-Smith’
(1969) have shown that patients who are blind as a result of general
damage to the visual cortex, can achieve a brightness discrimination
response, and other investigators have reported residual functions in
the 'blind' hemifield of hemianopes such that they can even locate
moving or flashing targets presented within their 'blind' hemifield
(PYppel, Held and Frost, 1973; Sanders et al., 1974; Weiskrantz et
al., 1974; Perenin and Jeannerod, 1975 and 1978). It was suggested
that such responses may arise in the pathway to the superior
colliculus, which is the older (phylogenetically) visual system and
has much coarser discrimination responses. Twenty per cent of the
optic fibres pass directly to this structure (Wurtz and Mohler, 1976)
and its cells have properties similar to those found in the visual

cortex (Goldberg and Wurtz, 1972; Schiller and Vollman, 1974), except
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that they are not orientation selective.

A.ii. Experimental Apparatus and Methods

Standard tests, the Ishi-hara Colour Vision test plates
(Edition 1976) and the Julesz analglyphs (1971), were used to
investigate G.Y.'s colour vision and stereoscopic fusion,
respectively. The interferometer, which has been described in detail
in section B, Chapter II, was used to investigate the responses of
G.Y.'s visual system to monoptic and dichoptic presentation of
spatially structured stimuli. The apparatus designed especially for
motion detection experiments (Barbur, 1980) was used to determine
G.Y.'s responses to flashed and moving targets presented to his right

'blind' hemifield.

B. Measurements

B.i. Preliminary Measurements

The measurements made to determine G.Y.'s stereoscopic fusion
were performed in a manner similar to that described in section C.v,
chapter IV, using the Julesz analglyphs. These figures test 'global'
stereoscopy (Cowey and Porter, 1978) which appears to be mediated by
mechanisms different from those responsible for 'fine' stereoscopy.
G.Y.'s '"fine' stereoscopic discrimination was also tested with two

rods, displaced in depth relative to the observer.

B.ii. Residual Functions in the 'Blind' Hemifield

Although G.Y. was clinically blind for stimuli presented to the
right half-field, he could detect flashed and moving targets presented

to the 'blind' visual field area. The visual fields of the subject
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were investigated by measuring the threshold illumination level
)
required for the detection of a white light, 1.2 diameter, circular
)
target presented on a 48 diameter, circular, white light background

field of illumination level 2.1 log trolands, presented to the
observer in a Maxwellian view system (Barbur, 1980). Measurements

were made with the target located at several different randomly
)
selected locations within the 48 background field. The observer
)
fixated voluntarily on a central 2 annular target, and reduced the

illumination level of the target until it could ' just-no-longer' be
detected. The target's position, defined relative to the fixation
annulus, was noted, and a new test location presented by slowly moving
the target across the field. These measurements were also repeated
with the target presented in a 250 ms flash, at selected retinal
locations.

Threshold illumination level required for the detection of
flashed and moving targets by the 'blind' hemifield were measured as a

function of background field illumination level, I , using the same
apparatus. Two background field configurations weie employed in these
measurements. One consisted of a 17.5O diameter circle, of
illumination level, I , surrounded by a larger 480 background field
(see fig. 6.5) illumigation level 0.05 I , and the second consisted of
a circular 480 circular field of illuminition level, I (see

fig. 6.6). The circular target was 5.7O in diameter, gresented either

in a stationary mode for 250 ms, every 2.5s, or moving at a constant
o -1
velocity of 39.8 s along the horizontal meridian of the visual
)
field. The target was presented 30 off-axis along the horizontal.
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B.iii. Responses to spatially structured stimuli

The contrast threshold elevation effect (Blakemore and
Campbell, 1969b; Maudarbocus and Ruddock, 1973b), and its binocular
inhibition (Ruddock and Wigley, 1976) were both determined for G.Y.
using the interferometric apparatus, described extensively in
section B, chapter II, to produce the grating stimuli. The
experimental procedure for these measurements has also been described
previously in section B (chapter IIL) and in section B.ii,b.iii
(chapter V). In all of these measurements, the magnitude of the
adaptation effect, A , 1s calculated from equation 2.19 (section B,
chapter II).

The visual field size and configurations for the three
experiments are shown in fig. 5.2 (chapter V). The field subtended a
visual angle of 30O at the observer's eye. Figure 5.2a shows the
adaptation field used in the monoptic experiments, performed with the
right eye. Adaptation measurements were made with a test grating of
fixed spatial frequency and a series of adaptation frequencies,
covering a range between 0 and 12 cycles per degree. Figure 5.2b
shows the dichoptic arrangement. In this case, the adaptation grating
was presented to the left eye, and the test to the right eye. Figure
5.2c illustrates the field configuration used for the determination of
the binocular inhibitory effect. The right eye views the adaptation
and test grating pattern, which were of the same fixed frequency,
whilst the left eye was stimulated by a grating, whose spatial
frequency was set at different values in the range 0 to 12 c/o. A1l
of the data points represent the mean of at least three determina-

tions, and were obtained for an illumination level set 4 log units

above the threshold for the detection of the test grating.

240,



c. Results

C.i. Preliminary Results

With each eye separately, or with both eyes together, observer
G.Y. gave normal responses to the Ishihara Colour Vision test plates,
thus establishing that the hemiopic condition has not impaired any
properties associated with colour vision processes. His responses
were far from normal to the Julesz analglyphs (Julesz, 1971), and
under neither of the illumination conditions (section C.i, chapter IV)
nor for different observation distances (Mollonm et al., 1979) could
observer G.Y. perceive any of the sterecimages contained in the
analglyphs. This indicates that observer G.Y. possesses no 'global'
stereoscopic function (Cowey and Porter, 1978). Fine stereoscopic
function, i.e., the displacement of two images relative to one
another, suffers no impairment, and is comparable to that of normal
subjects. A similar case, involving a split brain patient (a
technique used to relieve epilepsy), has been reported by Mitchell and
Blakemore (1970) (see section C.vii, chapter I). This demonstrates
that although 'global' stereoscopy can be retained in some subjects
with cerebral lesions, it appears to be directly related to where the
lesion has occurred in the visual pathways. G.Y., however, reports no
difficulty in sporting activities, where a discrimination of distance
and speed are essential. The car accident occurred when he was 7
vears of age, and may therefore have been after the critical period
for the formation of the binocularly driven cortical neurones (Hubel

and Wiesel, 1970; Dews and Wiesel, 1970).
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C.ii Visual Field Map

Figure 6.2 shows a plot of G.Y.'s threshold illumination levels,

I, for different retinal locations over the centre 47
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Fig. 6.2 A 3-D map of the visual field of hemifield.

observer G.Y. The Z co-ordinate
is proportional to the log of
the stimulus luminance.

the right in this figure indicates the value of log 1

The plateau

region on

is equal to 4.5
t

log trolands, which is the maximum illumination setting available in

the system (Barbur, 1980), and at this level G.Y. reports that he is

unable to detect the target.

There is an area of some 3

o
to 4 which

extends around the fovea into the right hemifield, where G.Y. is able

to detect the target.

This represents macular sparing, which is not

an uncommon characteristic of hemiopia (Teuber, Battersby and Bender,

1960), and although eye movements could account for this spread of

sensitivity into the blind hemifield, sharpe changes in sensitivity

242,



3

along the vertical meridian are shown in fig. 6.2, at non—-foveal

locations. G.Y. does, however, report an awareness of some visual
sensitivity extending into his blind hemifield when he is fixating
centrally on a small target. Comparison data for a normal subject,

J.B., are shown in fig. 6.3, and the most notable feature of his data
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Fig. 6.3 A 3-D map of the visual field of target are
observer J.B., for comparison to
that of observer G.Y. (fig. 6.2). shown in

fig. 6.4 and shows G.Y. is able to detect a flashed target deeper into
o
the 'blind' hemifield, up to some 10 , but he is unable to detect

stationary targets at any point in the '})lind' hemifield. The blind
spot was not revealed in any of these measurements with G.Y., beca’use
of the relatively large targets used. G.Y. reports, subjectively,
that a flashed target of near threshold illumination level appears

as a 'dark' shadow, located in the 'blind' hemifield, whereas at

higher illumination levels, its appearance changes to that of a

localized, bright flash. The following tests were made in an attempt
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Fig. 6.4 Two 3-D maps of the visual field of
observer G.Y. (centre 14% 14° )
The Z co-ordinate is proportional
to the log of the stimulus luminance
required for the threshold detection
of a. a flashed target, b. a stationary
target, of similar dimensions.

Increment threshold sensitivity curves obtained for G.Y.'s
: o
'plind' hemifield to flashed and moving targets, presented 30 off=-

axis are plotted in fig. 6.5. The ordinate shows the logarithm of the

threshold sensitivity, log I , as a function of the logarithm of the
t
background illumination level, log I . The results for the stationary
B

targets are represented by squares ( O ), and those for the moving

target by triangles ( & ). The full squares ( M ) represent the

comparison data for G.Y.'s normal hemifield obtained with a stationary

flashed target similarly located. The relationship between log I and

log I , in fig. 6.5, is similar for all three sets of data; the v;lues
B

obtained in the 'blind' hemifield are increased by some 2 log units

compared to those obtained for the normal hemifield. The results
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Fig. 6.5
Increment threshold sensitivity curves
for G.Y.'s 'hlind' hemifield for targets
presented 30 off-axis; O - for stationary
targets, A - for moving targets, M - for
flashed targets 30 off-axis in G.Y.'s normal
hemifield.
o .
obtained for the full 48 background field are plotted in fig. 6.6,

and these results are very similar to those for the smaller background
field, except that when I = 0.5 log troland, the thresholds for the
moving targets are greatef for the 480 background field. This implies
that raising the illumination level of the 480 field from 0.5 to 2.0
log trolands, i.e., by a factor of 30, does not influence G.Y.'s
threshold for detection, even though the field covers the parafoveal
region of the normal hemifield, where it is most likely that scattered

light would be detected. The data of fig. 6.5 provides evidence to

indicate that G.Y. is not detecting light scattered into the normal
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Fig. 6.6 Increment threszld sensitivity curves
for the full 48 © background field.

hemifield, except possibly when detecting moving targets against

background fields. of very low illumination levels.

C.iii. Binocular Adaptation to Grating Stimuli

The contrast threshold elevation gffect'for the monoptic
presentation of the test and adaptation gratings is shown in fig. 6.7.

The effect of adaptation on the threshold iliumination level,
measured in terms of ZX, is plotted against the spatial frequency of
the adaptation grating, f , expressed in cycles per degree. The
spatial frequency of the iest grating stimulus is fixed at 7 c/o.

Equivalent data for dichoptic presentation of the test and adaptation

gratings are plotted in fig. 6.8.
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Fig. 6.7 Contrast threshold elevation effect
for monoptic presentation of test
and adaptation gratings. The test
grating has a fixed gpatial
frequency of 7 ¢/°, and the bar
denotes the typical standard error.
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Fig. 6.8 As in fig. 6.7, but for dichoptic

presentation of adaptation and test
grating stimuli. Observer G.Y.

Data for the
adaptation of both
eyes (see fig. 5.2¢
and section B.ii,
b.i1ii, chapter V)
are given in fig.
6.9. In this case,
both the test and
adaptation gratings
presented to the
right eye were of
spatial frequency
7 c/o, and the
spatial frequency
of the adaptation
grating in the left
eye (the conditio-
ning grating) was
the experimental
variable.

