
EYESIGHT and VISION 
examples from ongoing discussions 

‘If  we introduce the concept of  knowing into this investigation, it will be of  no help; because 
knowing is not a psychological state whose special characteristics explain all kinds of  things. On the 
contrary, the special logic of  the concept “knowing” is not that of  a psychological state.’  
Ludwig Wittgenstein (1950-51). Remarks on Colour .  1

What follows are three extracts and a report, collated by Allen Fisher for studies in art history. The 
first extract from Rita Carter. Mapping the Mind, 1998 , including an extract from a statement by 2

Francis Crick; the second extract from Samuel J. Williamson and Hermann Z. Cummins. Light and 
Colour in Nature and Art , 1983 ; the third extract from an article by  J. D. Mollon, ‘Color Vision’, 3

1982 , then finally a report by Anya Hurlbert, ‘Deciphering the colour code’, 1991 . 4 5

From Carter, 1998. 

The firing of  a single neuron is not enough to create the twitch of  an eyelid in sleep, let alone a 
conscious impression. It is when one neuron excites its neighbours, and they in turn fire up others, 
that patterns of  activity arise that are complex and integrated enough to create thoughts, feelings 
and perceptions.  

Millions of  neurons must fire in unison to produce the most trifling thought. Even when a brain 
seems to be at its most idle a scan of  it shows a kaleidoscope of  constantly changing activity. 
Sometimes, when a person undertakes a complex mental task or feels an intense emotion the entire 
cerebrum lights up.  

New neural connections are made with every incoming sensation and old ones disappear as 
memories fade. Each fleeting impression is recorded for a while in some new configuration, but if  
it is not laid down in memory the pattern degenerates …  

Patterns that linger may in turn connect with, and spark off, activity in other groups, forming 
associations (memories) or combining to create new concepts. In theory, each time a particular 
interconnected group of  neurons fires together it gives rise to the same fragment of  thought, feeling 
or unconscious brain function; but in fact the brain is too fluid for an identical pattern of  activity to 
arise – what really happens is that similar but subtly mutated firing patterns occur. We never 
experience exactly the same thing twice.  
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Little explosions and waves of  new activity, each with a characteristic pattern, are produced 
moment by moment as the brain reacts to outside stimuli. This activity in turn creates a constantly 
changing internal environment, which the brain then reacts to as well. This creates a feedback loop 
that ensures constant change.  

Part of  the brain's internal environment is a ceaseless pressure to seek out new stimuli. This 
greed for information is one of  the fundamental properties of  the brain and it is reflected in our 
most basic reactions. People can have their conscious mind totally destroyed, yet their eyes will still 
scan the room and lock on to and track a moving object. The eye movements are triggered by the 
brainstem and are no more significant to consciousness than the turning of  a flower to the sun.… 

The loop-backs between brain and environment are a bootstrap operation par excellence. 
Computer simulations of  neural networks show that the simplest network can develop phenomenal 
complexity in a short time if  it is programmed to replicate patterns that are beneficial to its survival 
and junk those that aren't. Similarly, brain activity evolves in the individual. … (Carter 1998: pp.
19-20) 

