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Abstract. The visual system consists of parallel processing channels whose
separation, proposed by psychophysicists, is sometimes doubted in view of the
multi-modal responses of many visual cortical neurons. Thus psychophysical
experiments should be designed to test critically whether or not the threshold
detection mechanisms are independent and can serve to identify those stimuli that
are detected. To achieve this aim the stimuli should be selective to the mechanisms
tested, with minimum intrusions due to the activation of the other mechanisms.
Threshold performance is examined using psychometric functions evaluating both
probability of detection and discrimination and then computing thresholds for both.
A 'labelled detector' is defined when the detection and discrimination thresholds are
close; for example, edge and line can be identified at their detection thresholds.
Spatial arrangements of line and edge detectors can be mapped using a method of
subthreshold summation (the 'dipper effect'). Additional techniques (incremental
threshold, masking, pedestal, adaptation and coherence of compound stimuli) aim to
reveal possible interactions between various mechanisms. The psychophysical
results confirm that independent detection occurs at threshold in separate
submodalities, corresponding to the spatial, temporal and colour parameters of
stimuli. Quantitative sensitivity characteristics to various parameters of visual
stimuli illustrate some basic limitations of vision, which cannot maintain high
discriminablity of all aspects of the stimuli simultaneously. Thus separation is
necessary to achieve high sensitivity and selectivity of processing of certain aspects
of stimuli. In particular, colour vision must rely on balanced trichromatic inputs,
which cannot be maintained near the limits of spatial and temporal resolution. Hence
chromatic inputs to spatial, stereo or motion analysers are not veridically
trichromatic. These analysers take advantage of all available clues or residual partly
chromatic responses as well as achromatic intrusions and probably form other
processing systems, based on dual parvo-magnocellular inputs to the visual cortex.
The specialised threshold detectors contribute at suprathreshold levels as labelled
filters, i.e. markers of perception. Inhibitory interactions apparent between labelled
filters make them operate like bi-stable units, which are easy to control from outside,
e.g. by selective attention, and also reduce the overall number of intermediate
signals (sparse coding). However, this sparseness produces perceptual biases and
visual illusions in some conditions, examples of which are discussed. A reexamination of the response properties of visual cortical neurons reveals that some
of them have high sensitivity to a single aspect of stimuli (e.g. achromatic or
chromatic contrast but not to both). These could be the labelled units providing
landmark signals for perception. In addition, among other neurons with multidimensional response properties, some have been identified as having dual parvoand magnocellular LGN inputs. Extra-striate visual areas also contain highlyspecialised regions which can provide higher-order perceptual analysis (e.g.
constancies) but they are not monopolistic centres; their lesions produce some
deterioration, but do not abolish the whole function, unless several successive
processing stages are damaged. Feedback connections may be used to modify gain
of lower stages according to the specific needs of particular processing tasks (e.g.
shape, colour or motion).
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General introduction
The main goal of mammalian vision is to detect and identify objects, their surface, state and
dynamic position. Hence visual images of objects in 3D-geometrical space cannot simply
be represented on a flat surface point-by-point, as some kind of a homunculus that depicts
topographical maps of the visual field. Instead, they are processed (area-by-area) by
functional assemblies of analysers in the brain, whose components have been discovered by
neurophysiologists (reviews (Hubel, 1988, Zeki, 1993)).
Probably the greatest advance in our understanding of vision in the past 30 years
was the realisation that visual processing is not only hierarchical but is also performed in
parallel by segmenting images into components. Certain hints about this were obtained in
the 19th century, but confirmation of the existence of these processing arrangements was
only obtained in the 20th century, following interactions between neurophysiologists and
psychophysicists.
An initial trickle of information about different types of neurons serving the same
part of the visual field (presumably serving different functions (Rosenblith, 1961)), became
a torrent when in the 1960's not only different types of neurons but parallel pathways were
identified (X/Y (Enroth-Cugell & Robson, 1966); magno- and parvo-cellular (Gouras,
1968); (Dreher, Fukada & Rodieck, 1976); extra-striate (Zeki, 1969)). Further details and
new pathways have since been added (e.g. (Hendry & Reid, 2000, Hendry & Yoshioka,
1994, Martin, White, Goodchild, Wilder & Sefton, 1997, Ungerleider & Haxby, 1994,
Ungerleider & Mishkin, 1982)), but also different kinds of questions have emerged. Is the
brain, or cerebral cortex, a fixed structure? Does it have in-built redundancy? Are there
large numbers of neurons 'just in case'? Or, is every neuron a vital component? (In this case
every death of a neuron would cause irreparable damage.) Or, are the neurons flexible
components, ready to reorganise themselves and participate in different schemes? If so,
what can reorganise them (attention? adjacent lesions? new needs?) Since the brain has vast
numbers of connections, can we say that any neuron, or pathway, is really separate? Do
certain neurons, groups of neurons, or structures, nevertheless, serve some unique
functions? Two extreme hypotheses about these neuronal analysers have been suggested:
(1) Trigger-feature detectors (Barlow, 1972); (2) Distributed representations (Lehky &
Sejnowski, 1991, Vaitkevicius, Petrauskas, Bloznelis & Meskauskas, 1984). The latter are
particularly useful in quantitative explanations of complex psychophysical tasks, and some
concepts of multi-dimensional analysers (Lennie, 1998). Any representation should be as
complete as possible, not missing important information, but the importance of details is
related to the real life situations and is generally different in different tasks. Hence probably
both solutions operate in many situations.
This chapter cannot discuss all these problems at length, but will attempt to deal
with the early stages of visual processing and examine whether various interactions
between functional units makes them flexible processing components as well as signalling
units whose voice (i.e. contribution) depends on the context. Conscious vision covers
analysis of stimuli from their detection thresholds to supra-threshold values. However, it
seems plausible that a minimum number of processors will operate at detection thresholds.
This can be called a compact coding. At suprathreshold more detectors are involved, but
many of them are inhibited, i.e. coding becomes sparse (Field, 1994, Lee, Itti, Koch &
Brown, 1999).
A particular aim of this chapter is to examine units underlying stimulus detection at
threshold and test their ability to signal simple features. These will be termed
'psychophysical labelled detectors'. Although these detectors may be evaluated using linear
methods at subthreshold, they are not linear components, (i.e. performing entirely linear
analysis) in suprathreshold perception, but are subject to highly non-linear interactions

(inhibitory or facilitatory). Subsequently, these units may play some role as 'labelled filters',
biasing perception at suprathreshold levels.

Part I. Psychophysical filters: How can they be revealed?

1. Methods for the investigation of psychophysical mechanisms
It is now generally recognised that visual processing involves both parallel channels and
hierarchical stages. However, the precise definitions of channels are still debated, in
particular whether or not they are modules analysing different attributes of images
relatively independently. The experimenters' aim is to devise various methods to evaluate
properties of any constituent parallel channels, filters and processing stages. The parameters
of a test stimulus are optimised to be detected by a chosen channel of a given stage, to
desensitise other channels and to make lower and higher hierarchical stages practically
'transparent' to the test stimulus, so that they do not limit detection. Generally, one would
expect that the minimum visual representation could best be revealed in threshold vision,
when fewest units are active. This involves measuring threshold detection and
discrimination of basic visual stimuli such as spatial, chromatic and temporal modulations,
and then testing to determine whether they are independently involved in spatial pattern,
colour and motion analysis. The visual system detects changes rather than the absolute
values. In spatial vision, which is most developed in mammals, 'contrast' is a very important
concept. Two definitions are used:
Michelson's contrast (for edges and gratings):
C = (Imax – Imin)/(Imax + Imin),

(1.1)

where Imax and Imin denote the luminance (or some other measure of intensity) of light and
dark stripes.
Weber contrast (for lines, bars or spots):
C = ΔI/I,
(1.2)
where ΔI is luminance increment (positive), or luminance decrement (negative), or in
general luminance modulation with respect to the background luminance (or illuminance) I.
Both equations describe contrasts as dimensionless, relative measures. The same Weber
definition of contrast can be used for each cone-specific mechanism. The cone-contrast is
the ratio of the local cone modulation to the adapting value. It can be applied to long-,
medium- and short-wavelength cones (ΔL/L, ΔM/M and ΔS/S, respectively, see section
1.3.1).
Thresholds and matches of stimuli were the basic psychophysical measures used in
the experiments to be described. At present many ways of measuring thresholds are used:
the simplest and fastest is the method of adjustment and the most elaborate is the method of
limits with 2-alternative forced-choice and probit analysis, etc. Some methods are available
as 'program packages'. The fastest method of adjustment (by the observer) specifies the
threshold as the contrast at which the stimulus just ceases to be seen (Regan, 2000).
Psychometric methods specify usually threshold as equivalent to 50% probability of seeing
(see below).

1.1. Thresholds of psychophysical mechanisms
Pattern vision is the most important visual modality in primates, rich in channels and
hierarchical stages, from the photoreceptors detecting light to higher stages processing
complex shapes.
1.1.1. Simple threshold
The simplest way of reducing the number of operating mechanisms in any experiment is by
selective adaptation of some of them, thereby reducing their responses. For a similar
reason, anomalous observers with one of their visual mechanisms missing, seriously
deficient (e.g. dichromatic observers show the role of cones), or damaged (e.g. by brain
lesions which affect higher-order functions, see Part II) may be used. Another way of
studying component mechanisms is by manipulation of test stimuli with simple
backgrounds in various combinations (e.g. one versus two gratings superimposed or
separately presented). Test-stimulus parameters must be chosen in order to optimally
activate a given detector and minimally activate the others. A judicious choice may reveal
'detector' units at any stage, or of any parallel channel. According to linear theory, an
optimal filter must be matched to a stimulus. Its spatial, temporal and chromatic
characteristics should be matched by a test stimulus with appropriately similar features.
Although the visual system is generally nonlinear, some first stages are essentially linear
(or pseudo linear). When summation at threshold is non-linear (e.g. flicker detection), only
limited (piece-wise) linearisation can be applied.
1.1.2. Psychometric functions: probability of detection
In the simplest version of this method, stimuli of regularly spaced intensities, or contrasts,
are presented. The observer then indicates whether they were seen and an average of many
presentations gives the probability of seeing against intensity or contrast. (In practice, the
procedure must be adaptive, see Regan (Regan, 2000)). A popular example of grating
stimuli presented to both eyes (dichoptically) is given below to illustrate probabilistic
versus neural summation.
How would the thresholds for monocular viewing be altered when an observer with
good stereopsis views a grating binocularly? Figure 1 shows a psychometric function, i.e.
the probability of detection as a function of grating contrast (in this case similar for both
eyes). The most important value of contrast is Com, or threshold, at which the monocular
detection probability is 50%; Com = 0.6% shown by the vertical arrows. The second
important value is when detection reaches about 30% probability. The slope of the probit
function between these points (30% and 50% detection) effectively determines probability
summation. This is because two eyes always see better than one (unless they abnormally
inhibit each other). The probability P12 that either eye detects a grating is given by an
elementary equation (see the oblique dashed line):
P12 = 1 – (1 – P1)(1 – P2),

(1.3)

where P1, P2 are monocular probabilities, often equal and always smaller than P12.
In Figure 1, the probability of detecting a grating by either eye independently, i.e.
dichoptically, can be computed from equation (1.3). The dashed line in Figure 1 predicts
the (probabilistic) dichoptic contrast threshold Cod to be about 0.48%, i.e. to about 0.8 of
the monocular threshold; this is a 25% increase in contrast sensitivity. Such performance is
characteristic of alternating squinters, who have no binocular summation (unconnected

eyes) and is similar to that of two independent observers. Note that in this case, a threshold
of 50% detection is reached when each eye alone detects the stimulus at about 30%
probability (strictly at 29.3%): P12 = 1 – (1 – 0.293)(1 – 0.293) = 1 – 0.707⋅0.707 = 1 – 0.5
= 0.5. However, for a normal observer binocular detection is better than probabilistic
(predicted by equation 1.3). In fact the binocular threshold, Cob, is reduced further, to about
0.42%, i.e. to 0.7 (Figure 1, circles). This means that sensitivity increases as the square root
of two (see equation 1.4 with K=2), as originally observed by Campbell and Green
(Campbell & Green, 1965). The signals from the two eyes are added quadratically, since
each eye has independent noise (if the noise in both eyes were correlated summation would
hold). Compare the binocular threshold of 0.42% with the value of 0.48% at which the
monocular psychometric function reaches almost 30%; as shown by the preceding
calculation, P12 would have increased to 50% for pure probability summation (the
dichoptic threshold). In general, if the psychometric function were less steep e.g. with 30%
detection occurring close to 0.7 Com (rather than to 0.8 Com as shown in Figure 1), it would
not be possible to decide whether or not a binocular summation occurs (since dichoptic and
binocular thresholds would not differ). This is the reason why the effect of neural binocular
summation (Campbell & Green, 1965) was overlooked by studies prior to 1965; the
detection of the spots of light, then used as stimuli, generates less steep psychometric
functions.