Values of ZX
for different
conditioning
grating frequencies
are plotted in fig.
In addition

6.10a.

to the data for
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Fig. 6.9 Adaptation effect, [&, plotted

against fcg, the spatial frequency
of the conditioning grating. Error
bar denotes the typical standard
deviation of at least four readings.
The separate data point to the right
of the ordjinate scale denotes the
values of obtained in the absence
of the conditioning grating
presented to the left eye. The

test and adaptation gratings, of
spatial frequency 7 c¢/°, were
presented to the right eye.

G.Y., who possesses
'fine' but not
'global' stereo-
scopy, data are
given for three
other subjects.

Two of these
subjects (A.C.,
male, aged 24

years and D.P.,
male, aged 21
years) have stereo-
blind vision, the
result of
congenital
strabismus, and the

third is the albino

subject D.C. (see fig. 6.10b), whose visual characteristics have been

described in chapter V, and who also lacks stereoscopic vision. None

of these last three subjects show stereoscopy of either kind.

The experimental data, in fig. 6.7, shows that the maximum

contrast threshold elevation effect for monoptic presentation of the

grating field occurs when the spatial frequencies of the test and

adaptation are identical.

There is no significant effect when the

ratio of the test and adaptation frequencies falls below 0.5 or is

increased beyond 2.0.

The data is comparable to that found in

previous investigations (Blakemore and Campbell, 1969b; Maudarbocus
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Fig. 6.10

As in fig. 6.9;

a. data for stereo-
blind subjects D.P.
(0,® ) and A.C.
(®m ), and for the
sub ject with fine
but not global
stereoscopy, G.Y.

( o), b. data for
the albino subject,
D.C. (m,0), and for
a normal subject,
E.We ( v ). The
spatial frequency
of the test and
adaptation
gratings, in this
case, was 2 c/°
(D.C.) and 2.5 ¢/°
(E.W.), with other
stimulus parameters
as before.

In contrast, the data obtained under the

dichoptic stimulus configuration (see fig. 6.8) differs significantly

both in magnitude and bandwidth selectivity from the experimental data

obtaine

d with normal subjectse.

This deviation from normal visual

responses can probably be attributed to the disturbance of the visual

pathways incurred as a consequence of the road accident.

Data for the binocular inhibitory effect, shown in fig. 6.9,

249.



reveal a normal response for observer G.Y., with suppression of the
adaptation effect for conditioning gratings with spatial frequencies
o o
in the range 0 ¢/ to 6 ¢/ . Thus, although G.Y. has cne optic
radiation severed, the two eyes interact to produce binocular
suppression of the contrast threshold elevation effect. In contrast,
the data for the stereo-blind observers, shown in fig. 6.10a and b,
yield an insignificant binocular inhibition of the contrast threshold
elevation effect when compared with the normal response data, in

fig. 6.10b. This reflects the lack of interaction between their two

eyes.

D. Discussion

The wvisual field maps, shown in fig. 6.2 and fig. 6.4, emphasize
the influence of the mode of stimulus presentation on G.Y.'s visual
responses. Many other cases of macular sparing involving hemiopic
vision have been reported (Teuber, Battersby and Bender, 1960), and
the responsiveness of the 'blind' hemifield is not entirely unexpected
in view of the previous studies (Riddoch, 1917; PYppel, Held and
Frost, 1973; Weiskrantz, Warrington, Sanders and Marshall, 1974;
Perenin and Jeannerod, 1978). The field map also shows that he has
relatively high sensitivity to flashed targets.

The change in the increment threshold level with increasing
background illumination level is similar to that found for the normal
eye. The threshold values, log I , are, however, approximately 100
times greater for G.Y.'s 'blind’ ;emifield responses than for normal

vision (see fig. 6.5), which implies that the projection pathway

responsible for the responses arising in the 'blind' hemifield require
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signals of a much higher level for target detection than are required
by the pathways leading directly to the visual cortex.

Investigations, using ablation techniques on the visual cortices
of animals, have shown that they are still capable of performing
visual discriminations, provided the superior colliculus remains
intact (Sprague, 1966; Pasik and Pasik, 1965; Schneider, 1969;
Weiskrantz, 1972; Mohler and Wurtz, 1977). As a consequence, this
implies that in humans with cortical lesions, the visual responses
which can be elicited from the visual field areas, which should
project to the damaged cortical region, reflect activity in the
collicular pathways. The response characteristics of G.Y.'s blind
hemifield correlate well with those of the collicular units, since
electrophysiologically, it has been shown that collicular units are
selectivelj sensitive to flashed or méving targets (Wurtz and
Goldberg, 1972).

Despite the loss of cortical input from one optic radiation, G.Y.
shows normal responses for binocular adaptation stimuli. His two eyes
do interact to produce a binocular suppression of the contrast
threshold elevation effect. This may simply reflect the fact that

this binocular interaction is restricted to the region around the

fovea (Ruddock, Waterfield and Wigley, 1979) and, as is shown by his )
threshold sensitivity data (see fig. 6.5 and fig. 6.6), normal foveal
vision is present in both half fields.

It is noteworthy, however, that G.Y. possesses 'fine', but not
'global', stereoscopy, and it was originally suggested, when the

binocular suppression of the contrast threshold elevation effect was

first discovered (Ruddock and Wigley, 1976), that it may reflect
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activity of the mechanism responsible for fine stereoscopic
discrimination. Figure 6.10 shows the data for all four subjects
compared to the results of a normal observer E.W. (replotted from
Ruddock and Wigley, 1976) and this demonstrates that G.Y. shows normal
binocular suppression of the contrast threshold elevation effect,
althéugh with slightly wider bandwidth selectivity compared to E.W.
The data of subjects who lack any stereoscopic function, show an
insignificant binocular suppression of the contrast threshold
elevation effect. Thus, it may be concluded that in fact the
binocular inhibitory effect is a function mediated by the same
mechanism as that which produces 'fine' stereoscopic discrimination.
It further establishes that the two kinds of stereoscopic vision can

be functionally differentiated.
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ChaEter VII

Summary and General Conclusion

The aim of the experimental work, in this thesis, has been to
investigate the mechanisms of colour and spatial pattern
discrimination in human subjects who possess both normal and abnormal
visual pathways. The major part of the investigation has used
adaptation methods, with both one- and tw0—dimensional spatially
structured stimuli. The study falls into two discrete parts, the
first of which describes a new experimental method for the derivation
of post-receptoral spectral response functions (see chapter III). The
other is concerned with different aspects of visual responses in

subjects with abnormal visual function.

In chapter III, it has been shown that by a suitable choice of
stimulus parameters, adaptation effects associated with the perception
of spatially structured stimuli exhibit narrow-band spectral response
curves. The method is derived from the contrast threshold elevation
effect (Blakemore and Campbell, 1969b) and the associated inhibitory
binocular interaction effect (Ruddock and Wigley, 1976). The
essential differences between the adaptation effects relating to
elongated bar—-shaped and non—elongated spot-shaped stimuli, in
orientation selectivity and biﬁocular organization, had already been
found (Burton and Ruddock, 1978; Naghshineh and Ruddock, 1978) and the
method, (see chapter III), establishes that the adaptation effects,
employing non-elongated stimuli, are colour selective in their

binocular interaction during adaptation.
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The experimental method allows the post-receptoral spectral
response functions to -be determined, without any pre-assumption about
the nature of the post-receptoral neural organization. Three
independent response mechanisms have been found, and are shown in fig.
3.31, in fig. 3.32 and in fig. 3.33. Figure 3.31 represents an 'R - G'
opponent mechanism, and has a narrow-band long wavelength component,
with a peak spectral sensitivity at 610 nm, and a half-bandwidth of
some 350 nm. It also shows a broad-band short wavelength component of
opposite polarity, with a 'neutral point' (representing the change-
over from an excitatory to an inhibitory response) at 530 nm. The
second mechanism, shown in fig. 3.32, represents a broad-band response
mechanism with spectral characteristics similar to those of the
photopic spectral response mechanism. It has a peak spectral
sensitivity at 530 nm, a half-bandwidth of some 70 nm, and can be
modelled by a 'G -~ R' type mechanism, although the experimental data
failed to show any opponency. Figure 3.33 shows the third mechanism,
a blue-sensitive response function. This has a peak spectral
sensitivity at 450 nm, and it exhibits spectral characteristics very
similar to those of the TI spectral sensitivity mechanism of Stiles

1
(1959). 1In addition to these, there is a broad-band interaction,
revealed in experiments conducted entirely with bars or entirely with
spots, which has a spectral response equivalent to the normal photopic
spectral sensitivity curve. Although exhaustive measurements were
performed with different stimulus parameters, the possibility exists
that yet other spectral response mechanisms could be revealed with
other stimulus parameters and configurations.

The spectral response functions, shown in fig. 3.31, in fig. 3.32
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and in fig. 3.33, are consistent with the following functional model
of colour vision at the post-receptoral level of the human visual
system. The signals from the three spectrally independent classes of
receptor are encoded by two independent classes of neural channel, a
colour-opponent channel and a luminance channel. The spectral
sensitivities of the three sensitive receptors, red, green and blue,
can be identified with the TT , TT and T spectral semnsitivity

5 4 1
mechanisms, respectively (Est&vez and Cavonius, 1977; Pugh and Mollon,
1979), and the signals from the red— and green—sensitive receptoral
classes are processed linearly prior to the site of the threshold
interaction in the central colour-opponent unit.

The post-receptoral spectral response curves, shown in fig. 3.31,
in fig. 3.32 and in fig. 3.33, are of the kind observed electro-
physiologically in the activity of lateral geniculate and visual
cortical neurones (De Valois, Abramov and Jacobs, 1966; Wiesel and
Hubel, 1966 and Gouras, 1974). The fact that these colour dependent
central responses have been observed with two-dimensional spot
patterns, rather than purely one-dimensional grating patterns, is also
consistent with the electrophysiological observation that cortical
neurones, which yield colour selective responses, usually have non-
oriented receptive fields, whereas those with oriented receptive
fields are usually non-colour selective in their response
characteristics (Hubel and Wiesel, 1968; Gouras, 1974).

The experimental data, shown in fig. 3.28, reveal that
measurements with a subject possessing a congenital dichromatic colour
vision defect, deuteranopia, yield significant modification of the

normal response pattern (see fig. 3.17). Thus, the method described
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could be particularly useful in the analysis and classification of
acquired colour vision defects, and may also help to resolve the
conflicting interpretations of congenital red-green colour defects

(Nunn and Ruddock, 1978; Alpern, 1979).

Investigation of the central colour vision defect in subject M.W.
(see chapter IV) confirmed his gross insensitivity to red light
stimuli, and demonstrated that although he is unable to perceive red
spectral patterns, they can contribute to his visual responses, such
as stereoscopic vision and binocular rivalry. He also exhibits the
contrast threshold elevation effect with grating patterns, although
figure 4.11 shows that, in his case, there is some abnormal bandwidth
selectivity. In comparison with normal data, M.W.'s visual acuity is
greatly reduced for stimulus wavelengths,)\2580 nm, for which he also
has low response sensitivity, and which appear 'silvery-grey' to him.
In the other regions of the spectrum, 470 nm 2 )\S 540 nm, his acuity
is comparable with that of a normal observer, under similar
experimental conditions, and therefore his visual system is capable of
high spatial resolution. This is also true for motion detectionm,
where M.W. gives near normal response to green light, but grossly
abnormal ones to red light (Barbur, Ruddock and Waterfield, 1979).