The cortical area for each sense is made up of  a patchwork of  smaller regions, each of  which 
deals with a specific facet of  sensory perception. The visual cortex, for example, has separate areas 
for colour, movement, shape and so on. Once the incoming information has been assembled in 
these areas it is shunted forward to the large cortical regions known as association areas. Here the 
sensory perceptions are married with appropriate cognitive associations - the perception of  a knife, 
for example, is joined with the concepts of  stabbing, eating, slicing and so on. It is only at this stage 
that the incoming information becomes a fully fledged, meaningful perception. What we now have 
in mind was triggered by stimuli from the outside world, but it is not a faithful reflection of  that 
world - rather it is a unique construction. (1998: 108) 
	 [In eyesight] light from a visual stimulus is inverted as it passes through the lens. It then hits 
the retina at the back of  the eye, where light-sensitive cells turn it into a message of  electrical 
pulses. These are carried along the optic nerve from each eye and cross over at the optic chiasma - 
a major anatomical landmark. The optic track then carries the information to the lateral geniculate 
body, part of  the thalamus. … The visual cortex is split into many areas, each processing an aspect 
of  sight, such as colour, shape, size and so on. … 
… When a person stares at a simple pattern like a grating the image is reflected by a matching 
pattern of  neuronal activity on the surface of  the brain. The 'map' is distorted, as the neurons 
responding to the central area of  the visual field take up a much greater cortical area - so the 
'picture' painted … is a little like that seen through a fish-eye camera lens. The centre of  the 
retina, the fovea, is much more densely packed with neurons and sees far more detail. The eyes 
therefore dart around, in a series of  leaps called saccades, in order to scan the visual field in 
detail. Saccades are triggered by the attention system of  the brain and are not generally under 
conscious control. … (1998: 112) 
	 Cognitive illusions come about because the brain is full of  prejudices: habits of  thought, 
knee-jerk emotional reactions and automatic orderings of  perception. These are so deeply 
ingrained that we are usually unaware that they exist, and when we do become aware of  them 
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we think of  them as common sense assumptions or intuition. These prejudices are, to some 
extent, hard-wired into our brains. … (1998: 131) 
	 Francis Crick, the molecular biologist, biophysicist, and neuroscientist, noted, ‘I hold that the 
biological usefulness of  visual consciousness in humans is to produce the best current interpretation 
of  the visual scene in light of  past experience (either our own, or that of  our ancestors embodied in 
our genes), and to make this interpretation directly available for a sufficient time to the parts of  the 
brain that contemplate and plan voluntary motor output such as movement or speech. But there 
actually seem to be two systems: the rapid acting 'on-line' or unconscious system and the slower, 
conscious 'seeing system'. To be aware of  an object or even an event the brain has to construct a 
multilevel (for example, lines, eyes, faces), explicit, symbolic interpretation of  part of  the visual 
scene. A representation of  an object or event will usually consist of  representations of  many of  the· 
relevant aspects of  it, which are likely to be distributed over different parts of  the visual system. 
Much neural activity is needed for the brain to construct a representation, most of  which is 
probably unconscious. 
	 The term 'visual consciousness' almost certainly covers a variety of  processes. When one is 
actually looking at a visual scene the experience is very vivid, whereas the visual images produced by 
trying to remember the same scene are much less vivid or detailed. I am concerned here mainly 
with the normal, vivid, experience. Some form of  very short-term memory seems almost essential 
for consciousness but this memory may be very transient, lasting for only a fraction of  a second. 
Psychophysical evidence for short-term memory suggests that if  we do not pay attention to some 
aspect of  the visual scene, our memory of  it is very transient and can be overwritten by subsequent 
visual stimulus.  
	 Although working memory expands the time frame of  consciousness it is not obvious that it 
is essential. Rather it seems to be a mechanism for bringing an item or a small sequence of  items 
into vivid consciousness, by speech or silent speech. In a similar way, episodic memory, enabled by 
the hippocampal system, is not essential for consciousness but a person is severely handicapped 
without it. Consciousness, then, is enriched by visual attention, though attention is not essential for 
visual consciousness to occur. Attention is either caused by sensory input or by the planning parts of  
the brain. Visual attention can be directed to a location in the visual field or to one or more moving 
objects. The exact neural mechanisms that achieve this are still being debated. But in order to 
interpret visual input the brain must arrive at a coalition of  neurons whose firing represents the best 
interpretation of  the visual scene, often in competition with other possible but less likely 
interpretations.’ (1998: 204-205) 

The following from Williamson and Cummins, 1983. 

	 The retina contains two types of  photoreceptors, rods and cones. The rods are more 
numerous, some 120 million, and are more sensitive than the cones. However, they are not sensitive 
to colour. The 6 to 7 million cones provide the eye's colour sensitivity and they are much more 
concentrated in the central yellow spot known as the macula. In the centre of  that region is the 
“fovea centralis”, a 0.3 mm diameter rod-free area with very thin, densely packed cones. 
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The experimental evidence suggests that among the cones there are three different types of  colour 
reception. Response curves for the three types of  cones have been determined. Since the perception 
of  colour depends on the firing of  these three types of  nerve cells, it follows that visible colour can 
be mapped in terms of  three numbers called tristimulus values. Colour perception has been 
successfully modelled in terms of  tristimulus values and mapped on the CIE  chromaticity diagram 6