Figure 1 (above left). Probit curves or psychometric functions. Probability of seeing
(%) is plotted as a function of grating contrast for four conditions. The ordinate
scale, probit, and the abscissa, linear contrast (Michelson's in %) makes the
functions nearly linear. Contrast thresholds (arrows) were computed half way (50%)
between no detection (0%) and perfect detection (100%). (Note that half way
between 100% and chance - here the false-positive level was under 4% - is about
52%. If observers could not maintain perfect detection, but performed at a level
lower than 100%, e.g. 90%, the half-way threshold would be (4% + 90%)/2 = 47%.).
Diamonds and squares describe performance of left and right eyes, respectively
(each on its own), whereas circles refer to binocular viewing. The dashed oblique
line indicates the hypothetical performance based on probability summation only.
Grating: square-wave 0.8 c/deg, 5 cd/m2, presented to both eyes in-phase (subject
JJK).

Figure 2 (above right). Detection of vertical and horizontal gratings added optically
(Campbell & Kulikowski, 1966) at different contrasts and presented to the dominant
(right) eye of subject VM. Circles indicate 50% thresholds computed after series of
ten presentations at several contrast combinations. Components of contrast
thresholds are indicated on the abscissa (for horizontal grating) and ordinate (for
vertical grating). The locus of thresholds is consistent with an independent detection
of gratings. Independence is indicated by lines - horizontal and vertical - which are
perpendicular to the axes (probability summation is small if one grating is of much
lower contrast). Significant probability summation occurs for gratings of nearly
equal contrasts; this could also be modelled by equation (1.4) with K = 4. If vertical
and horizontal gratings added with independent noise (as binocular signals in Figure
1) the locus would be a circle, whereas the line at 45 deg (Kulikowski, 1969) would
indicate a simple summation of contrast.

Further refinement of this method of analysis can be achieved when gratings are
presented with different combinations of contrasts, and the thresholds of such combinations
are plotted, as in the example shown in Figure 2. In such a case, the locus of the binocular
thresholds is a circle. Figure 2 illustrates an example of this approach. In this case, gratings
of vertical and horizontal orientations are presented at several contrasts, either on their own,
or together. If contrast were detected regardless of the grating orientation, the locus of
threshold would be a straight line (as the peak to trough difference would add
algebraically). If there were some vectorial summation of signals the locus would be a
circle (as for normal binocular vision). In fact the data points are mostly on the outside, i.e.
only probabilistic summation occurs. This means that perpendicular gratings are detected
independently at threshold. All these three cases can be summarised by a normalised
equation:
C1K + C2K = 1,
(1.4)
where C1, C2 are contrasts of two stimuli. K is an exponent which for linear summation is
1, for vectorial summation is 2 (circle - if C1 = C2) and for probability summation may
vary from 3 (for P30/P50 = 0.8) to 4 (P30/P50 = 0.84). It should be noted that the
independence at the detection threshold shown for gratings of different orientations turns
into mutual inhibition at suprathreshold contrasts: vertical and horizontal gratings show
rivalry (Campbell & Howell, 1972). Patterns of this kind, i.e. two added gratings forming a
plaid, have been used extensively in dynamic conditions (see below, section 2.). Moreover,
orientation-selective mechanisms are linked to environmental vertical and horizontal
underlying rapid line detection (Foster & Westland, 1998).
1.1.3. Summation between stimuli of different submodality
These computations have recently been a centre of interest, owing to a debate as to whether
or not some interaction occurs, e.g. between the detection of chromatic and achromatic
patterns. The results reported (Mollon & Jordan, 1997, Mullen & Sankerali, 1999) are
consistent with probability summation at threshold. This does not exclude suprathreshold
interactions. It only means that specialised detectors of either chromatic or achromatic
contrasts are respectively more sensitive than those with mixed chromatic and achromatic
inputs (see 1.3.3.).
1.1.4. Test for labelled detection: double 2-alternative forced choice (2AFC)
The observer faces a forced choice, being asked at which of two positions or time intervals
a stimulus was present. This method is less subject-dependent (Tyler & Chen, 2000). Its
most valuable application is when it is combined with forced discrimination: the observer

first chooses one of two possible intervals containing a stimulus and then indicates if the
stimulus belongs to the first class or to the other. Probability of correct detection and
correct discrimination are plotted as functions of stimulus intensity. Labelled detection
occurs when these functions are close. The discrimination threshold coinciding with the
detection threshold signifies 'labelled' detection; it occurs only when two different (nonoverlapping) mechanisms are involved. Ideally, the two psychometric functions for
detection and discrimination should be almost identical, but often discrimination is slightly
poorer. A simple and convenient criterion for labelled detection is 90% discrimination at
90% detection rate (Watson & Robson, 1981). In this way two stimuli completely
discriminated are detected by labelled detectors. This method minimises biases of
judgements (adventurous versus cautious observers) and is helpful in establishing
independent detectors over a broad range of seemingly continuous channels, such as spatial
frequency, temporal frequency and light spectrum. Its particular importance for colour
vision studies is that spectral hues which are fully discriminated, called categorical
centroids, can be related to well-known concepts of unique-like or typical hues: blue, green,
yellow and orange-red at suprathreshold levels (see below). The 2AFC method is less
suitable in those cases where the subject's unbiased ignorance about what is detected or
discriminated may produce ambiguous results, e.g. when more than two detection
mechanisms are involved in discrimination. For example, a categorical yellow (around 575
nm) is discriminable from both adjacent categorical green and red (Jordan & Kulikowski,
1995, Mullen & Kulikowski, 1990); but this may be partly owing to some involvement of
the achromatic (rather than yellow) mechanism. In order to rule out this possibility,
detection and discrimination between the yellow and neutral colours has to be established
(Sharanjeet-Kaur, Kulikowski & Walsh, 1997). This is time-consuming, but various
adaptive procedures are now available which minimise the time required for both
experiment and data assessment (reviewed by (King-Smith & Rose, 1997, Regan, 2000,
Treutwein, 1995)). Such methods can be implemented using modern computer-driven
displays. Their implementation, however, is sometimes not easy to check, since in the
2AFC threshold-setting situations artefacts are difficult to detect (Koendrink, 1999). The
experimenters must check that a given set of stimuli has been generated accurately (see
'Elementary tests of stimuli', below).

1.2. Detection of test stimuli on masking backgrounds
Several investigators have noticed that detection of a test stimulus may be affected by the
presence of a patterned background (or surround), even though this background pattern may
be invisible (or subthreshold). This interaction is called masking, a term borrowed from
acoustics. The pioneering observations of these subthreshold interactions (the Fiorentini
and Westheimer effects) were attributed traditionally to pre-cortical (retinal) detection
processes.
To ensure that the first visual-cortical stage, V1, with elongated receptive fields, is
activated, the test stimulus and background must also consist of elongated lines, edges, or
gratings. When setting detection thresholds for these stimuli (i.e. the contrast at which the
test stimulus just ceases to be seen), the observer should be aware of the test shape to be
detected and ignore the background. The consistency of the detection criterion is important
for accurate estimation of the parameters of a given psychophysical detection mechanism,
which should not change in the presence of a background. Consequently such a strategy
assumes a high-threshold concept. The use of 2AFC to detect a confounded
stimulus+background complex is less helpful in determining a relationship between the
detector responses in the presence or absence of near-threshold backgrounds, since by its

nature it does not assume any invariance of the detection threshold criterion. Figure 3
illustrates experiments with different combinations of test and background stimuli
(Kulikowski, 1991b).
There are three types of interactions between the test and background stimuli:
1. The background is invisible: subthreshold summation.
2. The background is just visible: contrast increment detection (or contrast
discrimination) is easier than contrast detection.
3. The background is suprathreshold: threshold is elevated - effective masking.
Figure 3, top-left (a), illustrates these three cases. The ordinate and abscissa scales
are logarithmic. In (b) the ordinates indicate contrast sensitivity (left) and additionally
contrast threshold (right). Contrast sensitivity and contrast threshold are reciprocally related
S = 1/C.

Figure 3. Four examples of masking of test patterns (on-off presentation, 1 Hz) by
gratings (in all cases monocular viewing was adopted; mean luminance 75 cd/m2;
subject JJK): Adapted from (Kulikowski, 1991b). (a) A masking 10 c/deg grating is
at variable orientations (inset) to the vertical (10 c/deg) test grating. Note strong
subthreshold summation when gratings are lined-up (0 deg) and 'in-phase' (x) and its
virtual absence at an angle of 10 deg (+); this is because subthreshold summation
drops with an increase in orientation difference much faster than masking. The
greater the orientation difference the higher the threshold for effective masking. No
masking occurs for 90 deg, triangles. (b) Masking grating 10 c/deg; test gratings of
2,5, 7.5, 10, 15, 20 c/deg (see inset). Note that a 10 c/deg grating masks 5 c/deg
more than 20 c/deg, and even 2 c/deg shows a masking effect. (c) Masking pattern
about 5 c/deg (filtered noise; no phase coherence), test gratings (1 to 20 c/deg inset). Note a stronger masking effect of 5 c/deg on 1 c/deg that 5 c/deg on 15 c/deg.
(d) Test line (1.5 min) superimposed on the most effective masking grating, 5 c/deg
3 different spatial phases and on a 20 c/deg masking grating (less effective).
Altogether there are three different kinds of test-background interactions:
subthreshold summation, discrimination-better-than-detection (both phase-sensitive)
and masking (phase-insensitive).

Invisible backgrounds
In the simplest case of subthreshold summation, the test and superimposed background
gratings are identical in size, orientation, spatial frequency and phase: the test is presented
on and off, whereas the background is static. The test contrast threshold is reduced in
proportion to the background contrast, as though the background contrast is added to the
test contrast (linear summation within one detector mechanism). If the background was in
spatial anti-phase, the test threshold would also be proportionally elevated. Since the
gratings are identical, the slope of interaction is one, or close to it (probably it is a section
of a very elongated ellipse, see Graham (Graham, 1989)). In the case of a test line on a
background grating (Figure 3, bottom-right), the slope of the interaction is less than one;
note that with an anti-phase background grating the effect is opposite, as expected, when
the background is negative. The strength of this reduction depends on how the background
affects a given detection mechanism. In this way the sensitivity of line detection to
background gratings can be determined.
This effect of subthreshold summation allows examination of various types of testbackground interactions, for example, mapping of the receptive fields of linear line (or
edge) detectors (King-Smith & Kulikowski, 1975b, Kulikowski & King-Smith, 1973). It
has been found empirically that setting test thresholds by adjustment and ignoring
background stimuli makes the results more specific to the detection of the test pattern on its
own. With the forced-choice method, especially when test backgrounds are presented, an
observer might use different strategies or follow different clues (Blackwell, 1998, Henning,
Milar & Hill, 2000, Laming, 1986). However, realistic evaluation of threshold detectors
must also account for the contribution of probability summation, as opposed to linear
summation within one mechanism. Moreover, when evaluating the spatial arrangements of
detectors, we require probability analysis both in space and in spatial frequency (see
below). In summary, subthreshold summation methods can be used to identify detector
mechanisms of various types, as recent contributions suggest.
1.2.1. Visible backgrounds
As mentioned above, an invisible background can either reduce or elevate the test
threshold, depending on its polarity. When the background reaches its own threshold this
process is reversed: if the invisible (positive) background reduced the test threshold, now it
will elevate it; if the background was negative and elevated the test threshold, it will now
reduce it. This is illustrated for the test line (Figure 3, bottom right). Note that in spite of
this reversal, from threshold reduction to elevation, the test threshold is still lower than with
no background at all. Thus detection of the increment (test on background) is easier than
detection of the test stimulus on its own. This effect (like subthreshold summation) is very
specific in orientation, spatial frequency and phase. However, line detection is not affected
by a background grating if it is in a sinusoidal phase (Kulikowski, 1967), i.e. a nearthreshold grating does not influence detection of a line position in the node of a background
grating (in between light and dark stripes). Neither does any significant effect occur when a
background is a noisy grating with a random variation of phase (Figure 3, top left).
Evidently both subthreshold summation and facilitated discrimination occur only with inphase (i.e. 0 deg) or out-of-phase (i.e. 180 deg) relations between test and backgrounds (i.e.
not at 90 deg). Both these effects, called also the 'dipper effect', have been confirmed under
a variety of experimental conditions (Nachmias & Sainsbury, 1974) and used in many
contemporary studies (Regan, 2000)).