The data for M.W. has also been examined in relation to the
proposed structural and functional organization of the visual cortex.
Recent electrophysiological and anatomical studies of primate visual
systems (Hubel and Wiesel, 1968, 1970; Zeki, 1978c,d; Cowey, 1979)
have shown that single cortical neurones possess a high degree of

specificity in response to the various stimulus attributes, and that
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the multiple projection maps of the visual field, each has a specific
associated response, i.e., colour discrimination (area V4, Zeki,
1978d), or motion detectiom (superior temporal sulcus (STS), Zeki,
1978d). The experimental data of chapter IV do not support the
hypothesis that different parameters, of the retinal image, are
independently analysed in the separate visual areas of the cortex, but
suggests that the central mechanisms responsible for colour, motion
and spatial structure are interdependent, since a colour anomaly
within the central visual pathways seems to affect all three of these
functions.

M.W. has also provided evidence on the nature of visual responses
to visual images, which produce distortions, termed visual illusions.
It has been proposed both that these arise from distortioms introduced
into the signals as they are relayed along the visual pathways
(Ginsburg, 1975), and that they are due to some central cognitive
processing (Gregory, 1966, 1972). The experimental results of
chapter IV establish that it is possible to divide the illusions into
two groups; those such as the Kanizsa triangle, which can still be
perceived by M.W., even though he fails to resolve all the elements in
Fhe pattern, and those such as the Miller-Lyer illusion, which require
perception of all the pattern's elements for the illusionm to be
perceived. It is concluded that the first group of illusions (Group
A, chapter IV) cannot be dependent upon the activity of cognitive
mechanisms, and must result from distortions introduced into the
signals during transmission along the visual pathways. The second
group of illusions (Group B, chapter IV) may be the result of signal

distortion arising in the transmission mechanisms, located more
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centrally than the site of M.W.'s defect, or, indeed, may result from

cognitive processing of visual images (Gregory, 1972).

The analysis of the visual responses of the albino subject (see
chapter V) suggest, in contrast to previous reports (Pickford, 1958),
that albinos do not exhibit any intrinsic colour vision anomaly. The
gross impairment of his visual acuity is reflected in all of his
visual responses, which are all confined to a very low and limited
range of spatial frequencies. His threshold responses to 'beat'
detection lead to the conclusion that this abnormal low-pass filter
must be situated at a post-receptoral level in the visual system, such
that the conditions for 'beat' detection (Burton, 1973) are satisfied.
These are that beats can only be detected on the assumption that
visual resolution is not set at the photoreceptor level, and also that
non-linear processing of the illumination must occur in a mechanism,
prior to that which sets the limit of D.C.'s resolving power. It
seems likely that the abnormal post-receptoral responses are caused by
abnormal development in response to blurred images on receptive fields
associated with ganglion cells and lateral geniculate neurones, as has
been described electrophysiologically by Ikeda and Tremain (1979).

Measurements of inhibitory binocular interaction suggest that in
contrast to normal subjects, where the transcallosal fibres of the
corpus callosum perform the function of linking together the two half-
field representations in the two hemispheres of the visual cortex
(Zeki, 1978e), there is no such function in the albino because there
is mapping of the whole visual field onto each hemisphere. The data

also suggests that any interocular transfer is absent, and there is no
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inhibitory binocular interaction between the two eyes. This can be
taken to imply one of two things; either the transcallosal fibres, if
present, are devoid of any functional capacity, or that they are not
responsible for transmitting signals interocularly, nor the inhibitory

effect of the conditioning grating (Ruddock and Wigley, 1976).

The study of hemianopic vision (see chapter VI) has established
that the retino-cortical pathway does not carry all of the afferent
signals relating to the retinal image, and some response can be
elicited by stimulation of the non-cortical pathways. Psychophysical
analysis of the responses in these pathways is not usually possible,
because the cortical pathway dominates in such studies. Understanding
of these pathways is none-the-less of great consequence, because they
serve important functions in the visual orientation of animals in

space (Sprague, 1966; Schneider, 1969; Mohler and Wurtz, 1976).

The investigation described in this thesis has revealed a number
of new functional aspects of central visual processing in man. The
new method for the investigation of central colour vision organization
should find further application in the study of congenital and
acquired colour vision deficiencies, and the 'beat' method analysis of
the albino's visual acuity is the first application of this
potentially powerful method in the study of abnormal visual pathways.
Extension of the methods used in these studies should provide further
insight into the organization of central visual processes in man. The
reliability and invariant nature of visual processing under change of
image magnification, rotation, displacement and distortion require
powerful analysis which has yet to be demonstrated by psychophysical

experiments.
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APPENDICES

APPENDIX A

Al: Timer Control Unit

Visual psychophysical experiments require the presentation of
one or more visual stimuli for durations ranging from a few
milliseconds to several seconds. The timing pulses for such
experiments were derived from a set of precision timing elements
(Ferranti, No. ZN 1034E), which were used to drive electromagnetic
shutters (see fig. 2.3 and fig. 2.15, SHI to SH4, chapter II) via
Darlington amplifiers. A circult diagram which illustrates

schematically the timing elements and the shutter circuitry is shown

in fig.A1.
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Fig. A.1 Schematic representation of the electronic circuit used for
generation of timing pulses and the driving of electro-
magnetic shutters. (See text for details).
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The duration of the pulses generated is fixed by the frequency of

an interval oscillator (Unit, No. ZN 1034E) which can be altered

either in steps, by means of externally connected capacitors, or

continuously, by means of a 100 kilo—ohm ten—turn precision potentio-

meter.

The duration of the output signal was measured digitally to

the nearest millisecond for each potentiometer setting of interest and

a typical potentiometer calibration curve is shown in fig. A.2.
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Fig. A.2 Pulse duration measurements

plotted against potentiometer
setting for an externally
connected capacitor of

0.047 uF. The duration of
the timer signals was
measured digitally, to the
nearest millisecond, using a
commercial digital timer unit
(DEVICES Digitimer).

The timing sequence
is initiated by pressing
the trigger switch (see
fig. A.1), and the
inverted (Q) and the non-

inverted (Q) outputs of

the timing elements can be

arranged so as to produce
sequential presentation of
four stimulus channels
(see section A.ii, chapter
II1). The duration of each
stimulus presentation is
set by the choice of the
external capacitor and the
appropriate adjustment of
the ten—turn potentio-—

meter. The shutter

driving circuitry was activated by the inverted or non-inverted

voltage outputs of the timing elements via Darlington power
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transistors (see fig. A.l, No. ZN 6385).

The arrangement described in this appendix provided facilities
for the sequential presentation of three/four stimulus channels. It
is simple to construct and eliminates the need for expensive

commercial digital timing units.
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APPENDIX B

Bl: Counter Unit and Buzzer Circuitry

The size of measurement errors in psychophysical experiments is
primarily determined by the precision of the apparatus and the
judgement consistency of the observer in achieving a threshold
criterion. The mean value of a finite number of independent
measurements represents an unbiased estimate of the population mean
from which the measurements are taken. The number of measurements in
the sample determines the accuracy of the estimate, and extensive
measurements of threshold illumination level required for the
detection of a flashed target (e.g., the most common form of
measurement in the experiments) indicate that six to seven
measurements are required for a +0.04 log unit range in the estimate
of population mean at the 95% confidence level. If the effects
measured are large, a smaller number of measurements may provide a
sufficiently accurate estimate of population mean.

The buzzer unit, shown in fig. B.1l, was designed to count a set
number of measurements, which was specified from a B.C.D. switch
setting made at the beginning of the experimental session, and to
produce an audible 20 ms signal at the end of each set of
measurements. The signals generated on the pressing of the detection
switch (see Chapter II, Section A) were countered by a Decade Counter
(SN7490). The counted pulses were continuously compared with the
output of a B.C.D. switch, which was used to specify the number of
measurements required for an estimation of the population mean. The

comparator unit was made from NAND gates (SN7400) and its output
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Fig. B.1l Counter Unit and Buzzer Circuitry
triggered a monostable multivibrator (SN74121) which produced a 20 ms
pulse. The generated signal was used to drive a small loudspeaker
(L.S., fig. B.1l) via a BCl184 transistor. The un—-inverted output of
the multivibrator was used to zero the decade counter as required for
a new set of measurements.

Most experimental results were obtained by averaging at least six
or seven measurements. In some long experimental sessions, however,
and in particular in experiments with defective sub jects, averages
were made for three or four measurements, because in these cases the

time for measurements was restricted.
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APPENDIX C

Computer Programmes

This appendix contains details of the computer programmes which
were written in order to produce some of the stimulus patterns, and

also to compute meaningful results from the psychophysical data.

Cl: Stimulus Pattern Generation

Several FORTRAN programmes were written to allow circular or
linear patterns to be produced on the face of a high resolution
terminal connected to the University of London computer centre. The
generated patterns were photographed on 35 mm binary film, and the
resulting negatives were copied photographically onto high contrast
film, for which the optical density difference between the light and
the dark areas is at least 3 log units.

A typical programme which was written to produce two-dimensional

arrays of spots of various diameters and interspot separations (as

required for the experimental investigations described in Chapter III)

is listed below:-

PROGRAM DOTS(DATAVW, OUTPUT , TAPE5=DATAVW, TAPE6=OUTPUT,TAPE62)
CALL START(2)
D060I=1,10
DELTA=0.005
READ(5,*)R
N=R/DELTA+0.01
RSTEP=4.0*R
ROWNO=10.0/RSTEP
M=ROWNO

X=0.0

DO 10 I=1,M

Y=0.0

X=X+RSTEP

DO 20 J=1,M
Y=Y+RSTEP

DO 30 K=1,3
RXY=R-(K-1 )*DELTA
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CALL CIRKL(X,Y,RXY)

30 CONTINUE

JJ=N-3

DO 40 L=1,JJ
P=1.8%(RXY-(L-1)*DELTA)
CALL SYMBOL(X,Y,P,1,0.0,-1)
40 CONTINUE

20 CONTINUE

10 CONTINUE

CALL NEW PAGE

60 CONTINUE

CALL ENPLOT

STOP

END

C2: Calculations of the Post—Receptoral Spectral Response Functions

A short computer programme was written to calculate the
sensitivity of the post-receptoral spectral response functions from
both the 15 and W4 spectral sensitivity mechanisms of the standard
ClE observer (Stiles, 1949; numericalldata from Wyszecki and
Stiles, 1967) and also from the 115 and T4 spectral sensitivity
mechanisms of the observers, V.W. and I.H., involved in the
experimental investigation of Chapter III. The programme computes
either the value of B (red-green opponent mecﬂanism, fig. 3.30 see
fig. 3.35) or X (green broad-band mechanism, fig. 3.31, see fig.
3.38) and plots both the computed and the experimental data. A
listing of the programme is given below:-

PROGRAM VICKI (DATAVW, TAPE3=DATAVW, TAPE62,0UTPUT, TAPE6=OUTPUT)
DIMENSION RL (16),GL(16),DV(16),W(40),S(40) ,NUM(6)
CALL START(2)