[below]. 
	 Current understanding is that the 6 to 7 million cones can be divided into "red" cones (64%), 
"green" cones (32%), and "blue" cones (2%) based on measured response curves. They provide the 
eye's colour sensitivity. The green and red cones are concentrated in the fovea centralis.  The "blue" 
cones have the highest sensitivity and are mostly found outside the fovea, leading to some 
distinctions in the eye’s blue perception. The cones are less sensitive to light than the rods, as shown a 
typical day-night comparison. The daylight vision (cone vision) adapts much more rapidly to changing 
light levels, adjusting to a change like coming indoors out of  sunlight in a few seconds. Like all 
neurons, the cones fire to produce an electrical impulse on the nerve fibre and then must reset to fire 
again. The light adaption is thought to occur by adjusting this reset time. 
The cones are responsible for all high resolution vision. The eye moves continually to keep the light 
from the object of  interest falling on the fovea centralis where the bulk of  the cones reside. 
	 The diagram below is associated with the 1931 CIE standard. Revisions were made in 1960 
and 1976, but the 1931 version remains the most widely used version. The diagram below is a 
rough rendering of  the 1931 CIE colours on the chromaticity diagram. 

 CIE: Commission Internationale de l’Eclairage, the International Commission on Illumination.6
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The following from J. D. Mollon, 1982. 

	 Trichromacy arises because there are just three types of  cone photoreceptors in the normal 
retina, each type containing a different photosensitive pigment. The three pigments are maximally 
sensitive in different parts of  the spectrum, but their sensitivities overlap. Because of  their overlap no 
one of  the primaries in a color-matching experiment will uniquely stimulate a single class of  cone, 
and thus psychophysical color-matching functions cannot tell us directly how the sensitivities of  the 
cones vary with wavelength. 

	 Diagram copied by Mollon from H. 1. A. Dartnall,  J. K. Bowmaker and J. D. Mollon . 7

 H. 1. A. Dartnall,  J. K. Bowmaker and J. D. Mollon. ’Human Visual Pigments: Microspectrophotometric 7

Results from the Eyes of Seven Persons,’ Proceedings of the Royal Society of London, Series B, Biological 
Sciences, Volume 220, Issue 218, November 22, 1983, pp. 115-130.
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	 Mollon notes, The previous diagram shows the absorbance spectra of  the four 
photopigments of  the normal human retina; the solid curves are for the three kinds of  cone, the 
dotted Curve for the rods. The quantity plotted is absorbance, i.e. log (intensity of  incident light/
intensity of  transmitted light), expressed as a percentage of  its maximum value; when "normalised" 
in this way, absorbance spectra have the useful property that their shape is independent of  the 
concentration of  the pigment. It has become customary to plot absorbance spectra not against 
wavelength, but against its reciprocal, wavenumber, in part because it was once thought that 
photopigment spectra were of  constant shape on such an abscissa (the perpendicular distance of  a 
point from the vertical axis), and in part because frequency (which is directly proportional to 
wavenumber) is independent of  the medium. These curves are based on microspectrophotometric 
measurements of  137 receptors from seven human retinae .  8

DeCiphering the colour code by Anya Hurlbert  9

	 We human beings can discriminate between a multitude of  colours, giving them names such 
as lavender or chartreuse. Yet long before the stage where perception meets language, the brain 
must establish a more basic code for representing colours. The precise nature of  that code is still 
unknown, despite an extensive history of  psychophysical and electro-physiological studies. The 
results reported in Nature ,  shed new light on brain’s colour code.  10

	 Trichromatic primates are able to see colour because light at different wavelengths excites 
the eye's three different cone types in different amounts (the L, M and S cones, also called R, G and 
B, are maximally stimulated by long- , middle- and short wavelength light respectively). Thus 
colours are first encoded by triplets of  cone responses in the retina. Yet this code specifies colours 
neither uniquely nor efficiently. The colours we see at one place in an image depend not only on the 
cone responses there but also on surrounding cone triplets. The colours we see at one time also 
depend on those we saw moments before: the cones continuously adapt to changes in the prevailing 
light intensity and spectral composition, shifting both their sensitivity and set-point of  operation. 
The cone-response code is not efficient because the range of  wavelengths to which the distinct cone 
types respond overlap greatly. The responses of  the L and M cones especially are highly correlated: 
if  the L cone is active, the M cone is likely to be also.  
	So the brain has evolved second-stage mechanisms that transform the cone triplets into a more 
reliable and discriminatory code. In the three-dimensional space spanned by all possible cone 
triplets, this transformation amounts to a rotation of  the coordinate axes defined by the cone 
sensitivities. In theory, any new set of  three mutually orthogonal axes can be used to recode the 
cone triplets. In practice, the brain appears to choose axes that best discount redundancies and 