1.2.2. Effective masking
Masking by a background begins when the test threshold becomes higher than that without
a background. In the examples shown in Figure 3 it occurs at a three-fold suprathreshold
background contrast (either positive or negative (Kulikowski, 1967, Kulikowski, 1976)).
Thereafter, it increases in some proportion to the suprathreshold masking contrast (Figure
3). Depending on the degree of adaptation to the masking grating and the similarity of both
stimuli, the slope of masking is between 0.4 and 1 (Campbell & Kulikowski, 1966,
Kulikowski, 1969, Kulikowski, 1976, Kulikowski & Gorea, 1978, Legge & Foley, 1980).
Since the scales are both logarithmic, a slope of one (with a continuously shown mask of
identical orientation and spatial frequency to the test) means that the test threshold increases
in direct proportion to the background contrast. This is the Weber's law for contrast; it
signifies complete pattern adaptation (Kulikowski & Gorea, 1978). Conversely, using a
2AFC method with two presentations separated in time (test-alone or test+mask)
substantially reduces the slope of masking (i.e. incomplete adaptation occurs). Masking is a
highly non-linear inhibitory mechanism whose effects on the test stimulus are non-additive
and it may produce after-effects, i.e. changes in stimulus appearance (Blakemore, Carpenter
& Georgeson, 1970).
Masking by a surround also produces perceptual effects. The apparent contrast of a
grating surrounded by another grating depends on the surround parameters - it becomes
greater when the surround activates another channel. Hence masking is also referred to as a
means of gain control (D'Zmura & Singer, 1999). The same applies to local motion when
the surround is a similar pattern, but of higher contrast.
Masking does not strictly reveal the characteristics of detectors but rather the
interactions between detectors (Kulikowski, 1991b), which are conceptually different
(although often not quantitatively different in terms of bandwidth). Thus low spatial
frequencies are masked by high spatial frequencies more than high spatial frequencies by
low. Adding another masking stimulus may not increase masking, but may reduce the
masking effect ('a mask that demasks the masker' see Figure 8). Nevertheless, the maskingadaptation paradigm has become a very popular method, faster than subthreshold
summation in estimating inter-detector interaction, for approximating detector
characteristics (Wilson, McFarlane & Phillips, 1983) and has also been used to study other
mechanisms (Cropper & Derrington, 1996, Yoshizawa, Mullen & Baker, 2000). Since
masking may begin at a high supratheshold contrast (Figure 3), masks of several
suprathreshold levels are the best means of establishing whether or not an interaction
between the test and background stimuli occurs.
The three processes illustrated above: facilitated detection, facilitated discrimination
and masking, are also correlated with human visual potential recordings (Bodis-Wollner,
Hendley & Kulikowski, 1972), thereby substantiating their visual cortical origin.
1.2.3. Subjective contrast
Measures of subjective responses to sensory stimuli have been considered for almost 150
years. Fechner (Fechner, 1860) introduced a concept of just noticeable differences (jnd's)
between different intensities of stimuli and regarded this as a unit of sensation. Thus the
number of jnd's would be regarded as a measure of subjective stimulus intensity, in our
case, the number of contrast discrimination thresholds. However, there is no simple relation
between these measures and the subjective stimulus intensity (Stevens, 1959, Stevens,
1975).
Another measure of stimulus strength is a multiple of the detection threshold. It is
useful when comparing suprathreshold responses, but it does not indicate the subjective

'intensity' of a given stimulus. Matching, or rating gives the most direct measure of stimulus
intensity. In a relatively simple case, the sensation of the physical Michelson's contrast can
be estimated by either matching (a test contrast against a standard grating contrast), or one
of the methods of rating (e.g. stimulus halving). The results have shown that contrast
discrimination thresholds (jnd's) and subjective contrasts are different functions of the
Michelson's physical contrast, Cphysical (Kulikowski, 1976). Subjective contrast, Cs, can be
approximated by a power function corrected by contrast threshold, Co:
Cs = (Cphysical – Co)K.
(1.4),
where K is a constant which a characteristic of the individual subject.. For most observers
K= 0.85 to 1.
For suprathreshold contrasts, subjective contrast estimates can also be approximated by
another equation:
Cs ~ log(Imax/Imin) – Co,
(1.5),
where Imax and Imin are the maximum and minimum luminance.

1.3. Chromatic stimulation
1.3.1. Early stages
Only three types of receptors contribute to chromatic processing (Young, 1802). These are
cones, called after the wavelengths to which they are most sensitive: S=short, M=medium
and L=long. Their average and normalised spectral sensitivities are shown in Figure 4 (top)
in the form of cone fundamentals (DeMarco, Pokorny & Smith, 1992, Smith & Pokorny,
1975) from which functions of the second (MacLeod & Boynton, 1979) and third stage
(Hurvich & Jameson, 1957, Ingling & Tsou, 1977) can be derived.
The second (retinal) stage consists of linear and weighted combinations of cone
inputs: cone-opponent chromatic mechanisms: L–M, S–L–M and a luminance mechanism
often assumed as the weighted sum of mainly L+M cones (Figure 4 middle). Note that the
short-wavelength cone (S) excitatory mechanism has a distinct retinal substrate and cortical
projection (Calkins, 2000, Dacey & Lee, 1994, Martin et al., 1997). It can be selectively
stimulated by pairs of wavelengths, or hues, called briefly 'tritan' pairs (since they test for
tritanopia, i.e. the absence of the S-cone mechanism). It is important that for stable adapting
conditions, the colour of a patch can be determined from cone excitation or cone-contrast
values specified as: ΔL/L, ΔM/M and ΔS/S. Since cone-opponency (L–M and S–L–M) is
the linear transformation of cone fundamentals (Figure 4), the same applies to cone
opponent contrasts, e.g. ΔL/L - ΔM/M (Hurlbert, Bramwell, Heywood & Cowey, 1998),
see a review (Eskew, McLellan & Giulianini, 1999).
The third stage (or second opponent transformation) provides colour-opponent
mechanisms probably of a visual cortical origin (Figure 4 bottom); the zero-crossings of
these functions specify unique hues. Unique hues by definition are described by one
function (the other function is zero). This can be judged subjectively, e.g. unique blue is
neither reddish-violet nor green, unique green neither blue nor yellow, unique yellow
neither green nor red (see Figure 5 for a definition at threshold and see for details 2.3.1).
In all the above stages colour is represented as a 3-dimensional vector. Postreceptorally, luminance and two chromatic vectors forming the isoluminant plane represent
it. At suprathreshold levels other (less sensitive) mechanisms may be revealed in adaptation
experiments (e.g. intermediate chromatic mechanisms (Webster & Mollon, 1991, Webster
& Mollon, 1993)) or some effects may result from a combination of mechanisms.

Although colour vision in everyday life is connected with pattern perception, it is
useful to isolate chromatic from achromatic (luminance) aspects of processing when
studying the early processing stages. Moreover, using various combinations of test stimuli,
backgrounds and tasks, it is possible to study response properties of only one channel in a
given processing stage and test its possible independence.
The simplest stimuli are chromatic spots presented at a low frequency on a bright
background. Colour backgrounds reveal cone responses (Wyszecki & Stiles, 1982). Using
small spots focussed on the retinal cones, dichromacy in the central fovea can be studied
(Krauskopf, 1978). However, large spots on neutral backgrounds are needed to effectively
reveal cone-opponent responses (King-Smith & Carden, 1976). In such a case sensitivity of
opponent functions exceeds that of the achromatic luminosity function (whose shape is
shown in Figure 4 dashed line). Even flashes of spectral light with luminance increments
activate the cone-opponent mechanisms, as shown in Figure 5 (except for medium
wavelength 555-570 nm where the luminance mechanism may intrude). This means that the
subject can see colours of spectral spots at threshold.
Small spots stimulate produce a mixed luminance-chromatic response. Likewise
chromatic gratings with elongated stripes must be strictly isoluminant if they are not to
activate achromatic or partly chromatic detection mechanisms (Robson & Kulikowski,
1998). For example, red-green gratings, as strictly isoluminant as practically possible,
activate the achromatic mechanism at a contrast of as little as 1.5 above the chromatic
threshold (McKeefry, Murray & Kulikowski, 2001). This illustrates the problem of
selectivity limits.
Figure 5 c shows chromatic-opponent spectral sensitivity functions for two subjects.
This function is considered to be close to an envelope of the second-stage (or first coneopponent) characteristics (Sankerali & Mullen, 1996). When a subject carries out a
discrimination task, the perceptual functions explain the results. Wavelength discrimination
at detection threshold for large spectral spots on a neutral background reveals four regions
of spectral discrimination whose centroids (blue, green, yellow and orange-red), are close to
unique hues (Jordan & Kulikowski, 1995, Mullen & Kulikowski, 1990). These regions
correspond to four colour labelled detectors. The unique hues are at zero-crossings of the
perceptual (second-order) opponent functions (Boynton & Gordon, 1965, Hurvich &
Jameson, 1957, Wyszecki & Stiles, 1982). Figure 5 a, b shows the related wavelength
discrimination.

Figure 4. (above left). Spectral response functions of colour vision, assuming cone
fundamentals (top) and two stages: cone-opponency (middle) and colour-opponency,
(bottom) after the Muller-Judd theory. Reproduced with permission (Wyszecki &
Stiles, 1982).
Figure 5. (above right). Wavelength discrimination in relation to spectral sensitivity.
(a) Standard suprathreshold wavelength discrimination function (just noticeable
differences between wavelengths). (b) Computed wavelength discrimination
function (Mullen & Kulikowski, 1990) for threshold stimuli. (c, d) Spectral
sensitivity of the test spot (0.75%) used in the discrimination tasks (background
1000 Td, colour temperature 2500 K). Reproduced with permission (Kulikowski &
Walsh, 1991).

1.3.2. Colour vision variations among normal observers
Colour vision varies considerably among normal observers. Not only do the cones have
slightly different spectral properties, but they also contribute to luminance in different
proportions. A useful formula describes that only L and M cones contribute to the
luminance mechanism 1.6L+M, but individual variations are substantial (a coefficient of
1.6 is an average). Note that the 'luminance’ (or ‘achromatic’) mechanism, is strictly
determined by heterochromatic flicker photometry and not by brightness matching. The
brightness mechanism has both luminance and chromatic-opponent inputs to a degree that
is different for each individual (Schmidt, 1974).
Individual differences persist at all stages of processing and fundamental functions,
shown in Figure 4, should be derived for each individual observer. Even small individual
variations in cone properties may result in considerable differences in colour performance
(Gegenfurtner & Sharpe, 1999, Webster, Miyahara, Malkoc & Waker, 2000).
Another source of variability is that different stimulus, background and task
conditions (more complex than mentioned above for cone versus cone-opponency
identification) may activate different processing stages; the outcome may be a function
intermediate between two opponent stages additionally confounded by nonlinearity (see
following sections).

1.3.3. Chromatic and achromatic stimulation: interactions.
Near-threshold detection of chromatic and achromatic patterns reveals no interaction. The
detection thresholds for combined chromatic-achromatic patterns are determined by
probability summation (Metha & Mullen, 1997, Mullen, Cropper & Losada, 1997,
Simmons & Kingdom, 1997), as is the case for perpendicular gratings (Figure 2). This may
mean that mixed detectors are less sensitive to either chromatic or achromatic stimuli than
chromatic-only or achromatic-only mechanisms, which are specialised in their detection
tasks. However, at suprathreshold levels such interactions have been reported. One example
is perception of brightness, which is modelled as a vectorial (i.e. more than probabilistic)
sum of cone-opponent and achromatic components. This is most clearly evident when
looking at isoluminant hues, among which short- and long-wavelength (end-spectral) hues
look distinctly brighter (Pokorny, Smith & Shevell, 1991). Also when a test sample is
viewed on an isoluminant coloured background, it seems dimmer and changes its
appearance as though a background had higher luminance. In fact, the match in colour
appearance requires ‘dimming’ of the test sample against a neutral background
(Kulikowski, Stanikunas, Jurkutaitis, Vaitkevicius & Murray, 2001).
1.3.4. Higher-order colour processing
Colour appearance under a variable illuminant critically depends on viewing conditions and
on the task (Arend, Reeves, Schirillo & Goldstein, 1991, Troost & Weert, 1991). Important
determinants of colour appearance under moderate and slowly changing illumination are
cone-contrast (or cone-excitation) ratios (De Valois, De Valois, Switkes & Mahon, 1997,
Eskew et al., 1999, Hurlbert et al., 1998) - also evident when a change in illumination
covers the whole scene (Nascimento & Foster, 1997). This does not mean that colour
constancy can be defined solely according to cone contrast ratios, since these represent only
the first stage of colour processing. Nevertheless, since to date there are no uniquely
suitable colour metrics which are universally accepted, cone contrast ratios (often
normalised to threshold) have become increasingly popular in spite of the necessity to
derive cone-fundamentals for each individual observer (Webster et al., 2000). Higher-order
colour processing cannot be explained directly by cone-contrast ratios, and some non-linear
correction must be introduced (Lucassen & Walraven, 1993). The discrepancies increase
when tasks become more challenging, mainly in the cases when effective light adaptation is
prevented. This may occur for brief presentations of a small scene under different
illuminations, or when a non-neutral saturated illuminant substantially changes the hue of
the light reflected from an object (Kulikowski, McKeefry & Robson, 1997, Kulikowski &
Vaitkevicius, 1997, Wild, Butler, Carden & Kulikowski, 1985). Furthermore, other
cognitive factors, e.g. depth perception, cause even more bias in some colour-matching
tasks; this is an attempt by the visual system to maintain perceptual constancies (Bloj,
Kersten & Hurlbert, 1999).