CALL INTENSE(20)

NUM(1)=10

SMIN=1000.0

VMIN=1000.0

N=2

LINTYP=1

DO 10 I=1,10

READ(3,20) RL(I),GL(I),DV(I),W(I)
20FORMAT(3(F6.2,1X),F5.1)
IF(DV(I).LT.VMIN)VMIN=DV(I)
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10 CONTINUE
DO 17 1I=1,10
DV(I)=DV(I)/ABS(VMIN)
17 CONTINUE

B=0.82 , A=0.26

DO 30 I=1,10

B=B+0.02 A=A+0.02

DO 40 J=1,10

S(J)=RL(J)-B*GL(J) SLJ)=GLIJ)~A*RLIJ

IF(S(J).LT.SMIN)SMIN=S(J)

40 CONTINUE

DO 60 K=1,10

S(K)=S(K)/ABS(SMIN)

S(K+10)=DV(K)

W(K+10)=W(K)

60 CONTINUE

NUM(2)=10

CALL GRAPH (W,S,NUM,N,LINTYP, l0HWAVELENGTH, 10,9HAMPLITUDE,9)
SMIN=1000.0 '
30 CONTINUE

CALL ENPLOT

STOP

END
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SUMMARY

In this paper, the highly abnormal visual responses of a male subject are
- described and the organisation of the central visual pathways in man implied
by these responses is discussed. The subject does not perceive images formed
in light of wavelength A > 610 nm, his visual acuity under such illumination
being at least some 1° of visual angle. Nonetheless, he is able to construct
stereo-images formed by fusion of a red and a green array of random elements
[7], although he cannot perceive the elements of the red pattern. Other
functions of central vision, such as binocular rivalry and contrast threshold
elevation for grating stimulus patterns, are also elicited by unperceived red
patterns. The results are examined in relation to the electrophysiological
organisation of the central visual pathways.

We report psychophysical observations on a male subject, M.W. aged 26
years, who possesses a very unusual colour vision defect and also suffers loss
of pattern recognition for long wavelength stimuli. The several abnormal
features of his colour vision have previously been reported in detail [2], and
his inability to resolve red objects is associated with abnormal increment
threshold sensitivity for long-wavelength stimuli. Thus, his dark adapted
threshold sensitivity for a foveally fixated 1° circular target of wavelength
650 nm is about 10° times less than that of normal vision, but increment
threshold sensitivity increases when the target is superimposed on a maintained
background field. The subject describes light stimuli of wavelength A > 610 nm
as black when they are seen in daylight, whereas red lights seen by the dark
adapted eye are described as ‘silvery-grey’. In red light, he can perceive only
gross spatial features subtending 1° to 2° of visual angle, and his grating visual
acuity, measured with 100% modulated, high illumination level sinusoidal
interference fringes derived from a 632.8 nm He—Ne laser beam, was less than



94

0.5 cycle/°, compared with a value of about 60 cycle/° for normal subjects. His
acuity for white light grating patterns is, however, normal and equivalent to
6/5 vision with either eye. In spite of M.W.’s low sensitivity to red light,
measurements [2] reveal activity of the =5 (red-sensitive) increment threshold
mechanism and pupil reflex was observed for red lights which he could not
detect visually. We deduce, therefore, that M.W.’s visual defect arises at least
partially from malfunction of units in the central visual pathways and we have
investigated other functions of central vision. These are: (i) the contrast thres-
hold elevation effect for linear grating stimulus patterns (e.g. ref. 4). This
effect, which is transferred interocularly, probably arises in the primary visual
cortex [9]. (ii) Recognition of stereoscopic images constructed from two-
coloured, randomly distributed elements (anaglyphs) [7]. Steroscopic fusion
requires convergence of neural signals from the two eyes, and there occur
cortical neurones capable of steroscopic depth discrimination [1,6]. (iii)
Binocular rivalry between crossed linear gratings which arises only after signals
from the two eyes converge, probably at a level of the visual system central to
the mechanism responsible for the contrast threshold elevation effect [3,13].

All three functions depend upon visual resolution of spatially patterned light
stimuli and in each case we employed long wavelength lights such that the
patterns were not perceived by M.W. Long wavelength stimuli were obtained
by filtering white light through a 630 (+5) nm narrow band interference filter
(Balzer, type B40). Although it was not always possible to place the interfer-
ence filter in parallel light beam, spectrophotometric measurements established
that for a £7° angle of incidence, equal to the maximum value employed in the
experiments, the filter transmission curve was shifted to shorter wavelengths by
only some 5 nm. The observations and results for each experiment were as
follows.

(i) The contrast threshold elevation effect for linear gratings was measured
for dichoptic presentation of the test and adaptation gratings, with a blue test
grating presented to the right eye and a high contrast adaptation grating, which
could be either red (630 nm) or blue, presented to the left eye. The gratings
were presented dichoptically because under these conditions, the contrast
threshold elevation effect for normal vision is non-colour selective [10],
whereas colour selectivity has been observed in monoptic experiments [12,11].
Data (Fig. 1) are given for a single square-wave test grating, of fundamental
spatial frequency, f;, equal to 5.6 cycle/® and for a series of adaptation gratings
of different fundamental spatial frequencies, f,. Results for a female subject
with normal vision (V.A.W. aged 22 years) show that for both red and blue
adaptation gratings, the amplitude of the effect, A, is a maximum for f, equal
to f; (5.6 cycle/°) and falls to an insignificant value for f, = %f; and £, = 2f;
(Fig. 1), as has been reported in previous investigations [4,10]. Results for
subject M.W. (Fig. 1) yield similar A values for both adaptation gratings, but
they deviate markedly from those of the normal subject for adaptation to a
uniform (f, = 0) adaptation gratings. M.W. was unable to perceive any of the
red adaptation gratings, all of which appeared as a uniform ‘silvery-grey’ area,
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Fig. 1. Contrast threshold elevation, A [10,11], measured for a blue (436 + 15 nm) test
grating and both red (630 + 5 nm) and blue (436 + 15 nm) adaptation gratings, with the test
grating presented to the right eye and the adaptation grating to the left eye, The test grating
was of fundamental spatial frequency, f;, equal to 5.6 cycle/° , and the adaptation gratings
were of fundamental spatial frequency f,. Closed symbols refer to the red and open symbols
to the blue adaptation grating. Each point is the mean of four observations and error bars
denote the standard error; for f, = 0, the points were measured fourteen times for observer
M.W. The lines through the data points serve to connect successive values of A. Data for
subject M.W. (circles); data for subject V.A.W. (squares), the mean values of which are joined
by the broken line. Similar errors were obtained for all data points and for clarity, only
selected error bars are included.

but, as the results establish, these unperceived red gratings induce the same
adaptation effects as do the blue adaptation gratings, which he readily per-
ceived. The measurement for the uniform adaptation grating (f; = 0) was
repeated fourteen times with each adaptation colour, and despite the intrinsic
difficulties of such threshold measurements, we are satisfied that M.W.’s data
deviate significantly from the normal response pattern for this adaptation
condition.

(ii) Stereoscopic fusion Julesz anaglyphs {7], printed in red and green
inks, were viewed with a red (630 nm) interference filter placed before one
eye and a green (630 nm) interference filter placed before the other. Experi-
ments were conducted both under artificial fluorescent lighting and under
Northern daylight (colour temp. 6500 K) and essentially similar results were
obtained for both illumination conditions. M.W.’s acuity for vision through
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the 630 nm filter was such that he could identify the edge region of high
contrast, bar shaped patterns of width greater than 2° and could detect some
variation in contrast for bars of width greater than 1°. He detected no spatial
structure in the anaglyphs when viewing through the red interference filter,
but the anaglyph elements, the width of which subtended some 12’ at the
subject’s eye, were resolved through the green (530 nm) filter. A number of
anaglyphs were presented in random order and examples from the series
containing different degrees of correlation between the red and green patterns
(Figs. 8.1.2 A to G [7]) were interposed at intervals throughout the observa-
tions. M.W. had not previously seen the anaglyphs, but as a further percaution,
the descriptive text was obscured. M.W. was able to identify, in both stereo
perspectives, the anaglyphs containing graded correlations at 100 and 90%, and
could partially identify that at 80%; subject K.H.R. gave very similar results but
subject V.A.W. could identify completely the pattern at 80% correlation and
could identify, in part, that at 70%. In general, M.W.’s ability to identify the
different anaglyphs was similar to that of the reference subjects with normal
vision, K.H.R. and V.A.W. Attempts, by normal subjects, to simulate M.W.’s
responses by placing either neutral density filters or scattering glass before the
red filter were unsuccessful, as in neither case could the anaglyphs be identified
correctly for grating visual acuity of less than some 5 cycle/deg., compared
with M.W.’s maximum acuity of % cycle/°. The results show that M.W.’s ability
to fuse stereo-images is unimpaired by the functional abnormality which causes
the loss of acuity for red patterns.

(iii) Binocular rivalry was investigated by presenting crossed vertical and
horizontal, high contrast square wave gratings, one to each eye, in a stereo-
viewer. The gratings, which were produced photographically on square white
cards, were of fundamental spatial frequency 3 cycle/® and the side of the cards,
subtended 10° at the subject’s eye. The gratings were viewed under Northern

_daylight and the subject was requested to indicate a change in dominant
appearance from vertical to horizontal bars, or vice versa, by pressing a buzzer.
The sequence of changes was timed over five minute periods. M.W. could
resolve the gratings under daylight illumination, and reported detection of the
vertical bars for 69% of the presentation time and of the horizontal bars for
31% of the time. With the horizontal grating viewed through the 630 nm inter-
ference filter and the vertical grating viewed through the 530 nm interference
filter, he detected the vertical grating for 68% of the presentation time, but
for the remaining 32% of the time, he reported that this was suppressed,
although no clear structure was then seen. In both these measurements, the
vertical grating was seen for periods of some 8-sec duration and was sup-
pressed for periods of some 3.5-sec duration. With the horizontal grating
viewed through the green filter and the vertical grating through the red filter,
M.W. detected the horizontal grating for 58% of the presentation time and no
clear structure was seen for 42% of the time, corresponding to average detec-
tion periods of some 11 and 8 sec respectively. Finally, when the horizontal
grating was replaced by a uniform white card, M.W. detected the vertical
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grating without binocular suppression both when viewing in daylight and with
the vertical grating and the uniform field viewed through the green and red
filters respectively. This last observation establishes that the binocular rivalry
depends upon the presentation of crossed grating structures to the two eyes.
Thus, although M.W. was unable to perceive the 3 cycle/deg. grating when
viewing through the red filter, this grating was capable of producing rivalry
effects with a crossed, green grating seen through the other eye.