 Mollon, 1982, op. cit. 4.8

 Anya Hurlbert. ‘Deciphering the colour code’, Nature 349, 1991, 191-193.9

 M. Webster & J. Mollon. Nature 349, 1991, 235-238.10
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enhance differences in the cone responses . It does so by pitting the cone responses against each 11

other. Few colour scientists would disagree that this colour-opponent processing occurs, yet few 
would agree exactly how.  
	 	 The disagreement turns on exactly what direction the opponent-colour axes take in 
colour space. Traditionally, the directions have been defined by the locations of  complementary 
pairs of  unique hues: one axis links unique blue and yellow; another, unique red and green. The 
third axis is a luminance axis which links white and black. The sensitivities of  these opponent-colour 
mechanisms have been defined by hue-cancellation experiments . 12

	 Another method of  defining the opponent-colour directions has yielded different results. 
Krauskopf, Williams and Heeley  adapted observers to fields of  colour that varied sinusoidally in 13

time, then measured their sensitivity to brief  flashes of  coloured light. Because cone adaptation is 
rapid, and the mean chromaticity and luminance of  the adapting field were kept constant, the cone 
sensitivities themselves were not altered. When the adapting fields were varied in colour along a 
'cardinal' direction, detection thresholds were most elevated for test stimuli along the same direction, 
and unchanged for tests along orthogonal directions. When the adapting direction was intermediate 
between any two cardinal directions, the detection thresholds for all test stimuli were uniformly 
elevated.  
	 One cardinal axis is aligned with the unique red-green axis, labelled L-M because it receives 

inputs only from the L and M cones in opposition . But the other axis deviates significantly from 14

the unique blue-yellow direction and instead lies close to the tritanopic confusion line, along which 
the ratio of  Land M cone activities remains constant and only the S cone activity changes. This axis 
is labelled S, or more accurately, S-(L+M). The third axis, the luminance mechanism, responds to 
the sum of  the Land M cone activities.  
	 Other psychophysical results support the idea that, beyond the retina, colours are encoded 

by the relative excitation of  these three mechanisms (see, for example, ref. ). Most recently, 15

Krauskopf  and Farell  have reported that the colour information used in motion perception 16

appears to be analysed along the cardinal directions. Two independently moving grating patterns 
join in coherent motion when each is formed by a variation in colour along the same cardinal 
direction. If  the colour variations are along orthogonal directions in colour space (for example red-
green and purple-yellow) the patterns do not cohere but slip against each other. If  the colour 
variations are along intermediate directions, they again cohere. It seems that colours are analysed 
into cardinal components before they contribute to motion perception.  

 G. Buchsbaum & A. Gottschalk. Proceedings of the Royal Society of London, B220, 1983, 89-113. 11

 D. Jameson & I. Hurvich. Journal of the Optical Society of America, 45, 1955, 546-552. 12

 J. Krauskopf,  D.R. Williams & D.W. Heeley. Vision Research, 1982, 22,1121-1131.13

 D.I.A. Macleod & R.M. Boynton. Journal of the Optical Society of America, 69, 1979, 1183-1186.14

 P. Flanagan, P. Cavanagh & O.E. Favreau. Vision Research, 1990, 30,769-778. 15

 J. Krauskopf & B. Farell. Nature 348, 1990, 328-331. 16
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	 But might there be yet a third stage of  colour encoding? If  the perception of  chartreuse is 
represented at the second stage by a combination of  activities in the L-M and S-(L+M) opponent 
mechanisms, then there could be a higher-order mechanism that lights up when it registers that 
combination. If  so, there should be many such mechanisms, and the colour code at that level would 
consist of  a large array of  their activities.  
	 Using a technique similar to that of  Krauskopf  and Farell , Webster and Mollon find 17