1.4. Temporal presentation
1.4.1. Temporal modulation
Temporal vision was studied using uniform fields, but such fields are often too small to
eliminate edge effects (Lange, 1958). Experiments with discrimination of temporal
frequency of a flickering field at the detection threshold revealed three basic temporal

frequency filters (Mandler & Makous, 1984), one with low-pass and two with band-pass
characteristics, respectively (Figure 6, continuous lines). Two corrections of the originally
estimated filter functions are made: (1) According to other results the temporal resolution
limits of the low-pass (sustained) and band-pass I (transient) mechanisms (Kulikowski,
1991b, Kulikowski & Tolhurst, 1973) are lower than for the fastest (flicker) filter (Figure 6,
interrupted line). (2) The dotted curves in Figure 6 show schematic results for a bipartite
field flickering in counter-phase (Kelly, 1975).
1.4.2. Spatial factors
Temporal vision rarely operates in isolation and the relative contribution of the three filters
depends on the spatial arrangement of the stimuli. For a simple edge (or any elongated
pattern) across the test field (Figure 6, dotted lines) the relative contribution of the third
(fastest) filter is slightly reduced (not shown), whereas the second (band-pass, or transient)
filter becomes dominant (Kelly, 1975, Kulikowski & Tolhurst, 1973).
A general case (Robson, 1966) of luminance-contrast sensitivity to joint spatial and
temporal sinusoidal modulation (about constant mean luminance) is shown in Figure 7.
Note that in the spatial detection task (Figure 7 a) any increase in temporal frequency
reduces sensitivity and that sensitivity of temporal detection is likewise reduced by any
increase in spatial frequency (Figure 7 b). At moderate spatial and temporal frequencies
log-contrast sensitivity decreases almost linearly with both frequencies. Thus resolution
limits can be evaluated by linear extrapolation to the maximum contrast of one. In this case,
the weighted sum of spatial and temporal resolution is constant:
A⋅fxmax + B⋅ft = K1,

(1.7a)

D⋅ftmax + E⋅fx = K2,

(1.7b)

where A, B, D, E, K1, K2 are constants. It will also be seen that spatial frequency detection
at fast (20 Hz) modulation is practically a low-pass function (pure-flicker detection) and so
is temporal detection for fine spatial frequencies (>20 c/deg). Thus these two cases
represent one-channel spatial detection for high temporal frequencies and one-channel
temporal detection for fine gratings (the ‘last man standing’ hypothesis). Evidently, not
only is sensitivity reduced when additional modulation is introduced, but also the detection
at the extremes is supported by only one channel. (Still further reduction of spatio-temporal
resolution occurs for colour signals, see below).

Figure 6. Schematic temporal modulation sensitivity characteristics based on several
studies. Continuous curves show sensitivity for test-spots (Mandler & Makous,
1984) and show one low-pass (sustained) and two band-pass (transient) channels.
The resolution limit of the sustained channel is shown by the interrupted line
(Kulikowski, 1991b). The upper curves (dashed) show increased modulation
sensitivity (Kelly, 1975) for the first two filters when the test target is an edge
(bipartite field).

Figure 7. Contrast sensitivity functions of (linear) spatial and temporal frequency.
Any temporal modulation reduces spatial resolution and any spatial modulation
reduces temporal resolution. The lowest characteristics in each graph are low-pass
functions (Reproduced (Kulikowski, V.Walsh & Murray, 1991)).

1.4.3. Spatial and temporal limitations of purely chromatic stimuli
Testing pure chromatic sensitivity requires strictly isoluminant stimuli, which are very
difficult to generate since the visual system tries to break isoluminance. The most important
factors acting against isoluminance are retinal non-uniformity, macular pigmentation and
chromatic aberration. All three factors are minimised by using relatively small gratings, e.g.
the effects of transverse chromatic aberration increase with the number of spatial cycles
(Charman, 1991). Minimisation of chromatic aberration requires the generation of the

chromatic components in different planes (Mullen, 1985). With all these precautions, the
sensitivity of chromatic detection becomes a low-pass function of both spatial and temporal
frequency (McKeefry et al., 2001, Mullen, 1985, Mullen, 1987). Maximal sensitivity is
similar for red-green and blue-yellow pairs of unique hues, which means that veridical
colour detection operates at threshold (McKeefry et al., 2001). Moreover, the veridical
colour processing has equally poor resolution for red-green and blue-yellow. Under
photopic conditions (500 Td) veridical colour vision has a spatial resolution of about 10
c/deg and a temporal resolution of about 20 Hz, using conservative estimates (Kulikowski,
1997, McKeefry et al., 2001). Those studies which give higher estimates may deal with
another chromatic system (Granger & Heutley, 1973, Kulikowski et al., 1997). It appears
that reduced spatio-temporal resolution, brought down to the lowest common denominator,
is the price that is paid for veridical colour analysis. Although these resolution figures are
much lower than for achromatic vision (60 c/deg and above 60 Hz, respectively), colour
analysis can nevertheless occur up to a velocity of about 2 deg/s and there is no lower limit
(owing to involuntary eye movements). It appears, therefore, that previous attempts to
compare these two chromatic-opponent mechanisms with the retinal receptive fields (redgreen smaller than blue-yellow) as their possible substrates do not give any guidance as to
the optimal colour stimulation. The ganglion and LGN cells have much higher resolution
than can be revealed by psychophysical methods and respond to higher temporal rates than
psychophysically established mechanisms (McKeefry et al., 2001, Yeh, Lee & Kremers,
1995), which in turn can be correlated only with V1 responses ((Kulikowski, 1991a);
section 3).
1.4.4. Motion
Detection of temporal modulation is commonly used in motion processing but additional
temporal presentations must also simulate movement. Such stimuli reveal a range of
perceptual effects. One of the most important techniques is to stimulate apparent motion by
changing the spatial phase of a grating. When the phase changes periodically by 180 deg,
which is an abrupt contrast reversal, apparent oscillatory motion is perceived at lowmoderate spatial frequencies and no consistent direction of motion is seen. Incremental
phase changes of 90 deg elicit motion in one direction, however. Among the many
problems of motion perception, the extent to which colour vision could contribute to
motion perception is the most controversial. Experiments on apparent movement of
chromatic gratings serve as an example of an analytical approach, which has settled this old
controversy (Yoshizawa et al., 2000). Most studies use red-green patterns (since the tritan
blue-yellow produces minimum distinct patterns (Cavanagh, Anstis & MacLeod, 1987,
Tansley & Boynton, 1978). This suggests that postulated chromatic inputs to motion must
be at least tritanomalous (Williams, MacLeod & Hayhoe, 1981).
A red-green grating, or a Gabor pattern, can be presented as a sequence of frames to
produce apparent movement. When each frame is shifted by 90 deg in spatial phase the
pattern is seen as drifting in one direction (Lu, Lesmes & Sperling, 1999). A battery of tests
with a pedestal or masking noise and binocular summation suggests that this chromaticisoluminant movement is based on a higher-order motion mechanism. Using different phase
shifts in the presentation of chromatic gratings makes it possible to test whether the motion
detection is really colour sensitive, or whether it takes advantage of residual achromatic
intrusions (Dobkins & Albright, 1998, Yoshizawa et al., 2000) (see section 2).

1.4.5. Movement of plaids
Gratings consisting of two different components, e.g. of different orientations, can be used
to study motion coherence. The luminance-modulated gratings of different orientations
show rivalry when presented statically. However, they seem to move in one direction
(cohere) when temporally modulated. Varying the spatial, temporal and chromatic
parameters can test the degree of motion coherence. The experiments have shown that a
luminance modulated grating and a chromatic grating fail to cohere, thereby showing their
processing independence (Cropper, Mullen & Badcock, 1996).

1.5. Elementary tests for visual stimuli
Since computer-driven equipment is now widely used, it is important to realise that such
equipment is very prone to artefacts. In our experience, no program provided externally can
be accepted without critically checking its stimuli. Suppliers' assurances cannot be relied
upon (Koendrink, 1999).
The following simple tests are essential checks on the stimuli:
A. Mean luminance and contrast. In most experiments it is required that the mean
luminance of a periodic pattern is not altered by changes in contrast or spatial
frequency. Set a grating stimulus to be turned on and off. No flash should be seen
when looking at the display through a diffuser (e.g. tissue paper).
B. Background. Check a uniform background for the presence of residual noise.
C. Light and dark contrast. It is well established that at photopic or high mesopic
illumination, contrast thresholds for light and dark fine lines (under 0.1 deg) are the
same. Present both lines simultaneously and check if this is so. If it is important,
introduce temporal modulation (e.g. contrast reversal of a line), gradually increasing
its frequency. At moderate temporal frequencies, apparent movement (oscillation) is
seen, but at very high frequencies the line must disappear; repeat this at all contrasts
used in your experiments.
D. Mean hue. In many experiments isoluminant chromatic patterns are required and
additionally the mean hue is required to be constant. However, an isoluminant
mixture of saturated blue and saturated yellow is not white, but bluish, as the mean
point is not in the middle between the corresponding blue, yellow loci on the x,y
chromaticity plane. Likewise an isoluminant mixture from red-green phosphors may
not be yellow but orange-yellow. This is a common failure of 'package programs'
supplied by manufacturers and must be avoided.
E. Linearity. Cover a stimulus area and check if the background is constant when the
test stimulus is presented on and off. Repeat the same process when covering the
background and check whether the stimulus is affected by its presence.
F. Luminance. Luminance is a photometric measure, defined internationally, but
individual luminosity functions vary considerably. Thus, if accuracy is required use
individual isoluminance settings, not standards. The same applies to all colorimetric
variables, which should be specified for each individual.
G. Stability. Check how your system is affected as a function of time after switching on
(warm-up period and later), by ambient temperature or mains variations (e.g. during
week-ends).

1.6. Summary of multi-channel testing
The visual system has been found to operate with a large number of parallel mechanisms in
a variety of hierarchical arrangements. Testing such a system requires particular care in
choosing optimal stimuli. Many controversies are in fact spurious, since they result from
inappropriate definitions of tasks and non-selective stimulation. This attempt to achieve
selectivity or purity of stimulation tacitly assumes some modularity of vision. The
experimenters' paradox is to devise some ways of testing the processing units (channels,
detectors, submodalities), which in real life are not meant to operate in isolation. The
various methods briefly reviewed in this section, based mainly on probability of detection
and discrimination, masking and appearance of complex stimuli, unanimously suggest that
many visual mechanisms (and also some channels contributing to them) are independent, at
least at detection threshold. They constitute, therefore, labelled detectors for achromatic
patterns, colour and temporal modulation, or movement. Evidently, high sensitivity
combined with high discrimination or adequate resolution of one aspect of stimuli requires
separation, which would ignore other parameters: it is impossible to design a system which
simultaneously provides high resolution and sensitivity to all spatial, temporal and
chromatic aspects of stimuli. The separate spatial, temporal and colour processors can
achieve higher performance within each module than multi-modular processors.
Using interference techniques such as pedestal, masking or adaptation may test a degree of
independence or interactions between channels, detectors and submodalities. Further
experiments and demonstrations will illustrate interactions between these mechanisms
under suprathreshold conditions and examine their possible role in perception.

2. Threshold detectors: Markers of perception
The various methods listed in the preceding section lead to the evaluation of numerous
detection mechanisms, some of them seemingly continuous. Indeed, masking and
adaptation (in the domains of spatial frequency, hue, or luminance-chromatic interaction)
often produce the impression of a continuum of spatial-frequency, or chromatic channels
(Blakemore & Campbell, 1969, Campbell & Kulikowski, 1966, Webster & Mollon, 1991),
or may reveal variable chromatic-achromatic interactions (Stromeyer, Chaparro, Tolias &
Kronauer, 1997, Switkes, Bradley & Valois, 1988).
On the other hand, threshold detection studies suggest that continuous visual stimuli (e.g. a
luminance distribution, or a visible spectrum) are not only detected in discrete steps or
ranges, but are also often categorised (see below). Hence some criteria must be derived for
threshold detectors, which would be 'labelled' and possibly capable of influencing
suprathreshold perception:
a. Detectors must explain discrimination of stimuli and be of sufficient sensitivity
and range (bandwidth) to supply basic detection sensitivity functions for spatial,
temporal and chromatic modulations, respectively.
b. Detectors should not be derived from each other, but need not be strictly
independent either: they may interact by showing mutual inhibition or
facilitation, which should be revealed with complex or compound
suprathreshold stimuli (a requirement of orthogonality is generally not met).
c. Detectors should act as selective filters, but their optimal parameters may adapt
to background or test stimuli (mean luminance, hue, etc.).

d. The role of detectors acting as suprathreshold labelled-filters in the presence of
other processors should be evident from perceptual biases and illusions, some of
which are connected with physiological limits (Gregory, 1995).
e. Detectors should have some neuronal substrate, although not necessarily in the
form of trigger-feature cells, i.e. cells uniquely signalling a particular feature.
Since these threshold detectors are minimal in number, their coding is compact
resulting in some perceptual coarseness. When stimuli are above threshold values, more
detectors may get activated and coding becomes sparse (Field, 1994): dominant units
suppress or modify outputs of most background units, resulting in augmentation of certain
typical sensations. Note that debates on various labelled detectors, filters or lines go back
over 150 years up to the present (Backhaus, Kliegl & Werner, 1998, Regan, 2000,
Wyszecki & Stiles, 1982).
2.1. Analysis of spatial contrast
Spatial vision is undoubtedly most highly developed in primates, whose visual system
additionally provides trichromatic colour vision.
2.1.1. Contrast, not luminance, is important
Contrast, is the basic parameter in vision since effective coding of luminance over 12 log
units would be impossible. We notice only sharp discontinuities in luminance distribution
of two types: lines and edges, both preferably elongated. Numerous visual observations
have led to this conclusion (see Ratliff (Ratliff, 1965)). Independently, early designers of
machine vision realised that objects can be recognised by their outlines, which may result
from double spatial differentiation (Marr, 1982).
Figure 8 illustrates different transformations of a picture (a) of the Mona Lisa: (b)
After 'black on white' double spatial differentiation (d2/dx2; d2/dy2), (c) when a contour of a
standard thickness is outlined after its threshold is exceeded and (d) when the outcome of
double spatial differentiation is reversed in polarity - 'white on black'. Figure 8 b,d
correspond to Marr's (Marr, 1982) zero-crossing filters, and (c) to Marr's grating operation.
Images b,c,d are recognisable, but obviously poorer representations of the original (a). The
reversed polarity of contrast (b versus d) does not degrade the image. On the other hand,
reversing the polarity of the half-tone original (a versus e) significantly obstructs its
recognition. It seems that there are two different processes: (1) a nonlinear contour outline,
or primal sketch and (2) a quasi-linear analysis of contrast in which polarity is important.
Marr (Marr, 1982) believed that double spatial differentiation and contour outlining at the
zero-crossings (as in Figure 8 c) is the next step after edge detection. The alternative
approach is to consider processing with simultaneously operating line and edge detectors,
which are polarity-sensitive and quasi-linear in the first-stage.