All three experiments indicate that for subject M.W., unperceived red spatial
patterns contribute to responses arising in central visual mechanisms. His very
unusual dichromatic colour matching characteristics and increment threshold
responses [2] imply that M.W.’s abnormal responses are associated with mal-
function of the primary visual pathways, although his visual response character-
istics do not correspond to any previously reported. His defect, which may be
one of the colour aphasias described briefly by Duke-Elder [5], appears to be
non-progressive, as he has been aware of it since early childhood and his
response functions have remained stable during the six years of our study.
Ophthalmoscopic investigation has revealed no abnormalities in his retina or
ocular media. No other members of his family are known to exhibit similar
visual responses, although congenital redgreen deficiencies were found in both
paternal and maternal families. Our observations show that M.W. suffers from a
visual defect which severely impairs his detection of red coloured spatial
patterns, but does not interfere with stereoscopic vision or binocular rivalry
effects elicited by red patterned stimuli. The contrast threshold elevation effect
can also be elicited by red grating patterns although there is evidence of some
abnormality in responses associated with this effect (Fig. 1). The visual defect
is therefore restricted to certain functions involving the detection of red light
stimuli. This implies that either the neural pathways processing stereoscopic
function, binocular rivalry etc. are organised in parallel with the defective
pathways, or the defect arises at a stage of processing central to the mecha-
nisms responsible for normal responses such as stereoscopic fusion. Lu and
Fender [8] have demonstrated that stereoscopic fusion of Julesz anaglyphs
cannot be mediated by chromatic contrast, and infer independence between
the visual mechanisms responsible for colour discrimination and those respon-
sible for stereoscopic fusion, and inference consistent with M.W.’s response
characteristics. Neurophysiological evidence suggests that different attributes
of the visual image, such as stereoscopic depth [6] and colour [14], may be
processed in different areas of the visual cortex and psychophysical evidence
such as that presented here could provide information on this question.
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DISTORTIONS OF RETINAL IMAGES INHERENT IN SIGNAL TRANSMISSION BY THE
VISUAL PATHWAYS

K.H. Ruddeock and Vicki A. Waterfield
Depts. Physics (Biophysics) and Zoology, Imperial College, London SW7 2BZ.

INTRODUCTION

Visual pattern recognition requires both transmission fram the eye to
the cortical centres of signals elicited by the retinal image and
association of the transmitted signals with known objects. Vision
research is largely concerned with the mechanisms of signal trans-
mission and both psychophysical and electrophysiclogical studies have
shown that these mechanisms exhibit responses which are highly specific
for different stimulus characteristics (4,5). It is difficult to
analyse the 'association® stage of pattern recognition but the activity
of -the underlying cognitive mechanism has been inferred from the illu-
sory appearance of certain stimulus parameters (3). It has been pro-
posed, however, that visual illusions are the result of distortions
introduced during transmission of signals along the visual pathways
and same illusory effects can be computed on the basis of spatial
filters which simulate known visual response characteristics (2). We
present experimental data relevant to this problem which were obtained
in studies on a male subject, M.W. This subject possesses a highly
unusual visual defect (1) and the experiments exploit a particular
aspect of this defect, namely, that he is unable to resclve red (A »>
610 nm) patterns which subtend less than 1@ visual angle at the eye.
His visual ecuity for black and white patterns 1s normel, at about 1'
visual angle and previaous experiments (6) have established that several
functions of central vision, including global stereascopy are unaffect
ed by the abnormality, which is revealed specifically in the perception
of chramatic, particularly red, patterns.

METHOOS

A number of illusory patterns were printed either in red or in red and
black and were presented to M.W., together with related 'null' patterns
The visual illusions printed in this form were detected by normal sub-
jects and M.W. was able to identify all the illusions when they were
printed in black and white. The sets of printed patterns are illus-
trated in Fig. 1, togetber with drawings of them made by M.W., and
these latter show clearly the impairment of spatiel resolution for the
red components af the patterns. The illusaory effects are as follows:
Fig. 1Aia; the Kanizsa triangle, eppears as a bright triangle with
apices formed by the segments cut from the circles. The right hand
side of the triangle is lost in the 'null’ patterns [(Fig. 1Aib,c).
Fig. 1Bia, the Ehrenstein effect, gives a bright circle with clrcum-
ference delimited by the inner ends of the lines. The effect is also
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seen as a semi-cirfcle in Fig. 41Blc, but is lest in Figs. 1Bib,d. Fig.
1Cia is the Poggendorf illusion, in which the two disgonal lines appear
discontinuous, although they are parts of the same straight line. The
null pattern of Fig. 1Cib shows that the effect is due to the parallel
vertical 1ines. The Miller-Lyer effect is seen as a length difference
in the two'horizaontal lines (Fig. 10ia) which are of the same .physical
length, and as the displacement of the shart, central vertical line
(Fig. 1Eia) to the left. The effects are lost in the null patterns
(Figs. 10ib and 1Eibl. The Ponzo illusion (Fig. 1Fial, in which the
upper of the two horizontal lines appears longer, although they are ot
equal physical length, is lost in the null printing (Fig. 1Fib].

RESULTS

Forty copies of each pattern were printed and the patterns relating to
each illusion were presented in random order to M.W., who was asked to
state for each pattern whether or not he could detect the appropriate
illusion. The results are summarized in Table 1, which gives the per-
centage of presentations on which the illusion was perceived.

CONCLUSIONS

The results show that the illusory patterns can be divided into two
groups:; those, such as the Kanizsa triangle (Fig. 1al) which are detect-
ed by M.W., even though he does not perceive all components aof the
illusory pattern, and those such as the Miller-Lyer illusion, which he
does not detect unless all components of the pattern are perceived. We
conclude that the former group of illusions cannot depend on the activ-
1ty of cognitive mechanisms, as M.W. does not perceive the patterns
which give rise to them, and they must therefore be the result of
distortions introduced during signal transmissiaon along the visual
pathways. The second group of illusions may also be caused by signal
distortions arising in transmission mechanisms central to the site of
abnormal function in M.W.'s visual system, or they may be caused by
cognitive activity. It cen be demonstrated that visual illusions can
be divided into two groups according to responses of normal subjects
and that these groups correspond to those found in the experiments
with M.W. (5].
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'Br' in Biia and Biic were seen as brighter than the
general background.
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SUMMARY

1. The contrast threshold level for visual detection of a linear grating consisting of
parallel light and dark bars is increased by adaptation to a high contrast grating of
spatial characteristics similar to those of the test grating (e.g. Blakemore & Campbell,
1969). This so-called contrast threshold elevation effect is significantly reduced if two
adaptation gratings, with appropriate different spatial characteristics, are presented
one to either eye (Ruddock & Wigley, 1976). We have studied the contrast threshold
elevation effect obtained with a test and an adaptation grating presented to one eye
and a second adaptation grating, referred to as the conditioning grating, presented to
the other.

2. Preliminary data are presented for three subjects with normal stereoscopic
vision. In each case, the contrast threshold elevation effect for a pair of spatially
identical test and adaptation gratings is significantly reduced by a conditioning
grating of spatial frequency in the range 1-5 ¢/deg.

3. Reduction in the contrast elevation effect is observed whether the conditioning
and adaptation gratings are of the same or of different wave-lengths and the effect of
the conditioning grating increases to a steady-state level over a period of some 30 sec
following onset of its presentation.

4. Measurements were made with a 5 deg diameter circular test grating presented
at retinal locations up to 8 deg in the horizontal and vertical meridians from a foveal
fixation point. It was found that in the horizontal meridian, the amplitude of the
suppression effect associated with the conditioning grating falls as the displacement
angle of the test field from the fixation point increases. For displacements in the
vertical meridian, however, the amplitude of the suppression effect is virtually
mdependent of the retinal location of the test field.

. Under experimental conditions which yield suppressmn of the contrast threshold
elevatlon effect for subjects with normal stereoscopic vision, no suppression was
found for three subjects who possessed neither global nor fine stereoscopic vision.
Results for a subject who possessed fine, but not global stereoscopy, did, however,
show the suppression effect.

INTRODUCTION

Psychophysical studies of binocular vision in humans have been concerned largely
with summation of brightness or the characteristics of binocular fusion and depth
perception. Recently, however, it has been shown that a number of visual effects

0022-3751/79/3300-0616 $01.50 © 1979 The Physiological Society
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associated with one-dimensional, spatially periodic light stimuli (called grating
stimuli) are transferred interocularly and consequently new information regarding
the organization of binocular vision has been obtained. The effects which can be
transferred interocularly include the elevation of threshold contrast level for detection
of a test grating which is associated with pre-adaptation to a grating of similar spatial
periodicity and orientation (Gilinsky, 1968; Pantle & Sekuler, 1968; Blakemore &
Campbell, 1969). Electrophysiological studies of light evoked signals recorded from
single neurones in the primary visual cortex of cat and primate have shown that
neurones are sensitive to bar-shaped stimuli of appropriate width and orientation in
the visual field (Hubel & Wiesel, 1962, 1965, 1968). It was also shown that all such
neurones are to some extent controlled by appropriate stimuli presented to either eye,
even though the signals received from one eye may be expressed only in inhibition of
those received from the other (Henry, Bishop & Coombs, 1969). The demonstration
that some psychophysical phenomena associated with bar-shaped stimuli can be
transferred interocularly is, therefore, consistent with the response characteristics of
neurones in the primary visual cortex.

Both psychophysical and electrophysiological investigations into binocular vision
have usually employed similar light stimulus configurations for eliciting signals from
both eyes. When two light stimuli of different spatial characteristics are presented,
one to either eye, perception of the two stimuli alternates in time, and this is known as
binocular rivalry. It has been shown that under experimental conditions which
simulate binocular rivalry, the contrast threshold elevation effect remains unchanged
(Blake & Fox, 1974), from which observation it was deduced that the neural centres
for binocular rivalry are centrally located in relation to those responsible for the
adaptation effect. We have studied the contrast threshold elevation effect by
presenting, simultaneously, two different adaptation gratings, one to either eye. The
original aim of the experiments was to determine a summation index for signals from
the two eyes, but as has been shown, only inhibitory interactions between signals
from the two eyes are found (Ruddock & Wigley, 1976).