surprisingly different results. These imply that such a third stage does exist. Instead of  measuring 
the detectability of  faint test flashes, Webster and Mollon asked observers to match the colour of  
supra-threshold test lights after adapting to temporally modulating fields. As one would predict from 
the results of  Krauskopf  and Farell, when the observers adapted to colour variations along a 
cardinal direction, the greatest change in colour appearance occurred for test lights along that 
direction and the least change for test lights along the orthogonal direction. But for some observers, 
this was also true for intermediate adapting directions: for every adapting direction tried, the 
greatest change was in that direction, the least in the orthogonal direction. Krauskopf  and Farell 
found hints of  a similar effect in their original study defining the cardinal directions: for some 
observers, some selective desensitisation also occurred for oblique directions. Thus there seem to be 
many mechanisms involved in encoding colour, each tuned to a distinct direction in colour space 
and each independently susceptible to desensitisation.  
	 This technique relies on the time-honoured tenet of  psychophysics, that adaptation reveals 

selective mechanisms by fatiguing them. But many psychophysicists are themselves weary of  fatigue 
as the explanation for adaptation. Barlow and Foldiak  argue that the term fatigue obscures the 18

natural purpose of  desensitisation: the visual system may deliberately reduce its sensitivity to 
frequently occurring combinations or 'contingencies' as a way of  storing information about the 
natural world. This enables it to be more sensitive to the unexpected.  
	 What contingencies might be stored for colour? One possibility is suggested by Lee's 

observation  that the locus of  daylight chromaticities forms a straight line in the constant-intensity 19

plane of  cone responses, and that this line falls close to the blue-yellow axis. So the visual system 
seems to have adapted to the natural variations in light it encounters by aligning one of  its colour-
coding axes along the same direction, and the others in the orthogonal directions.  
	 This argument leads to another interpretation of  Webster and Mellon's results. First note 

that they are not exactly what one would expect from truly independent mechanisms. If  each 
discriminable direction in colour space were represented by a strictly independent mechanism, then 
variations along one direction would not affect the activity of  mechanisms tuned to other directions. 
Test stimuli placed anywhere except on the adapting axis should therefore appear unchanged, not 
just those placed on the orthogonal (right angle) axis.  

 J. Krauskopf & B. Farell, 1990, op. cit. 17. 17

 H. Barlow & P. Foldiak in R.M. Durbin, C. Miall & G.J. Mitchison (eds.). The Computing Neuron, 18

Wokingham: Addison-Wesley, 1989, 54-72.

 H.-C. Lee. Eastman Kodak Technical Reproduction, Rochester, New York,1989. 19
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	 The results are perhaps more consistent with adaptation causing a rotation as well as 
desensitisation of  a set of  orthogonal axes, which in their natural state are aligned along the cardinal 
directions. Exposing the visual system to modulation along an oblique direction might cause the 
original axes to realign along that direction, and those orthogonal to it, to match the new 
environment … At the same time, sensitivity to changes along the adapting direction are reduced: 
the visual system attenuates expected changes and amplifies unexpected ones. Following this 
argument, one might predict different results for the interaction of  colour and motion when 
observers first adapt to fields modulated along oblique directions in colour space. Patterns formed by 
variations along two orthogonal cardinal directions might then cohere in motion.  
	 Investigating the sensitivities of  cell populations in the visual system should provide essential 
clues to the brain's colour code. Already it has been shown that in the parvocellular layers (layers 
with small cells) of  the lateral geniculate nucleus (part of  thalamus), cell sensitivities cluster along the 
two cardinal directions . In layers II and III of  striate cortex, blue-yellow cells are segregated from 20

red-green cells in metabolically active ‘blobs' . Other results suggest that cells in higher visual 21

cortical areas may be broadly tuned to several directions in colour space . Yet the physiological data 22

are still incomplete, and these psychophysical results emphasise that care must be taken not to 
perturb the colour code while deciphering it.  

 A.M. Derrington, J. Krauskopf & P.J. lennie. Physiology, 357, 1984, 241-265. 20

 D.Y. Ts’o & C.D. Gilbert. Journal of Neuroscience, 8, 1988, 1712-1727. 21

 R. Desimone, S.J. Schein, J. Moran & I.G. Ungerleider. Vision Research, 25, 1985, 441-452. 22
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