Figure 8. Top: (a) Mona Lisa, (b) after differentiation, (c) after outlining, (d)
negative of (b), and (e) negative of the original (a). Bottom: The effects of
quantization and demasking. (f) A coarsely quantized picture of Mona Lisa is
unrecognisable. (g) A grid superimposed on the quantized picture makes the face
more recognisable, especially when the grid is tilted (h). (Kulikowski, 1991b).

Recent findings have shown that contour outlining and image segmentation are
facilitated by polarity and symmetry grouping (Field, Hayes & Hess, 2000). It seems
generally accepted that polarity of local contrast is a decisive factor in processing (Regan,
2000).
A companion Figure 8 (bottom) illustrates another well-known aspect of contrast
processing, namely a coarse quantization, which distorts local contrast, i.e. masks the
picture's shape (Harmon & Julesz, 1973, Morrone, Burr & Ross, 1983). There are several
explanations of the effect, the most important being that the squares mask the picture
expressed in half-tone contrasts. However, adding more spurious contours actually makes
the picture more visible. This illustrates the nonlinear and non-additive nature of masking:
the masking grid demasks the masker (coarse quantization).
2.1.2. Lateral inhibition
Crucial to the concept of contrast analysis was the discovery of lateral inhibitory
interactions within a receptive field: a neuron activated by signals within a small central
area becomes inhibited if the signals fall on the surrounding area (Adrian & Matthews,
1928) (see reviews (Kulikowski & Kranda, 1986, Ratliff, 1965)). This is the double spatial
differentiation. A further impetus to psychophysical studies was given by the discovery
(Hubel & Wiesel, 1962, Hubel & Wiesel, 1968) of simple cells in the mammalian striate
cortex, whose slightly elongated receptive fields consisted of antagonistic subregions.
Subregions of the first group of cells showed symmetry: (–|+|–) or (+|–|+), where '+'
signifies excitation by light; '–' is excitation by dark, by light turned off, or inhibited by
light turned on. The centre was dominant, so that light- or dark lines activated these
detectors. Receptive fields of the second group of cells had antagonistic subregions side by
side, i.e. showed anti-symmetry: (–|+) or (+|–), with the same symbols as above, so these
cells were activated by dark/light or light/dark edges, respectively. Note that the
consequence of the edge detection is orientation-specificity since concentric anti-symmetric

arrangements are impossible. Another class of 'complex' cells responded to any contour of a
specific orientation (light, dark line or edge) within its receptive field. Although complex
cells might contribute to non-linear contour outlining neither they, nor simple cells, strictly
fit as zero-crossing gate-detectors (Hochstein & Spitzer, 1984). Other models of extracting
information about contours (e.g. taking a modulus of outputs from line and edge detectors)
are not considered here.

2.2. Line and edge detectors in a multi-channel system
Figure 9 summarises the multichannel model: spatial channels and associated line/edge
detectors precede temporal filters after which 'thresholding' occurs. Psychophysical studies
are unanimous that achromatic-luminance and chromatic detection are separate at threshold
(see section 1), but it is striking that the finest spatial channel shares temporal
characteristics with colour detectors.

Figure 9. Model of processing of patterned stimuli in central (macular) vision. There
are eight spatial frequency channels supplying line/edge detectors (coarse - top and
fine - bottom). Three temporal filters (see Figure 6) consists of integration stages
and a differentiating stage each; their optimal temporal frequencies (rounded off in
Hz) are at about: 0.7 (sustained), 5 (transient 1) and 10 (transient 2). The fastest
filter (10 Hz) receives inputs from lowest spatial frequency channels (and possibly
from nonlinear texture, not shown). The finest spatial filter (peak at 30 c/deg) is
connected only to the sustained filter, whereas the remaining spatial filters are
connected to the sustained and transient 1 filters. Colour filters (red-green and blueyellow, not shown) contact only the sustained filter.

Figure 10. Spatial profiles of the most sensitive line and edge detectors and their
contribution to detection simple composite patterns. In each part of the figure, T and
B show the spatial profiles of test and background stimuli. The bottom row shows
that two cycles of a grating are detected more efficiently than would be predicted by
probability (King-Smith & Kulikowski, 1981). Likewise a wide bar's detection
shows a facilitatory process.

2.2.1. Visibility of edges and lines
Under starlight illumination we can see hardly more than edges of objects (e.g. of big tree
trunks) or borders (cliffs). Edge detection, arguably the most basic pattern-detection
mechanism, is very sensitive under such conditions, as it compares two integrated sides of a
border. Its sensitivity improves hardly ten-fold with 100,000-fold increase in illumination.
Thus under 0.01 scotopic Trolands an edge in a 20-30 deg field has a contrast threshold
about 10%, whereas for illumination of 1000 photopic Trolands it is about 1% (Kulikowski
& Kranda, 1977, Kulikowski et al., 1991). Improvements for fine lines are greater in both
sensitivity and the width of lines that can be detected; we can notice more details in better
light. Light or dark lines and edges can be identified at detection thresholds (Tolhurst &
Dealy, 1975) hence their detectors are 'labelled'. It means that they form a four-component
system, comprising separate detectors for light and dark lines, as well as light-dark and
dark-light edges (quasi-quadruple system, see below).
2.2.2. Spatial arrangements of line and bar detectors
Some studies of these detection processes were carried out in the mid 1960's, but the
concept of a detector was formalised in 1972/3 (Krauskopf, 1978, Kulikowski & KingSmith, 1973, Shapley & Tolhurst, 1973, Tolhurst, 1972). A line (light or dark) seen near
threshold is associated with orientation but does not have any specific width, if it is defined
as fine. Likewise a sharp edge is seen a simple luminance step. Quantitative evaluations of
the spatial arrangements of the threshold line/edge detectors show their antagonistic

subregions within which spatial summation occurs. This summation between antagonistic
regions or within them is essentially linear so that various invisible background stimuli
either lower or elevate the test (line or edge) detection threshold.
Figure 10 top-left shows the sensitivity profile of the threshold line detector under
photopic illumination. For both light and dark lines the spatial sensitivity profile is similar.
This profile may be evaluated by the method of subthreshold summation (see 1.2.1), i.e. by
evaluating how the presence of background lines (B in Figure 10) affects a test line
threshold (T in Figure 10, top-left). Here at an illumination of over 200 Trolands, the
excitatory central region (within which background lines help detecting the test line) is
about 6 min of arc or 0.1 deg wide. The antagonistic flanks (within which background lines
elevate thresholds of the test line) are slightly wider. No outer flank is present unless closeto-threshold lines are introduced (see below). Full spatial summation (Ricco's law) holds
within the central region, i.e. contrast and width are interchangeable. Thus the same
threshold response is obtained at a contrast of 1% for a bar 3 min wide and at a contrast of
10% for a bar 0.3-min wide. Practically, a black bar (contrast 100%) may be detected when
it is 0.03 min wide (about 2 sec of arc). The bars (3 min at a contrast of 1%, 0.3 min at 10%
contrast and 0.03 min at 100%) are indistinguishable near threshold and all look like fine
lines. If illumination is reduced, the regions become wider and broader bars are within the
summation area, but nevertheless they are seen as fine. Only activation with test bars wider
than the summation area of the most sensitive detector allows effective widthdiscrimination, since it involves another detector (Kulikowski & King-Smith, 1973).
2.2.3. Spatial arrangements of edge detectors
A small step-increment in luminance (1%) is recognisable as an edge. The increment may
be only local (Cornsweet, 1970, Craik, 1966) and still an edge is seen. Sensitivity profiles
of the threshold edge detector were similar in two studies (Kulikowski & King-Smith,
1973, Shapley & Tolhurst, 1973). Figure 10, top-right, shows the receptive field which
consists of a pair of main antagonistic areas (-|+) or OFF|ON, both around 0.15 deg wide,
with a weaker couple of outer antagonistic flanks (evaluated again by the method of
subthreshold summation of interaction between the test edge, T and the background lines,
B). It becomes obvious that a local luminance increment returning to the background level
at about 0.2 deg stimulates the detector effectively, and is seen as a sharp edge. An edge
stimulus with a gradual (e.g. cosine) luminance profile activates another edge detector that
signals blurring.
2.2.4. Simple interactions: line detectors and edge detectors
It should be stressed that the above mentioned properties of fine line and edge detectors,
such as similarity of profiles for light and dark stimuli, linear summation etc., apply only at
threshold and when the background (flanking) stimuli are well below their respective
thresholds. Background stimuli or other test stimuli present at and above their thresholds
generally alter the involvement of detectors.
Figure 10, bottom, shows the sensitivity profile of detection of two cycles of a
grating. The profile is that of line detectors, but the detection is more than probabilistic - it
shows facilitatory interactions near threshold, which contribute to the detection and
identification of space-periodic patterns such as gratings (see Figure 12). Similar
facilitatory interactions were reported when two edges contribute to detection of a (20-min)
wide bar (Figure 10, bottom-right). Not only is detection sensitivity slightly higher than
probabilistic, but, additionally, the presence of two sharp edges prevents any involvement
of a blurred wide-bar detector; the latter can be revealed when the wide bar is de-focused

(dashed line). Experiments with a partly de-focused wide bar (unpublished) showed that
one may direct attention to detect either edges, or a bar. These simple facilitatory
interactions, which are weak when studied near threshold, become stronger at higher
contrast; they may be the basis for feature binding and shape segregation in cognitive tasks
(Treisman, 1996, Westheimer, 1999).
2.2.5. Interactions between line and edge detectors
When background lines or edges are at subthreshold contrasts their presence affects the test
thresholds (of a line or edge) linearly (either adds or subtracts, depending on positions (Kulikowski & King-Smith, 1973)). However, at higher, suprathreshold contrasts, lines and
edges in the same location (or within the central area) are in rivalry. This is illustrated by
examples in Figure 11. Three kinds of percept are shown in three rows. The top row shows
three ramp patterns. Instead of seeing a fuzzy edge, as might have been expected, two bars
(dark on the left and light on the right) are seen at the points of discontinuity; these bars are
called Mach bands. The middle row shows a ramp (step change in luminance) perceived as
an edge without any flanking bands. Significantly, the slope of the luminance gradient in
the middle (not on the flanks) determines whether Mach bands or edges are seen. If the
slope of the ramp gradually increases, the transition from the percept of bands to an edge is
sudden. Bands or lines versus edges are antagonistic percepts rarely seen simultaneously,
clearly showing that there is some rivalry, similar to that of perpendicular gratings. This is
also illustrated in the bottom row by a case of inhibition of an edge by a line (light or dark),
or by two lines.
The percepts of bands is largely unaffected by the slope of flanks; in fact similar
bands were noticed at peaks and troughs of a low-frequency triangular grating by von
Bekesy (Bekesy, 1968). Edge perception is also determined by a local luminance increase
(Figure 11 d-f) irrespective of flanks (Cornsweet, 1970, Craik, 1966). A conventional
explanation of the Craik effect (seeing a local luminance increase as an edge, Figure 11 d)
is poor detection of gradients, or low spatial frequencies, the so-called missing fundamental
effect (Campbell, Howell & Johnstone, 1978). However, this is put in doubt by the recent
demonstration of a similar effect with chromatic stimuli, whose low spatial frequencies are
detected at almost constant threshold (Kingdom & Simmons, 1998). Evidently a sharp
luminance or hue change is a strong feature interpreted as an edge (Craik edge) irrespective
of any low spatial frequency components accompanying it. For normal observers line-edge
percepts are in balance, i.e. either lines (bands) or an edge are seen. However, if a patient
with a cataract who has adapted to unclear eye optics for a long time regains optical quality
he may see Mach bands on both sides of a sharp edge (D MacLeod, personal
communication). Thus the balance between activation of line and edge detectors best
explains bi-stable percepts. However, this interaction is not linear since dark bands appear
broader than light bands (Henning et al., 2000) and an edge is not perceived in the middle
of any linear gradient (Roncato, 2000).

Figure 11. a-c: For a moderate slope of a luminance ramp in the middle, Mach bands
are seen at the points of discontinuity (junctions). At a close viewing distance no
edge is seen. d-f: A sharp edge appears if a ramp is steep; bands are not seen on
either side. g-i: An edge is inhibited by the presence of thin lines, either dark,
light/dark or light. Note that the flanking luminance gradients do not affect the
percepts in all cases.