METHODS
Equipment

One-dimensional sinusoidal spatial distributions of ilumination were formed on the retins by
laser interference methods (Le Grand, 1937; Byram, 1944; Arnulf & Dupuy, 1960; Campbell &
Green, 1965). Thoe interference fringes produced in this way were of high contrast and high
space-average illumination level, and by using either a tunable Argon ion laser (Coherent
Radiation Model 54) or a helium-neon laser (Spectra-Physics Model 120), a selection of wave-
lengths was available. The interference fringe patterns were produced by means of a Mach-
Zehnder type interferometer (Born & Wolf, 1970), which has been described in detail by its
designer (Burton, 1978). The radiometric flux levels of all light stimuli were measured with a
photomultiplier system (EMI type 9698) and the equivalent photometric flux values were
measured with a lumeter (Holophane type 48A). The instrument provides 30 deg diameter,
circular visual fields, but in some experiments (data from which are plotted in Fig. 4), the diameter
of visual fields was reduced to 5 deg by placing a circular stop in the back focal plane of the
microscope objective which forms the interferometer eyepiece.
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Ezperimental procedure

The experimental procedure follows closely that introduced by Blakemore & Campbell (1969),
using the medified methcd of Maudarbocus & Ruddock (19738). The adaptation effect associated
with a high luminance grating stimulus was determined under monoptic presentation of the test
and adaptation gratings. The adaptation grating was presented for two minutes, during which time
the observer scanned the grating pattern so as to avoid local adaptation effects. The test grating
was then presented for 3 see, during which time the observer could adjust its space-average
illumination level. The adaptation grating was then presented for a further 10 see, followed
Dy & further 3 sec presentation of the test grating, and the cycle was continued until the subject
sot the test grating to an illumination level such that it could just no longer be resolved. The
illumination level corresponding to this threshold condition is denoted by I°. The experiment
was repeated, but the adaptation grating was replaced by a uniform field of illumination level
equal to the space-average illumination level of the adaptation grating. The illumination level
required for threshold detection of the test grating, 7, was again determined and the grating
threshold adaptation effect arising from the grating structure was measured as

A =log I'~log I. (1)

This method of determining the grating threshold adaptation effect differs somewhat from that
used by Blakemore & Campbell (1969) in which the contrast threshold level of the test grating
was determined at the same mean illumination level as the adaptation grating. It has been
shown, however, that the two methods of measurement yield broadly similar response
characteristics (see Mandarbocus & Ruddock, 19738). In the majority of the experiments to be
described, a second grating (the conditioning grating) was presented contralaterally to the test
and adaptation gratings. The conditioning grating was presented in & 10 sec on, 3 sec off cycle,
in synchrony with the adaptation grating cycle. The space-average illumination levels of the
adaptation and conditioning gratings have been defined on a logarithmic scale, the zero value of
the seale corresponding to the threshold illumination level for threshold detection of the grating.
The reason for choosing this scale was that adaptation gratings of different spatial frequency
values and different wave-lengths, but with the same illumination level on this scale, yield the
same values of A for a spatially matched test grating (Maudarbocus & Ruddock, 1973b). Except
where otherwise stated, each adaptation grating was set at a space-average illumination level
4-5 log units above the threshold level for its detection. This is equivalent to a retinal illumination
level of some 4 log td, although the photometric equivalent varies slightly with change of spatial
frequency and/or wave-length. The combinations of non-matching adaptation and conditioning
patterns produced binocular rivalry, which manifested itself as wholesale disappearance of one or
other pattern. No subject reported a stereoscopic tilt effect, although each was instructed to look
for it when the patterns favoured its appearance (Balkemore, 1970).

Observers

All subjects possessed normal colour vision and were not astigmatic for detection of vertically
or horizontally oriented lines. 12.1W., aged 24 3, female, V.V, aged 22 y1, female, R. D., aged 19 yr,
male, T.L., aged 25 yr, male, and K.R., aged 36 yr, male, possessed normal stercoscopic vision.
Global stereoscopy was assessed by the ability of the subject to identify stereoscopic images
formed by fusion of two-colour anaglyphs (Julesz, 1971). Fine stereoscopy was measured with a
pair of vertieal rods, which could be varied in relative distance from the observer. Three stereo-
blind subjects tool: part in the investigation: A.C.,aged 24 yr, male, D.P., aged 21 yr, male, and
D.C., aged 33 yr, male. The first two have received correction for congenital squint, and D.C. is
an albino with spatial resolution for lincar gratings restricted to values < 4 ¢f/deg. Subject G. Y.,
aged 21 yr. male, has a hemianopie visual ficld, with sparing for some 3 deg around the central
fovea. This condition followed an accident, as a result of which the optic radiation of the left
hemispliere was severed. G.Y. was unable to fuse the anaglyphs, but possessed normal foveal
fine stereo-acuity as measured with the vertical rods.
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RESULTS

The suppression of the contrast threshold elevation effect by the conditioning
grating is illustrated in Fig. 1, which includes data for three subjects with normal
stereoscopic vision. Similar results have been found for a further three normal
subjects. Measurements were made for fixed test and adaptation gratings, both of
spatial frequency 7 ¢/deg, presented to the right eye, and a conditioning grating
presented to the left eye. Values of A were determined for a number of spatial

0-0 L
0

A 1 . 1 - 1 1 ~l ) E—
1 2 3 4 5 6
feg e/’

Fig. 1. Values of A (eqn. (1)) plotted against the spatial frequency, f,,, of the conditioning
grating. The test and adaptation gratings, both of spatial frequency 7 ¢/deg, were
presented to the right eye and the conditioning grating to the left eye. All gratings were
oriented in the vertical meridian and were of wave-length 632-8 nm. The adaptation
grating was set at an illumination level 4-5 log units above its threshold illumination
level and the conditioning grating set such that its space-average illumination level was
equal to that of the adaptation grating. Data for three observers with normal stereo-
scopic vision, R.D. (—.—), T.L. (---) and E.W. Each point is the mean of ten
observations and a typical standard deviation bar is shown to the lower right of the
Figure.

frequency values, fcg, of the conditioning grating. With the spatial frequency of the
conditioning grating in the frequency range 1 to 5 ¢/deg, there is for each subject a
significant fall in the value of A, and even at 7 ¢/deg the value of A for each subject is
less than that found in the absence of the conditioning grating. A similar result is
obtained for other spatial frequency values of the test and adaptation gratings
(Ruddock & Wigley, 1976). The effect of the conditioning grating hasbeen determined
for a number of different experimental conditions. In Fig. 2, A has been plotted
against log I, the space-average illumination level of the conditioning grating. Data
are given for two wave-lengths of the conditioning grating, 632-8 nm (open circles)
and 488 nm (crosses), the test and adaptation gratings being of wave-length 632:8 nm
in each case. The variation of A with log I is similar for both conditioning wave-
lengths, thus the suppression of the contrast threshold elevation effect by the
conditioning grating is not wave-length selective. The contrast threshold elevation
effect itself is similarly non-wave-length selective for dichoptic presentation of the
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test and adaptation gratings (Maudarbocus & Ruddock, 1973a). Also plotted in
Fig. 2 are values of A measured for different illumination levels of the adaptation
grating in the absence of the conditioning grating (filled circles). The range of illumina-
tion level over which A varies and the slope of the A-log I curve is similar for both
functions plotted in Fig. 2, except that A increases with increase in the illumination
level, I, of the adaptation grating and decreases with increase in the illumination level

0.0 1 1 ! [ 1 S
a0 20 4-Q 6-0
Log/

Fig. 2, Values of A (equ. (1)) plotted against the logarithm of the relative illumination
lovel, I. The test and adaptation gratings, both of spatial frequency 7 c/deg and
wave-length 632-8 nm, were presented to the right eye and the conditioning grating, of
spatial frequency 3 ¢/deg, was presented to the left oye. Data represented by the open
circles and crosses refer to conditioning gratings of wave-lengths 632-8 and 488 nm
respectively, presented at space-average illumination levels I. The adaptation grating
was set at a space-average illumination level of 4-5log units (log I equal to zero
corresponding to threshold illumination level for detection of the adaptation grating).
Data represented by filled circles correspond to A values determined without the
conditioning grating, and for an adaptation grating of space-average illumination
lIevel. 1. All points are the mean of ten determinations and a typical standard error bar
is shown to the right of the Figure. Observer E. W,

of the conditioning grating. The similarity of the two different A-log I functions
sugrests that the same non-linear responses contribute both to the contrast threshold
elevation effect and to its suppression by the econditioning grating. The A-log 7
function for the contrast threshold elevation effect itself is consistent with the
non-linear signal fransformations observed in electrophysiological responses of retinal
neurones (Maudarboeus & Ruddock, 19735) and if the non-linear function were indeed
of retinal origin, it would nceessarily operate on all visual signals transmitted to the
central pathways.

The time course of the inhibitory action of the conditioning grating was determined
by measuring A as a function of f¢g, the duration of presentation of the conditioning
grating. The cxperimental data are given in Fig. 3, which also shows the build-up of A
as a function of tyg, the duration of presentation of the adaptation stimulus. Initially,
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a uniform conditioning field, which has only a small suppression effcct, was presented
to the left eye, with the adaptation and test gratings presented to the right eye. The
data points were each obtained in a single presentation cycle of the adaptation and
test gratings, and the duration #, .z Of adaptation was increased by 10 sec on each
presentation, with the test grating presented for 3 sec in each case. The adaptation
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Fig. 3. A plotted as a function of time, ¢, in seconds. The build-up of the adaptation
effect (filled circles) was determined with a uniform conditioning field presented to the
left eye for a period ¢, simultaneously with the presentation of the adaptation grating
to the right eye (left inset). The fall-off of A (open circles) was determined by replacing
the uniform conditioning field with a conditioning grating of spatial frequency 3 c¢/deg,
A being determined as a funetion of £, the duration of presentation of the conditioning
grating (right inset). Also shown (crosses) is the time course of A when the adaptation
grating is replaced, at time ¢,, equal to zero, by a uniform field of illumination level equal
to the space-average illumination level of the adaptation grating, and with a uniform
field conditioning grating in the other eye.
The other stimulus parameters were the same as those in Fig. 1. Observer E.'W.

effect, as measured by A, saturates for a value of t,, equal to some 20 sec, as was
found by Blakemore & Campbell (1969). The time course of the suppression effect
was established by replacing, after one minute of adaptation, the uniform
conditioning grating with one of spatial frequency 3 ¢/deg, and determining the
value of A for different durations, {,,, of presentation of the 3 ¢/deg conditioning
grating. Also plotted in Fig. 3 (crosses) are points obtained by replacing the adapta-
tion grating with a uniform field of the same mean illumination level. The time course
of A is similar for both the 3 ¢/deg conditioning grating and the uniform field
substitution, although in the latter case, the value of A falls to zero rather than to the
steady value of about 0-16 observed with the 3 ¢/deg conditioning grating. Presenta-
tion of the conditioning grating to the left eye thus leads to a temporal sequence of
changes in A which is similar to those observed if the adaptation grating stimulus is
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replaced by a uniform field. We propose, therefore, that the suppression action of the
conditioning grating is essentially an inhibitory control on the signals arising from the
adaptation grating stimulus, that is, the conditioning grating effectively shuts off the
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Fig. 4. A plotted against 6 or ¢, tho angle of eccentricity from tho central fovea of the
circular test and adaptation grating field centres, the fields being 5 deg in diameter, The
circular conditioning grating was of 30 deg diameter. 4, values for displacement in
the vertical meridian of the test and adaptation gratings. Open circles correspond to a
conditioning grating stimulus of spatial frequeney 3 e/deg, crosses to valuos obtained
with & 7 e/deg conditioning grating. Stimulus of wave-length 632:8 nm. The data points
are the mean of ten values and the error bars refer to the standard deviations for each
point. Observer E.W. B, as Fig. 44, but for displacement in the horizontal meridian.
Observer E.W. C, the difference between values of A measured with conditioning
gratings of spatial frequeney 7 ¢/deg (4,) and 3 ¢/deg (4,), plotted against retinal
location of the test and adaptation gratings. Crosses correspond to the values for
displacements @ deg, along the horizontal meridian, and filled circles to values for
displacement, ¢ deg, along the vertical meridian. Observer K.R.

adaptation stimulus, although the finite value of A obtained in the stcady state

(tee

> 30 sec) shows that the inhibition is incomplete.