2.2.6. Spatial frequency characteristics of line/edge detectors
Background gratings at contrasts much below threshold (at least 0.4) affect thresholds for
lines and edges over specific spatial frequencies. The spatial-frequency sensitivity curves
obtained in this way are of medium bandwidth (under 2 octaves at half-sensitivity) and
show different peak points for lines (about 4-5 c/deg) and for edges (around 2 c/deg).
Figure 12 shows the spatial-frequency sensitivity curve for the line detector (open triangles)
in relation to the grating contrast sensitivity function obtained in the same experiment
(King-Smith & Kulikowski, 1975a). Note that the line detector is most sensitive to a line
but does not have the maximum sensitivity to gratings. In fact its grating sensitivity is at a
spatial frequency around 4-5 c/deg corresponding to the falling slope of the contrast

sensitivity function; a slope of -1 is illustrated in Figure 12 (assuming the patch-by-patch
analysis). Other line detectors can be revealed using either cosine bars (open circles) or
flanked bars (open squares and diamonds). In addition, a ramp or v-shape triangular profile
(not shown) reveals a detector with a sensitivity peak at about 2 c/deg, close to that shown
by inverted triangles. Note that the spatial-frequency curves for finer detectors have slightly
narrower spatial frequency bandwidth, as are discussed elsewhere (Kulikowski, 1991b).
Contrast sensitivity for sine-gratings against spatial frequency (crosses) is about twice that
for the corresponding line detectors. This increase is mainly due to probability summation
of activation of nearly independent line detectors. However, the existing facilitatory
interactions, though small, are very significant as they sharpen spatial-frequency tuning for
space-periodic patterns (see dotted line above line-detector's tuning curves). These results
stimulated the debate about "Bar detectors versus spatial-frequency channels?" (see below).
Optimising the experimental conditions can further increase contrast sensitivity of vision.
For comparison the thick outline in Figure 12 shows the highest contrast sensitivity
function obtained on a bright high-quality display (Tectronix 405, green phosphor P31,
mean luminance 80 cd/m2), the curve being the average of two emmetropic observers
(binocular viewing). Note that in the mid-range (1.5 - 3 c/deg), grating of contrasts as small
as about 0.2% are detectable; maximal resolution approaches 60 c/deg. This curve
represents the maximal window of visibility for sinusoidal gratings (sensitivity to square
wave gratings increases by 26% (Campbell & Robson, 1968)).

Figure 12. Contrast sensitivity for line detectors compared with the sensitivity of
grating detection (+) under the same condition. The lower curves represent the
grating sensitivity of various line detectors (evaluated with test patterns indicated;
the single line indicates the most sensitive line detector) and of the 'grating detectors'
whose narrow-band characteristics (dotted lines) are explained in section 2.2.7. The
top curve indicates the highest contrast sensitivity (binocular viewing).

2.2.7. Bar detectors versus spatial-frequency channels
Spatial-frequency channels, originally thought to have very narrow-band tuning (Figure
12), are now considered to be medium-band. A precise estimate of a spatial frequency
bandwidth of an elementary channel is rather ambiguous. It differs for different methods
and test stimuli (the most extreme difference shown in Figure 12) since the contributing
units are not independent. In other words, all estimates are confounded by the interactions.
Thus detection of a grating (or of several lines) may result from probability summation of
line detectors, but each line detector is an outcome of activation of detectors tuned to

slightly different spatial frequencies. This spatial - spatial frequency summation occurring
simultaneously cannot be evaluated unless some assumptions are made (the uncertainty
principle). The most important assumption is about the degree of probability summation in
the spatial and spatial frequency domains. However, it may still be useful to postulate an
elementary sub-unit in spatial frequency analysis, which could contribute to either line,
edge or grating detection. Our estimate of the sub-unit half-sensitivity bandwidth for a
range 4-5 c/deg is 1.5 octave (King-Smith & Kulikowski, 1975a), supported also by the
bandwidth of simple cells (equivalent of relative bandwidth Δfx/fx = 1). However, it may be
slightly narrower due to the uncertainty (space/spatial-frequency) principle (De Valois &
De Valois, 1990, Graham, 1989, Kulikowski & Bishop, 1981, Kulikowski, Marcelja &
Bishop, 1982). Another difficulty in establishing a spatial-frequency bandwidth is that the
bandwidth represents a mean of various bandwidths of simple units representing a given
area in visual space (Kulikowski & Bishop, 1981, Kulikowski & Vidyasagar, 1986).
The spatial-frequency bandwidth can also be inferred from other experiments. One
is spatial-frequency masking, but this reflects the between-channel interactions, rather the
channel characteristics (Kulikowski, 1991b). The minimum number of labelled detectorchannels necessary to explain the detection and discrimination of spatial frequency at
threshold also indicates that the channels cannot be very narrow. Using a 2AFC paradigm,
this number was estimated as six (Watson & Robson, 1981), centred between about 0.5 and
16 c/deg, i.e. roughly an octave (a factor of two) apart. However, the above number of six
channels does not cover the extremes of the spatial-frequency range of macular vision. This
range in young normal observers extends to above 50 c/deg and under 0.5 c/deg, for
optimal photopic conditions as shown (Figure 12). The finest channel must be postulated to
have a peak around 30 c/deg, since young observers may have spatial resolution
approaching 60 c/deg (Kulikowski, 1991b, Smallman, MacLeod, He & Kentridge, 1996).
The lowest macular channel (under 0.3 c/deg) has also been identified. Moreover, under
scotopic conditions (Hess & Nordby, 1986), the lowest spatial frequency channel (0.04
c/deg) is probably based on the high concentration of rods 12 deg away from the visual axis
(Kulikowski, 1991b). However, all the spatial frequency channels evaluated above are
linked to local contrast detection (Regan, 2000). In other words, most researchers recognise
medium-band analysers, which are polarity- or phase-sensitive and thus inherently linked to
lines and edges. When complex luminance distributions are presented, observers indicate
lines and edges as distinct features (Georgeson & Freeman, 1997).
Spatial frequencies are also important parameters, which may indicate density of
textures (in texture-defined forms, see Regan (Regan, 2000)) and their role in the first
stages of the nonlinear model has also been considered (Graham & Sutter, 2000). Thus the
spatial frequency channels may be described as labelled detectors (Watson & Robson,
1981), but unlike the case of the detection of lines and edges, the subjects cannot identify
such a stimulus as a simple qualitative entity.
Other effects also provide evidence against narrowly tuned spatial-frequency
channels. One of the first was a phenomenon of 'beats' seen when two non-harmonically
related spatial frequencies (e.g. 10 and 15 c/deg) are presented near threshold. No
frequency-selective wave analyser would show a 'difference spatial frequency' of 5 c/deg,
but such a pattern is seen (Kulikowski, 1969), as illustrated in Figure 13. This is an
example of a second-order, non-linear pattern (similar patterns have been used to test
second-order motion processing, see below).

Figure 13. Beats and composite gratings. Top: Beats in the middle are seen when
spatial non-harmonics are added: 10 (left) and 15 cycles (right) are added in the
middle producing beats. Bottom: Second harmonic added to the first harmonic in
sine phase elicits apparent fineness, as though some harmonic averaging occurred;
reproduced with permission (Maddess & J.J.Kulikowski, 1999).

The second phenomenon is shown in Figure 13 (bottom). Adding the first and second
spatial harmonics produces a pattern of dark-light pairs of bars that seems finer (Fig. 13,
bottom-centre) than the first harmonic (Fig. 13, bottom-left). This is a kind of averaging
between harmonics. This effect is not consistent with narrow-band spatial frequency filters
mentioned above, or with the existence of independent channels for spatial harmonics.
Adding the third and fifth harmonics to the fundamental sharpens the edges of a grating,
making it look more like a square-wave (Campbell & Robson, 1968) than as independent
spatial frequency components. Note that static gratings of different orientations produce
monocular rivalry, i.e. they alternate (Campbell & Howell, 1972), whereas a weak rivalry
was reported only for the third harmonic and only in no-line no-edge phase relation with
the fundamental (Ferchner & Ginsburg, 1978). Thus all the above observations again argue
against narrow-band channels and show that harmonics readily contribute to local percepts
as lines or edges.
2.2.8. Wavelets: Gabor's elementary functions
Original approximations of contrast detectors were akin to a difference of Gaussians (DOG,
or a Mexican hat). The main advantage of this formula is that a Fourier transform of the
difference of Gaussians is also a difference of Gaussians. However elementary units
contributing to line edge detectors have sharper spatial frequency tuning rather like a
difference-of-Gaussians squared which produces a spatial profile with five symmetrical
antagonistic subregions (King-Smith & Kulikowski, 1975a). Another analytical description
is provided by Gabor's (Gabor, 1946) two-dimensional elementary functions. Thus
assuming polarity sensitive symmetry and anti-symmetry, the four Gabor functions are:
(+/–cos, +/–sin) convoluted with Gaussian envelope. A full set would form a quadruple at
each spatial frequency (Kulikowski et al., 1982). The Gabor functions are also called selfsimilar wavelets since they transform into similar sets, i.e of the same functional form and
shape and (Daugman, 1991)). However, these wavelets do not strictly fit either

psychophysical detectors (except 'grating detectors' which are not primary detectors (KingSmith & Kulikowski, 1975a, Kulikowski & King-Smith, 1973)), or simple cells in V1
(Kulikowski & Vidyasagar, 1986). Note that the most sensitive line and edge detectors do
not form a quadruple, since the optimal spatial frequencies for line detectors are higher than
that for the edge detector. Nevertheless the wavelets provide a useful frame for modelling
and, more importantly, for economic image processing. In a series of studies Daugman
((Daugman, 1991) and http://www.cl.cam.uk/users/jgd1000/ima.ps.gz) has shown that only
a few wavelets may be used to convey an image (see Appendix 1).
2.2.9. Coding contrast in twilight
Under photopic illumination line and edge detectors are fairly balanced. However, as the
daylight fades away details become less visible but large objects preserve their apparent
contrast. It is sometimes maintained that apparent contrast is generally reduced under
twilight illumination, as though a fog descended (Appendix 2). However, when the
observer has time to adapt to lower illumination, the opposite is observed: objects of
relatively high contrast become dominant since those of low contrast become invisible.
Two equations (1.1 and 1.2, see section 1), which can be adopted to predict subjective
contrast, Cs, lead to the same result:
Cs = (Cphysical – Co)K,

(1.1)

where Co is contrast threshold and K is constant approaching one, or
Cs = log(Lmax/Lmin) – Co,

(1.2)

i.e. the log ratio of maximum/minimum luminance. In either case contrast thresholds, Co,
for fine details decrease more steeply with a reduction in illumination. Moreover, coarse
patterns and edges of low physical contrasts will also be reduced in apparent contrast more
than those of high contrast. This is because the threshold, Co, increases in twilight (e.g. to
25%, from about 5% in daylight) and reduces medium contrasts (e.g. 30-40%) relatively
more than high contrasts (e.g. a tree trunk against the sky which may reach 80%). Appendix
2 illustrates such cases.

2.3. Chromatic processing and colour
Results obtained in different laboratories have shown that chromatic and luminance signals
are coded by separate types of retinal ganglion cells (Crook, Lee, Tigwell & Valberg, 1987,
Lee, Martin & Valberg, 1989, Lennie, Pokorny & Smith, 1993), originally identified
(Gouras, 1968) as tonic and phasic, respectively. Tonic chromatic-opponent cells in the
retina (and LGN) always show some sustained responses and phasic cells distinct transient
response. However, there are many cells of either type, which give similar responses: both
with sustained and transient components (Blakemore & Vital-Durand, 1986). Only in
extreme cases can these cell-types be identified by their responses. The midget cells
constitute most of the retinal ganglion cells (about 80%) and the same applies to
parvocellular neurons in the LGN (Wiesel & Hubel, 1966). This has led to speculations that
the parvocellular system (in spite of its low contrast sensitivity of about 10 (Hicks, Lee &
Vidyasagar, 1983, Kaplan & Shapley, 1982)) can support not only threshold detection of
red-green patterns, but also achromatic patterns by spatial summation. However, detection
of achromatic patterns has the luminosity spectral characteristic (see Figure 4) which is the

distinctive feature of the magnocellular system (Lee et al., 1989, Lennie et al., 1993). In the
visual cortex (V1) cells extracting colour information by extensive spatial summation were
reported (Livingstone & Hubel, 1987, Livingstone & Hubel, 1988), although their
numerical representation was questioned (see section 3). However, most cells respond to
both chromatic and achromatic contrast (Lennie, Krauskopf & Sclar, 1990). On the other
hand, psychophysical studies have established that independent (Mullen & Losada, 1994)
chromatic detection is labelled according to categorical hues (Mullen & Kulikowski, 1990)
and balanced, i.e. the sensitivity of blue-yellow and red-green mechanisms is similar
(McKeefry et al., 2001), although they are based on different neuronal substrates. Colour
categorisation marks the transformation from chromatic processing to the beginning of true
colour vision.
2.3.1. Veridical colour vision
The finding that a blue-yellow chromatic grating (categorical or tritan) is detected with
equal sensitivity to that of the categorical red-green grating implies that the normal colour
system is veridical also at detection threshold (i.e. at a minimum detectable saturation).
This trichromatic balance obviously holds through the range of suprathreshold saturations.
If red-green patterns were detected at lower thresholds than blue-yellow, this would make
colour vision anomalous at detection threshold. In fact, any chromatic spot (blemish, or
stain) on a white background can be categorised (according to four typical colours) when it
is detected (King-Smith & Carden, 1976, Mullen & Kulikowski, 1990, Sharanjeet-Kaur et
al., 1997). Discrete colour categorisation also means that most observers looking at a
spread-out visible spectrum can identify four categorical or typical colours at first glance.
More precisely, the most obvious are four unique colours, which cannot be explained as a
mixture of the others (blue contains neither red nor green, green no blue nor yellow, yellow
no green nor red, etc.). Both colour memory and the ability to identify colours under
various illuminations (colour constancy) are more stable for the typical (Kulikowski &
Vaitkevicius, 1997, Troost & Weert, 1991), unique-like hues. It is well known that
intermediate colours may look different under tungsten and daylight illumination, but it
remains possible to identify typical colours. A real-life example is when an observer stays
in daylight and tries to look briefly through a keyhole into a room illuminated by tungsten
light. White surfaces appear yellowish, but, nevertheless typical colours (red, green, yellow
and blue) can be identified although they may appear changed. Colour processing is based
on high-sensitivity filters whose operation is still not known. For example, a viewing
condition, not encountered in moderate climates, is when the intensity of direct sunlight
reflected from an object is hundreds of times higher than from the same object in shade
(McCann, 1998). A simple model based on cone-contrast ratio would predict that a banana
would look white in sunlight and grey in shade; but humans and monkeys can identify it as
yellow. However, high and balanced sensitivity of this veridical trichromatic colour
processing is achieved at the expense of reduced spatial and temporal resolution. It is
possible that the chromatic-opponent (parvocellular) system divides in V1. A part of it is
devoted to pure colour analysis and undergoes further colour transformations to ensure
colour constancy e.g. when familiar objects like fruits are to be considered as edible
(Regan, Julliot, Simmen, Vienot, Charles-Dominique & Mollon, 1998). The other
parvocellular projection partly mixes with the achromatic (magnocellular) system to form a
partly chromatic mechanism (see below).
2.3.2. Binocular chromatic rivalry and stereopsis