The data presented in Figs. 1 to 3 were measured for circular visual fields of 30 deg
diameter. We were able to reduce the diameter of the test and adaptation gratings to
5 deg by placing a stop in the back focal plane of the interferometer cyepiece, and by
superimposing a fixation point in the field of view of the right eye, the 5 deg test and
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adaptation gratings could be located with their centres up to some 10 deg from the
foveal fixation point. This arrangement enabled us to determine the contrast threshold
elevation effect as a function of retinal location for test and adaptation gratings of

spatial frequency 7 ¢/deg. Measurements were made with the gratings displaced both
in the vertical and horizontal meridians, and two sets of data were obtained for each
meridian, one with a conditioning grating of spatial frequency 7 ¢/deg (for which only
a small suppression effect is observed in central vision) and the other with a con-
ditioning grating of spatial frequency 3 ¢/deg (for which a large suppression effect is
observed, Fig. 1). It should be noted that the diameter of the conditioning grating
field remained at 30 deg, thus it covered adequately the visualfield area corresponding
to the different locations of the test and adaptation gratings. Values of A measured in
this way are given in Fig. 4 4 and 4 B which refer to observer E.W. For the vertical
scan (Fig. 44) the values of A differ for the two values of the conditioning spatial
frequency for all angular locations, 8, of the test and adaptation gratings. In the case
of the horizontal scan, however, the values of A found for the two values of feg
converge for presentation at some 8 deg off axis (Fig. 4 B), the values of A for feg
equal to 3 c/deg increasing with increase in the angle of eccentricity, . These data
establish that the reduction in values of A associated with the 3 ¢/deg conditioning
grating is restricted to retinal locations around the vertical meridian, and effectively
disappears at 8 deg displacement of test and adaptation gratings along the horizontal
meridian. The suppression of the contrast threshold elevation effect by the low
spatial frequency conditioning grating is, therefore, a characteristic of the retinal
area surrounding the vertical meridian. Similar measurements were made for
observer K.R., and the difference in the values of A obtained for the two values, fcg,
are plotted against eccentricity (Fig. 4C). The results are similar to those obtained
for observer E.W.; that is, the difference between A values obtained for the 7 ¢/deg
and 3 ¢/deg conditioning gratings remains essentially unchanged for displacement of
the test and adaptation gratings along the vertical meridian, but decreases with
increased displacement along the horizontal meridian.

The observations with non-foveal stimulus locations were particularly difficult to make and the
associated errors are large. We note also that the experimental conditions are such as to under-
estimate variation in A with change in retinal location. Ideally, the test field should be of smaller
diameter, thereby giving more localized estimates of A, and the diameter of the adaptation
grating should have been greater than that of the test grating to ensure uniform adaptation over
the retinal area on which the test grating field was presented. Both improvements were attempted,
but neither proved feasible with the instrumental arrangement employed in these experiments.
Thus, placing a smaller stop in the back focal plane of the objective did produce a smaller test
field but diffraction effects at the edge of the field became intolerably large. Again, alternation
between adaptation and test fields of different diameters could, in principle, have been achieved
by switching stops in the back focal plane of the interferometer eyepieceiln practice,: it was
found that the location of stops in the objective was so critical that we were unable to obtain
correct alignment of the field stops with the available switching mechanisms, Despite these
experimental limitations, it is clear that the suppression of the grating threshold adaptation
effect behaves differently with respect to displacement of the test field in the horizontal and
vertical meridians. -

It has been shown previously that the suppression of the contrast threshold
elevation effect by the conditioning grating is specific to dichoptic presentation of the
conditioning and adaptation gratings and that the effect is restricted to near-vertical



BINOCULAR INTERACTION IN HUMANS

04 i—

00 1 1 ! } 1 1 | | | | i1
0 1 2 3 4 5§ 6 7 8 9 10 11 12
feq c/deg
04}
B
.
03
d " I
\ AN -
\ ’ P e
A \\ /I \\ S -
02 g \\ ,/ \.,’ “~\.// o
\.\ ,
~. RS
.-
01
00 . ] 1 I | 1
0 1 2 4 5 8

3
feg (c/deq)

Tig. 5. A plotted against f.. the spatial frequency of the conditioning grating. Errors
given at the right of the connected data points denote typical standard deviations for
cach subject. Tlie separate data points plotted to the right of the ordinate scale denote
the values of A abtained with no conditioning grating presented to the left oye. 4, data
for stereo-blind subjects D.P. (open and filled cireles) and A.C. (crosses), and for the
subjeet with fine but not global stereoscopy, G.Y. (triangles). The test and adaptation
gratings, of spatial frequency 7 ¢/deg, were presented to the right eye, with the con-
ditioning grating presented to the left eve, except for the filled circles, which were
obtained with the test and adaptation gratings presented to the left eye and the
conditioning grating to the right eye. All gratings were oriented vertically and other
stimulus parameters are as for Fig. 1. Data points are the mean of five readings. B, data
for the albino subject. D.C. (open circles), and for the normal subject, E.W. (filled
circles). The spatial frequeney of the test and adaptation gratings was 2 ¢/deg (D.C.)
and 2:5 ¢/deg (E.W'.), with other stimulus parameters as for Fig. 1. Data points are the
means of four readings.
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orientations of the gratings (Ruddock & Wigley, 1976). Consequently, it was suggested
that the suppression effect may be associated with stercoscopie visual funetion.
Measurements were therefore made with four subjects who possessed abnormal
stereoscopic function, as described in the Methods (Observers) section. The contrast
threshold elevation effect was measured for the three subjeets who possess neither
global nor fine stereoscopy (A.C., D.P. and D.C.), using monoptic presentation of the
test and adaptation gratings. Values of A were obtained for vertically oriented test
and adaptation gratings, of spatial frequency 7 ¢/deg (A.C. and D.P.) and 2 ¢/deg
(D.C.). The values of A were: A.C., right eye 0-30, left eye 0-35; D.P., right eye 0-28,
left eye 0-30; D.C., right eye 0-20, left eye 0-15, the mean error being on average
+0:05. The fact that in every case the A values are significant establishes that both
eyes are responsive to grating stimuli. The effect of presenting a conditioning grating
contralaterally to the test and adaptation gratings is shown in Fig. 5. It is apparent
that although the experimental conditions are such that they produce suppression of
the contrast threshold elevation effect for normal vision (as in Fig 1), this is not the
case for the three stereo-blind subjects. Two sets of values are given for subject D.P.,
with the presentation of the gratings to the right and left eyes reversed between them.
Similar values of A were obtained for both stimulns configurations, thus showing that
the subject’s responses are symmetric for the two eyes. In Fig. 5, results are also given
for subject G.Y., who possesses fine but not global stereoscopy. In this case, suppres-
sion of the contrast threshold elevation effect by the conditioning grating is observed,
and the A values are similar to those found for normal vision (Fig. 1).

DISCUSSION

Our experimental results have established that certain sine-wave grating stimuli
presented to one eye can suppress the adaptation effects associated with non-identical
sine-wave gratings presented to the other eye. The grating threshold adaptation
effect can be observed under dichoptic presentation of the test and adaptation
gratings and the characteristics of the effect measured in this way are closely similar
to those determined under monoptic presentation of the gratings (Blakemore &
Campbell, 1969; Maudarbocus & Ruddock, 1973b). Thus, there are atleast two classes
of interaction between grating stimuli presented to the two eyes: one gives rise to the
contrast threshold elevation effect for a test grating presented contralaterally to an
adaptation grating, whilst the other gives rise to the suppression interaction between
adaptation and conditioning gratings described in this paper. These two classes of
interaction have a number of common response features, including their orientation
selectivity (Ruddock & Wigley, 1976), their dependence on the space-average
illumination level of the grating stimulus, and the lack of wave-length specificity
(Fig. 2). The time course of A values following presentation of the conditioning
grating is similar to that observed when the adaptation grating is obscured (Fig. 3).
The action of the conditioning grating is therefore equivalent to blocking the input
from the adaptation grating and for that reason, we regard its action as inhibitory on
the signals arising from the contralateral adaptation grating. There are three
characteristics of the inhibitory action of the conditioning grating which are markedly
different from the adaptive action of an adaptation grating. First, for normal upright
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head position, it is restricted to the vertieal meridian (Ruddoek & Wigley, 1976),
whereas the grating threshold adaptation effect is observed in all meridians
(Maudarbocus, 1973). Sceondly, it is found only for a selected, low frequeney band of
spatial frequency values of the conditioning grating (Fig. 1), whereas the adaptation
effect is observed for all spatial frequencies (Blakemore & Campbell, 1969). Thirdly,
the inhibition effect changes significantly as the test grating location is changed along
the horizontal meridian, whereas the contrast threshold elevation effeet remains
virtually unchanged (Fig. 4). These three responses characteristies establish that the
machanism responsible for the inhibitory action of the conditioning grating is
functionally separate from that which gives rige to the contrast threshold clevation
effect. Reeent experiments employing dichoptie presentation of non-matehing
grating patterns have provided information on binoeular rivalry (Abadi, 1976;
Blake & Lema, 1978), but the observed response characteristics are quite different
from those associated with the effect deseribed in this paper. This is not unexpected,
as binocular rivalry influences neither the contrast threshold elevation effect nor its
suppression by non-mateching gratings (Blake & Fox, 1974; Ruddock & Wigley,
1976). It is surprising, however, that during the experiments, no subject observed the
stereoscopic tilt effect associated with dichoptic presentation of non-matehing
gratings (Blakemore, 1970). The experimental results show that the suppression effect,
is associated with fine stereoscopie visual function at the fovea (Fig. 5) and experi-
ments with subjects possessing abnormalities of the visual pathways have established
that foveal fine stereoscopy depends upon callosal projections between the two
hemispheres (Blakemore, 1969; Mitchell & Blakemore, 1970). Further, the callosal
fibres which connect corresponding points in the two hemispheres project, via area 18,
to the boundary region between areas 17 and 18 of the monkey visual cortex, the
region containing the representation of the vertical meridian in the visual field
(Choudhury, Whitteridge & Wilson, 1965). That the suppression effect is restricted to
stimuli located around the vertical meridian (Fig. 4) is, therefore, eonsistent with the
involvement of callosal fibres in the effect. Subject G.Y., whose left optic radiation is
severed, can make fine stereoscopie depth diseriminations and displays binocular
suppression of the contrast threshold elevation effect (Fig. 54). Because his foveal
vision is spared, for some 3 deg around the fovea, in the blind hemifield, it is uncertain
whieh foveal projeetions survive and the possible influence of callosal fibres on his
responses eannot, therefore, be evaluated. Eleetrophysiological responses of single
neurones in areas 17 and 18 of cat and monkey possess spatial charaeteristies similar
to those of the contrast threshold elevation effeet (Hubel & Wiesel, 1962, 1965, 1968)
and adaptation effeets in these responses are similar to the psychophysical effeet
(Maffei, Fiorentini and Bisti, 1973). Regarding the binoeular control of these neurones,
disparity sensitive neurones have been observed in area 17 of eat (Barlow, Blakemore
& Pettigrew, 1967) and in area 18 of monkey (Hubel & Wiesel, 1970). Hubel &
Wiesel (1968) found that in the primate visual cortex, simple ecells are largely exeited
by one eve in preferenee to the other and in eat, it is usually stimulation of the
ipsilateral eve which yields excitatory responses (Joshua & Bishop, 1970). Henry,
Bishop & Coombs (1969) subsequently showed that the contralateral eye exerts an
entirely inhibitory influence on the simple cell responses. They demonstrated that
there is a restrieted well defined area of the contralateral receptive field for which
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no inhibitory influence occurs, but that surrounding this is a relatively large
receptive field area (up to 2deg) over which inhibition is observed. The small,
non-inhibitory region of the receptive field is closely defined with respect to horizontal

but not to vertical displacement of the stimulus pattern and the cell characteristics
were shown to be dependent on retinal location relative to the fovea. The stimulus
conditions applied by Henry et al. (1969) in investigating the binocular control of
simple cells were not the same as those used in our experiments. Their results are,
however, superficially similar to ours in that they show inhibition by the contralateral
eye, exercised through corresponding receptive fields, which are sharply tuned with
respect to location along the horizontal meridian.

We are grateful to all our subjects who took part in the experiments and to Dr G. J. Burton for
making available the interferometer. V. A. W, acknowledges with thanks the award of a research
studentship by the Science Research Council.
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SUMMARY

We have studied the wavelength dependence of visual responses in a
single human subject, M.W., who has an unusual visual defect. It is shown
that for red stimuli, both spatial resolution for grating patterns and detection
of target movement are grossly abnormal. On the basis of these and other [8]
experimental data, we argue that M.W.’s response pattern implies inter-
dependent central visual processing of colour, movement and spatial structure.
We examine this conclusion in relation to recent anatomical and electro-
physiological findings.

The human visual system provides information about a number of sti-
mulus parameters including colour, state of motion, three dimensional
$patial structure and location in the visual field. Recent electrophysiological
and anatomical studies on the primate visual system [4,5,10,11] have
shown that single cortical neurones possess a high degree of specificity in
their responses to these different stimulus parameters and that cells located
in a given visual projection area are, by and large, sensitive to a single para-
meter. The way in which responses arising in the different visual areas com-
bine to produce a perceived image is little understoo, and, in particular, it is
not clear whether different stimulus parameters, such as motion and colour,
are processed independently in the cortex. One approach to this problem is
through psychophysical studies of anomalous visual responses in human
subjects [7]. We have already published the results of one such study [8],
which showed the selective nature of functional loss in a single subject,
M.W., andin this paper we present further data on M.W.’ visual performance.
The principal feature of M.W.’s vision is very low sensifivity for detection of
red and orange (A > 610 nm) targets, which he perceives only at very high
illumination levels, when they appear silvery-grey, without any defined
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spatial structure. His colour vision has been studied in detail [2] and analysis
shows that the red-sensitive (n;) increment threshold mechanism [9] is
normal. Some central responses to spatial patterns of red light have also been
described [8], although M.W. does not perceive the red patterns which
elicit these responses. We have now examined M.W.’s spatial resolving power
and sensitivity to movement and the results of the investigation provide
evidence of coupling between the functional mechanisms responsible for
motion detection, visual acuity and colour discrimination.

Visual acuity was measured in terms of the resolution limit for linear
gratings, consisting of alternate, equally spaced, dark and coloured bars
(inset, Fig. 1a). The gratings were produced photographically on high contrast
film (Kodalith) and were placed in a Maxwellian viewing system. The subject
viewed the gratings through an artificial, 2 mm pupil, and the head position
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Fig. 1. (a) Grating visual acuity, expressed as d ™', where d is the bar-width in min of arc
of the linear square-wave test grating, plotted against the logarithm of the mean grating
illumination level. Measurements were made by finding the illumination level, I, at which
a grating of bar-width d, could just no longer be resolved. The modulation depth of the
test grating images was >98%, and the wavelength for each set of data is denoted in nm.
Data for the normal subject V.W. are given by open (540 nm) and full (610 nm) circles;
all other data points refer to subjeet M.W. A given value of I corresponds to the same
radiometric flux for the different stimulus wavelengths. (b) Log threshold illumination
level, log I, for detection of a 3.5° diameter circular target moving at velocity v°/sec along
the horizontal meridian. Squares refer to a green (540 nm) target moving against a 540 nm
background field of mean illumination level 1.3 log troland; full squares, data for V.W.,
open squares, data for M.W. Circles refer to a 630 nm target moving against a dark back-
ground field. Full circles, data for V.W.; open circles, data for M.W. All points are the
mean of four observations, with typical standard error 0.04 log trolands.
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was maintained by use of a dental clamp. The illumination level of the
grating was controlled with a neutral density wedge and its spectral com-
position by narrow-band interference filters (Balzers B40; +5 nm half band-
width). We measured the retinal illumination level at which a grating of
given bar-width and wavelength could just no longer be resolved by the
observer, and thus we determined grating visual acuity as a function of
fllumination level and wavelength. Data for M.W. and for a subject with
normal vision,V.W., are given in Fig, 1a, in which visual acuity, expressed
as the reciprocal of the grating bar-width at the resolution limit, is plotted
against the mean grating illumination level. It is clear that M.W. suffers a
marked loss of acuity for stimulus wavelengths A > 580 nm and for A > 600
nm, he is able to resolve only the coarsest gratings, with bar width of about
1° of visual angle. Thus the wavelengths for which M.W. has markedly sub-
normal visual acuity are the same as those for which he has low detection
sensifivity and which appear ‘silvery-grey’ to him. Results for other wave-
lengths (470 < A < 540) are more similar to thdse for the normal subject,
V.W., and establish that M.W.’s visual system is capable of relatively high
spatial resolution.

Responses to target movement were investigated in two ways. Firstly, we
measured threshold illumination levels for a 3.5° diameter circular target,
moving at constant velocity along the horizontal meridian. The target moved
through 10° of visual angle, positioned centrally in a 17.5° diameter, 2° wide
white light annulus (inset Fig. 1b). The observer maintained correct accom-
modation by focussing this annulus, and it also provided a guide to the
position at which the moving target appeared. Both the annulus and the
circular target were produced photographically, and were viewed through the
2 mm diameter pupil of a Maxwellian optical system. Threshold illumination
levels obtained for M.W. and for the normal subject, V.W., are plotted as a
function of target velocity in Fig. 1b. Results are given for a red (630 nm)
and a green (540 nm) target, and in the latter case, the target was seen against
a 540 nm, 18° diameter circular background field, located centrally with
respect to the annulus. M.W.’s threshold sensitivity for the 540 nm target
is similar to that of the normal subject, V.W., over the full range of velocity
whereas for the 630 nm target, his detection is limited to high illumination
levels and high velocity. Thus, as in the case of visual acuity, M.W.’s sensi-
tivity to motion is markedly wavelength selective, being near-normal for
green and highly abnormal for red targets. In the other experiment on motion
detection, the 3.5° circular target moved along the horizontal meridian at
constant velocity (15° /sec), with a vertical grating, consisting of alternate
equally spaced dark and light bars as the background field (inset, Fig. 2a).
The 3.5° target was white (approximate colour temperature 300 K), and
the background grating waseither orange (610 nm) or white (approximate
colour temperature 3000 K). M.W. was unable to detect any of the 610-nm
gratings, which he could not distinguish from a dark background field. The
threshold illumination level for detection of the moving target was measured
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Fig. 2. Log threshold illumination level, log 14, for detection of a 3.5° diameter circular
target, moving at 15°/sec along the horizontal meridian, with a vertically oriented square-
wave grating, of fundamental spatial frequency f cycles/deg., in the background field
(seeinset). (a) White light test and background stimuli, with a background grating of mean
illumination level 3.7 log trolands. Closed circles refer to the normal subject, V.W.; open
circles to M.W. (b) White light test and 610 nm background grating field, with mean
grating illumination level 2.9 log trolands. Closed circles refer to the normal subject,
V.W. and open circles to M.W. Each point represents the mean of four readings, with
typical standard deviation 0.04. M.W.’s threshold illumination level for detection of the
target moving against a dark background field was —0.7 log trolands.

for different fundamental spatial frequencies, f, (i.e. for different bar-widths)
of the background grating, and the experimental values are plotted in Fig. 2a.
Those for the normal subject, V.W., show the characteristic relation between
threshold illumination level and bar-width [1}, with a peak value for f equal
to about 5 cycles/deg., and a similar result is obtained for M.W. in the white
background grating condition. M.W.’s threshold for detection of the target
moving across the 610 nm background gratings is significantly greater than
the dark threshold level, even though he cannot detect the gratings (Fig. 2b).
The effect of bar-width, however, is the inverse of that which occurs in the
other cases, with minimum threshold illumination level for f equal to some

4 cycles/deg., thus the red gratings clearly exert an anomalous influence on
M.W.’s motion detection.

The results of this investigation establish that M.W.’s visual acuity and
motion detection are near normal for some target wavelengths and grossly
abnormal for others (A > 610 nm). Thus his anomaly is expressed in a
number of different visual functions, including those described in this paper,
but is limited to a restricted range of spectral stimuli. We have considered
the following interpretations of these results:
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(i) All central signals originating from absorption in the red-sensitive cones
are abnormal, leading to general visual malfunction in response to long-
wavelength stimuli. M.W. can, however, identify stereoscopic images con-
structed from red and green random-dot patterns [8], even though he is
unable to perceive the red pattern. This implies that the normal signals
associated with red patterns are transmitted to M.W.’s central visual pathways.

(ii) The retinal projection which gives rise to global stereoscopic vision is
separate from all other projections, and is unaffected by M.W.’s visual
anomaly. Electrophysiological studies indicate that at ganglion cell level,
responses to flicker and motion are differentiated from those associated with
spatial structure [3,5], butno special group associated with disparity sensitive-
cortical neurones have been identified.

(iii) The central mechanisms which process colour, motion and spatial
structure are interdependent and consequently anomalies of the central
visual pathways may affect all three functions.

As was discussed in the introduction, there appear to be multiple cortical
projection maps of the visual field, and each map has a specific associated
response, such as colour discrimination or movement detection [10,11]. One
interpretation of such organisation is that different parameters of the retinal
image are analysed independently in the cortex. Our conclusion (iii above)
implies, however, that even if this is the case, some form of signal interaction
must occur subsequent to the stage of visual processing represented by the
spatially discrete, parametrically independent cortical maps. Such interaction
could arise, for instance, in the synthesis of the final image percept.
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Psychophysical determination of post-receptoral spectral functions

By K. H. Ruppock and Vickr A. WATERFIELD. Departments of Physics (Biophysics)
and Zoology, Imperial College, London SW7 2BZ

Colour matching and increment threshold responses are characterized by broad-
band spectral functions closely related to single-cone absorption spectra. Using
binocular adaptation to high-contrast spatial patterns, we have determined narrow-
band spectral functions similar to those observed in electrophysiological responses of
post-receptoral neurones. The threshold illumination level, I,, for detection of a
grating is measured after adaptation to a square wave form grating and a matrix of
circular spots, presented to the right and left eyes respectively. After 2 min adap-
tation, the square wave form test grating (present to the right eye) and the adaptation
fields are alternated for 3 sec and 10 sec respectively, until a threshold setting is
made. Fig. 1 shows J; plotted against A, the spot matrix wave length, for three
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Fig. 1. Log relative threshold ilumination level for detection of the test grating, log I,
plotted against the spot matrix wave length, A. The matrix was set at the same

photometric level for each A,

subjects with normal binocular vision, two normal trichromats (O, @) and a
deuteranopic dichromat (O). The broken line represents the value of I after
adaptation to the grating alone and for normal trichromats, binocular adaptation
produces spectral variation in ;. The red-green opponent mechanism implied by
these data is absent for the deuteranope, who lacks the green-sensitive cone
mechanism (Rushton, 1963).
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