Experiments comparing achromatic (luminance-modulated) and chromatic-isoluminant
stereo-patterns presented in spatial anti-phase to both eyes (Kulikowski, 1992, Kulikowski
& Walsh, 1995) show different percepts depending on the number of borders (Figure 14;
readers are asked to fill colours of the template with e.g. red and green). First, consider a
cycle of achromatic grating (Figure 14, left) which is presented in anti-phase to both eyes
(left eye looks at the left pattern and right on right; a septum between the eyes and patterns
may help). When the outside frame is fused binocularly the most obvious percept is that of
a dark bar above the frame; less common is a light bar behind the frame, both theoretically
equally probable. Stereo-percepts usually require some time to develop (Julesz, 1971). A
long viewing of this pattern produced alternation of the dark bar in front, or light bar
behind, which may occur several times per minute and results from simple 'physical'
ambiguity of the stimulus, which has two interpretations. This case is different from the
binocular rivalry occurring when two different patterns are presented to each eye (Abadi,
1976).
A substantial change occurs when instead of the light-dark, dark-light pairs colour
pairs in anti-phase are presented, e.g. red-green (Figure 14, right). Stereo-fusion, so easy for
luminance-modulated patterns (Kulikowski, 1978a, Tyler, 1974), is virtually impossible for
any pair of opponent colours in spatial anti-phase (Figure 14, right). Instead, the most
frequent percept is that of a large colour patch somehow integrated from both eyes. The
colour of this patch may be either totally red or totally green which implies that colour
signals can be integrated into a patch taking information from both eyes (this interaction
was demonstrated in the temporal cortex - (Laming, 1986, Logothetis, 1998a, Logothetis,
1998b)). The percept total red alternates with total-green usually within a minute, which is
binocular colour rivalry (Kulikowski, 1992). Both percepts are equally probable. Note that
strict isoluminance is helpful, but not absolutely necessary to produce this effect.
The different effects obtained with achromatic and chromatic gratings imply that
chromatic and luminance signals operate differently (Simmons & Kingdom, 1997).
However stereopsis may be gradually strengthened and the chromatic rivalry weakened by
introducing more borders (Kulikowski & Walsh, 1995), when one cycle of a grating is
replaced by a checkerboard in Figure 14. The different perceptual effects obtained with
patterns containing the same overall colour area suggest that a different mechanism,
depending on contours, corners or texture, comes into operation. Stereopsis is stronger for
red-green than for tritan patterns.
Some observers are capable of inducing more complex kinds of alternation: percepts
of total-red versus total-green may alternate with stereo-percepts of segments in front of the
frame or behind. Subjects show a broad range of different perceptual preferences when
viewing these patterns. Two out of over ten observers reported that they could obtain any of
the percepts mentioned above (one-colour only or stereopsis) by concentrating, presumably
by using a modulatory mechanism of selective attention. This variability of reported stereoeffects may explain controversies reported in other studies (Kingdom, Simmons &
Rainville, 1999, Livingstone & Hubel, 1987, Ramachandran, Rao & Vidyasagar, 1973,
Scharff & Geisler, 1992).

Figure 14. Templates for binocular experiments with pair of achromatic (left)
patterns and chromatic (right) patterns. Please copy this template several times and
make pairs of chromatic patterns (approximately isoluminant), which should have
the opposite spatial phase. Left and right eyes should view these patterns using a
partition, or with the eyes crossed without a partition (for experienced observers).

2.3.3. Chromatic input to pattern, texture and motion processing
The chromatic pattern/texture system differs from the colour system by being generally less
sensitive to static colour information (probably because transient magno-units respond to
isoluminant red-green patterns, as documented by Lee’s group (Lee et al., 1989)). The r-g
versus b-y asymmetry is well documented by numerous experiments in which authors did
not separate colour from chromatic-pattern channels and concluded that red-green
processing is stronger than blue-yellow (which violates principles of trichromacy). The redgreen versus blue-yellow discrepancy increases when higher spatial frequency or temporal
modulation is introduced, as both factors handicap the blue-yellow component (Cavanagh
et al., 1987, Cavanagh, Henaff, Michel, Landis, Troscianko & Intriligator, 1998, Sekiguchi,
Williams & Brainard, 1993). It is possible that extraction of information about chromatic
contours, motion and stereopsis is served by convergence of the parvo-magno systems
discovered by J. Lund a decade ago (Lund, Wu, Hardingham & Levitt, 1995). The
chromatic pattern or texture mechanism, may be based on a hybrid pathway of units with
dual P/M inputs (Kulikowski, 1997) and Part II). Under static conditions colour detectors
are sufficiently sensitive to provide veridical, trichromatic information about reflectance of
objects. However, for fast temporal modulation, the colour detectors are less sensitive than
the chromatic-pattern processors. In the latter, the multiplexing of chromatic and luminance
information may facilitate and speed up the detection of coloured objects at the expense of
colour fidelity.

2.4. Temporal frequency filters
2.4.1. Spatio-temporal and motion phenomena
Achromatic gratings modulated at various spatial and temporal frequencies produce
essentially three temporal percepts (Hess, Bex, Fredericksen & Brady, 1998, Hess & Plant,

1985, King-Smith & Kulikowski, 1975b, Kulikowski, 1971, Kulikowski, 1978c,
Kulikowski, 1997, Kulikowski et al., 1991):
(1) Pattern steadiness with a positional change, or slow motion (high spatial
frequencies, and low temporal frequencies (Julesz, 1971)).
(2) Lateral movement (medium spatial and temporal frequencies).
(3) Pure flicker (low spatial, high temporal frequencies, (Kelly, 1979)).
These percepts are ascribed to three different temporal filters referred to as (1) sustained, or
low-pass, (2) transient or band-pass I with a peak at about 5 Hz, (3) flicker, or band-pass II
with a peak around 10 Hz (King-Smith & Kulikowski, 1975b, Mandler & Makous, 1984).
Steadiness. The sustained mechanism with a low-pass temporal-frequency
characteristic, allows the detection of patterns moving slowly, following some integration
time (Kulikowski, 1978c). Abrupt displacements (spatial phase changes by 90 or 180 deg)
are not detectable, nor do they signal the motion direction (Kulikowski, 1978c, Murray &
Kulikowski, 1984, Murray, MacCana & Kulikowski, 1983).
An interesting stroboscopic-like effect can be observed if a relatively fine grating
(e.g. 10-20 c/deg) is sinusoidally modulated at a high temporal frequency, e.g. ft=18 Hz
(must be above 10 Hz). Such gratings are not visible unless a ftr=14 Hz tremor is imposed
on the observer (Kulikowski, 1971). One would expect that a grating should oscillate at a
difference frequency (ft – ftr = 4 Hz), but in fact it appears almost steady, or floating at
much lower frequency. Evidently, the sustained pattern mechanism integrates the temporal
changes.

Figure 15. Subjective phenomena generated by high-contrast gratings with various
combinations of spatial and temporal frequencies (Kulikowski, 1971). Note that fine
gratings are seen as stationary when moving slowly, whereas coarse gratings
modulated at high rates consist of flickering areas separated by the 'nodes' of a
grating (spatial-frequency doubling). Intermediate spatial and temporal frequencies
generate apparent movement.

Pure-flicker and apparent motion. At the opposite extreme, the band-pass II
mechanism is sensitive to either uniform fields, or coarse patterned stimuli modulated at
high rates. Fast flicker or fast movement can be seen (direction can be specified). The
transition from pure flicker to motion is more gradual for patterns near threshold than for
high-contrast gratings (Figure 15). In addition to moving stimuli, ambiguous stimuli, e.g.
discontinuous presentations such as abrupt spatial-phase shifts, or on-off presentations, are

particularly important since they test the robustness of given perceptual phenomena. At
detection threshold usually no form can be seen (or distortions, see below). This apparent
mobility detection is most sensitive around 1-2 c/deg and dominates all low spatial
frequencies (as a pure-flicker detector of a distinct entity - (King-Smith & Kulikowski,
1975b)). The subject sees shadow-like stimuli, oscillating when modulated at high temporal
frequency, or moving fast in a given direction (Kulikowski, 1991b). Actually, no motion is
necessary to elicit apparent movement: a simple on-off presentation of a luminancemodulated grating is perceptually equivalent to a phase reversal (by 180 deg), provided that
the contrast change is the same in both cases (i.e. onset from 0 and contrast of C, must be
matched by a contrast reversal between –C/2 and +C/2). Both presentations (stationary
flashing and contrast reversing) produce illusory motion (oscillations) at detection
thresholds (Kulikowski & Tolhurst, 1973) and slightly above. This apparent movement is
closest to what is called the Wertheimer's phi-movement (Steinman, Pizlo & Pizlo, 2000),
as it is structureless. Moreover, adding a low-contrast stationary background grating (i.e.
effectively increasing the contrast of a stationary grating) does not disrupt apparent motion
perception, as though the motion mechanism did not adapt to, but ignored, a stationary
pattern (Kulikowski & Gorea, 1978, Robson & Kulikowski, 2001, Santeen & Sperling,
1984).
Stationary flashing gratings above threshold also seem to oscillate laterally, but this
apparent mobility at high contrasts becomes distinctly different from the sensation
produced by contrast reversal (Kulikowski, 1975). When a pattern threshold is reached
some structure is perceived, although distorted, so-called spatial frequency doubling
(Figure 15). This effect is not caused by saturation of contrast, but is now introduced as a
test for nonlinear magno-cellular contributions (Maddess, Hemmi & James, 1998). With an
increase in spatial frequency from about 2 to 20 c/deg, perception of motion near detection
threshold becomes gradually weaker. Contrast threshold, or its reciprocal contrast
sensitivity, for mobility detection can still be set irrespective of whether some motion exists
or does not occur at all (stationary flashing gratings). However, motion contrast sensitivity
is lower than pattern-detection sensitivity (Kulikowski & Tolhurst, 1973). Additional
experiments measuring contrast sensitivity as a function of a displacement phase angle
confirm that a spatial frequency of about 1.5-2.5 c/deg lies at the boundary between the two
mechanisms. Up to about 1.5 c/deg apparent-mobility-detection contrast sensitivity as a
function of a spatial phase angle of sudden displacements is approximated by (Murray &
Kulikowski, 1984):
S(mobility) = K⋅sin(phase angle),
(2.1)
where K is constant. S(mobility) reaches its maximum at 180 deg, which is contrast
reversal. Above 2.5 c/deg discrete displacements of a grating or shifts in its spatial phase
(with defined direction) produce maximum contrast sensitivity at 90 deg. Sensitivity then
decreases for larger phase shifts (Murray & Kulikowski, 1984, Nakayama & Silverman,
1985) and can be approximated by equation:
S(motion) = K⋅sin(2⋅phase angle)

(2.2)

Note that a 90 deg phase shift indicates unambiguously a direction of movement. This is
therefore a separate filtering mechanism (transient I) dealing with motion of contours. Real
motion of low/medium spatial frequencies produces contrast thresholds which are related to
temporal contrast reversal (as a moving wave is related to a standing wave (Kulikowski,
1978c, Levinson & Sekuler, 1975)).
The numerical difference between contrast sensitivity for elongated gratings below
and above 2 c/deg is not large, hence the contribution of the 'transient II' filter may not

show up and only two filters (transient I and sustained) may be used to compute stimulus
mobility (Burr & Ross, 1982). This applies to chromatic-isoluminant patterns for which
these filters may predict velocity (Metha & Mullen, 1997). However, completeness requires
three temporal filters, the balance between these can specify the apparent mobility of
stimuli. Some interactions between mechanisms are also revealed by the presence of
distortions in the appearance of gratings below 2.5 c/deg. Above threshold brieflypresented stimuli appear like grating patterns of higher spatial frequency than when
presented statically. This is as though a balance existed between the second spatial
harmonic (characteristic of a nonlinear detection by a 'transient I' mechanism), and the first
harmonic connected with pattern detection (Kulikowski, 1975).
Thus three filters determining a degree of pattern mobility are involved. According
to the spatial and temporal frequencies and level of suprathreshold contrast, the patterns are
more or less mobile, as though balance between the responses of pattern and motion-related
filters determined the apparent mobility of stimuli.
2.4.2. Spatio-temporal chromatic modulation
Mullen (Mullen, 1985) showed that for aberration-free stimuli chromatic modulation
produces low-pass modulation sensitivity curves as functions of spatial and temporal
frequency (McKeefry et al., 2001). Under these conditions the component colours of the
grating can be fully identified. Sometimes, however, small local maxima around 5-10 Hz
are present, as noticed by De Lange (Lange, 1958), which resemble the peaks of the
achromatic modulation sensitivity functions. This phenomenon was originally discussed
(Swanson, Pokorny & Smith, 1987) in terms of a contribution of the magno-cellular type,
particularly in the case of isoluminant red-green gratings (which stimulate magno-cells (Lee
et al., 1989)). Similar effects, however, can occur for blue-yellow, or tritan gratings, since
their isoluminance can more readily be broken (not only by chromatic aberration but also
due to variable macular pigment and other factors (Kulikowski et al., 1997, Robson &
Kulikowski, 1998, Stromeyer et al., 1997)). These small departures from isoluminance, or
luminance-contrast intrusions, do not affect much colour appearance of coarse gratings, but
the visibility range is substantially extended, i.e. the maximum resolvable spatial and
temporal frequencies increase. This extended range is not seen as achromatic (although
colours are not veridical), so it may result from some parvo-participation. It is as though the
visual system preferred to detect fine chromatic patterns, even at the price of colour
distortion. Even if the most obvious sources of achromatic intrusions are minimised, some
residual contribution from the magnocellular system cannot be excluded, as it responds to
isoluminant red-green patterns. This is especially important over the range of spatial and
temporal frequencies, which favour motion detection, i.e. 1 c/deg and 5 Hz (but see below).
2.4.3. Chromatic contribution to motion
In recent years the question of 'colour' contribution to motion has been controversial. One
aspect, hotly debated, is whether 'colour' inputs exist to a motion area - V5 or MT which
signal direction of motion (Albright, 1984, McKeefry & Zeki, 1997, Newsome & Pare,
1988, Zeki, 1974, Zeki, 1993). A simple answer is that there is no evidence for veridical
colour input to the 'motion' area, since inputs are strongly biased in favour of red-green
(Dobkins, 2000, Wandell, Poirson, Newsome, Baseler, Boynton, Huk, Gandhi & Sharpe,
1999). There are also doubts as to whether the existing chromatic inputs are 'labelled'
(Dobkins & Albright, 1998). However, a question about 'colour-to-motion inputs' can be
asked without treating V5 as the 'centre for motion' since its lesions produce only partial
deficits (Newsome & Pare, 1988). Evidently other areas can handle all but the most

specialised motion information. Many psychophysical observations indicate chromatic
inputs to a motion mechanism. It is difficult to believe that the visual system would discard
the information about the chromaticity of moving objects (Li & Kindom, 1998) if this is
possible within spatial, temporal and chromatic limits. Thus colour of slowly moving
isoluminant patterns may be veridical, but such patterns seem to drift more sluggishly
compared with achromatic patterns. As the velocity increases the discrepancy grows
between the perceived speeds of luminance-modulated versus isoluminant red-green
patterns (and still more for tritan blue-yellow). Some models with two temporal filters have
been suggested (Cropper & Derrington, 1994, Cropper & Derrington, 1996, Gegenfurtner
& Hawken, 1996, Hawken, Shapley & Grosof, 1996, Metha & Mullen, 1997) and the role
of selective attention has been observed (Snowden & Edmunds, 1999). However, details
apart, it is obvious that no mechanism can be equally responsive to spatial, temporal and
chromatic aspects, and veridical colour vision can develop only for moderate spatiotemporal modulations. To a considerable extent, vision takes advantage of some residual
(magnocellular) signals extracted from moving isoluminant patterns (Yoshizawa et al.,
2000). Moreover, experiments on the apparent movement of strictly isoluminant red-green
grating have revealed that this motion lacks the first-order mechanism (Yoshizawa et al.,
2000) and is connected with only one low-pass temporal filter of low temporal resolution
(Lu et al., 1999): a pattern adjusted for equal salience actually produces motion standstill.
The consensus is reached that the higher order motion mechanism can process red-green
isoluminant patterns. The temporal characteristic of this filtering resembles that of slow
motion detection of fine achromatic gratings (above 25 c/deg). It is interesting that both
these stimuli are processed by the parvocellular system (Ingling, 1991, Kulikowski, 1978c,
Kulikowski, 1991b, McKendrick & Johnson, 2000).
All this discussion and the colour illusions below, suggest some intermediate
mechanism, different from the normal (trichromatically balanced) mechanism. It is
probably double-coded, carrying chromatic and achromatic information, and facilitates
processing colour pattern, texture, stereopsis and motion of suprathreshold stimuli.
However, double coding can also produce illusions, as illustrated by an illusion known for
over 160 years. In the so called 'Fechner-Benham wheel' effect, illusory colours are elicited
by fast-spinning achromatic patterns. The most plausible explanation of these illusions is
that the achromatically activated processors are partly chromatically coded.
This would be consistent with the findings of dual parvo-/magno-cellular inputs, which
respond faster than colour cells (section 3). Thus colour cells cannot signal "whiteness" of
fast rotation and information comes only from assemblies of chromatic units, which are not
chromatically balanced. Conversely, a slow spinning Benham wheel does not produce these
illusory colours, since the slow colour system is activated and counter-balances the
spurious signals from the partly chromatic pattern mechanisms.

2.5. Summary
Psychophysical experiments over the last 30 years have identified the independent
mechanisms, which account for the threshold detection and discrimination of spatial,
temporal and chromatic stimuli. Detection and discrimination of spatial stimuli at threshold
can be explained by the combination of a minimum of four spatial phase-sensitive detectors
of lines and edges. Spatial-frequency channels (6 to 8) would supply these detectors if the
representation were complete (most likely it is not). Three types of temporal frequency
detectors (sustained=low-pass and two transient=band-pass) and four colour-categorical
detectors (unique blue, green, yellow and red) have been identified. Each of these units can
operate over a restricted range of visual stimuli.

An additional hybrid or partly chromatic mechanism has lower sensitivity to either
achromatic or chromatic stimuli, but shows a broader range of spatial and temporal
response properties, largely (but not entirely) overlapping with those of achromatic
mechanisms. Its contributions are mainly in suprathreshold vision.
The labelled units operate as independent detectors at threshold. It seems that their
independence may be a by-product of an attempt to achieve high selectivity at a given task
(e.g. colour processing is most efficient when carried out by specialised units). However,
visual processing does not consist of modules operating in isolation, for at least two
reasons: the visual system must take advantage of any stimulus irregularities (which
experimenters may call 'artefacts', such as chromatic aberration) and at suprathreshold
levels a large volume of signals from multi-dimensional units has to be 'sorted-out'. These
detectors (identified at threshold) operate as labelled filters helping to sort out signals at
suprathreshold levels and they are no longer independent units. Interactions between these
filters have been demonstrated, often by mutual antagonism or inhibition. Presenting
ambiguous stimuli whose appearance may be altered with a small stimulus modification, as
in a flip-flop device, can reveal these effects. The effects described in Figure 14 suggest
that selective attention may modify complex percepts. Such multi-stable mechanisms can
be controlled 'top-down' or by selective attention that was shown to reach even early
cortical stages like V1 (Vidyasagar, Kulikowski, Robson & Dreher, 1998). The labelled
filters are important as markers for suprathreshold perception interacting with other, less
sensitive mechanisms. The outcome of this competition (e.g. 'winner-takes-all' (Lee et al.,
1999)) leads to signalling primitive patterns (lines, edges), stability versus mobility of
patterns and typical or unique-like colours. Some biases towards 'labelled detectors' can be
observed even at levels of perceptual constancies, e.g. colour constancy is more robust for
unique hues.
Finally, the postulated partly chromatic mechanism contributes to processing of
chromatic patterns, texture, stereopsis and motion. Its sensitivity is not chromatically
balanced: it is biased towards red-green, including as much of a contribution from the blueyellow mechanism as can be afforded, bearing in mind spatio-temporal limitations.
Consequently, it may generate illusions (e.g. the spurious Benham's colours) when normal
colour vision cannot operate.

Appendix 1. Daugman’s (Daugman, 1991) illustration of contributions of cosine and
sine-type wavelets to image processing
Figure 16 shows Lena reconstructed using 25, 100, 500 and 10000 wavelets. In the first
case, 25 wavelets can clearly be seen. 100 wavelets merge with each other, but no image is
seen. Only with 500 wavelets does a picture of Lena emerge and with 10000 wavelets it is
satisfactory. The effects of a more gradual reduction of the number of wavelets have also
been shown (Daugman, 1991).
For more information see: hhtp://www.cl.cam.ac.uk/users/jgd1000/ima.ps.gz

Figure 16. Lena (kindly provided by John Daugman) reconstructed using 25, 100,
500 and 10000 wavelets. (a) Top-left: 25 wavelets can clearly be seen. (b) Top-right:
100 wavelets merge with each other, but no image is seen. (c) Bottom-left: With 500
wavelets a picture of Lena emerges. (d) Bottom-right: 10000 wavelets provide
satisfactory simulation.

Appendix 2. Fog and sunset
When we look at a print in full sunlight the lightness of paper is almost unbearable - the
black-white contrast seems very high. Conversely, when we leave a well-illuminated room
the world in twilight seems unclear and is loosely described as foggy (Figure 17, left).
When we adapt to twilight the whole range of contrasts is not completely restored: we do
not see low contrasts so the scene has quite a lot of relatively high contrasts, especially
edges of large objects whose apparent contrast is least reduced (Figure 17, right).

Figure 17. Fog and sunset. When the sunsets and the observer is adapted to reduced
illumination, the landscape does not look foggy with contrast reduced (left). In fact,
relative contrasts are higher (right) since lower contrasts are poorly visible.

Part II. Neuronal responses: Variable degree of specificity

3. Neuronal mechanisms of visual filtering in V1
Barlow (Barlow, 1972) suggested a neuron doctrine for perception. However, single-units
have a broad variety of neuronal properties, some not correlated with perception, and they
do not operate in isolation, since long connections across the cortex make inter-neuronal
communication over wide areas possible (Blakemore, 1990, Logothetis, 1998b, T'so &
Gilbert, 1988). It is now generally recognised that pre-cortical stages do not determine most
psychophysical thresholds (Lee, 1991, Yeh et al., 1995), but even some cortical cells
exceed psychophysical performance (Gegenfurtner & Sharpe, 1999, Gur & Snodderly,
1997, Lennie et al., 1990). Narrowing the selection to supra-granular neurons of the
primary visual cortex, V1, reveals some grouping of cells possibly contributing to
psychophysical detectors (Livingstone & Hubel, 1987, Livingstone & Hubel, 1988),
although more recent studies revealed less specific organisation (Leventhal, Thompson,
Liu, Zhou & Ault, 1995).
Studying threshold or near-threshold responses of V1 units to stimuli similar to
those used in psychophysics brings further clarification. In addition, some quantitative
measures of the number of activated units or some form of global response is needed and in
this regard progress in brain imaging is particularly promising. However, the scalprecorded VEPs provide not only good temporal resolution, but also their waveforms may

help in identifying neuronal mechanisms. Traditionally VEPs, have served as a link
between neuronal and psychophysical responses, from the time at which minimum VEPs
(recordable or extrapolated) were found to correlate with psychophysical thresholds: for
contrast (Campbell & Maffei, 1970, Kulikowski & Kozak, 1967), apparent motion
(Kulikowski, 1978b) and chromatic isoluminance (Kulikowski et al., 1997, Murray, Parry,
Carden & Kulikowski, 1987), including short-wavelength cone specific stimulation
(Robson & Kulikowski, 1998), see also Regan (Regan, 1989).
Contributions to perception at various stages in a hierarchical processing scheme
can be inferred from the effects of lesions. However, account must be taken of the
divergence of pathways, as well as the increasing specificity of responses. Thus while
colour processing seems to be exclusively served by parvo and konio-projections, probably
mainly via the LGN, some ramification occurs in the striate cortex (V1) that may be
considered as separate processing (Lund et al., 1995) (see below). Conversely, information
about motion and flicker may be conveyed along several pathways, thereby allowing some
recovery following lesions, perhaps owing to reorganisation of the cortical mechanisms. In
both cases only very specific tasks reveal deficits following lesions in higher-order visual
areas (early studies reported no effects).
This chapter concentrates first on neural basis for fundamental filtering mechanisms
in V1, and then on an example of higher-order processing, which makes extra-striate visual
areas the centres of expertise.

3.1. Methods and definitions of recording of neuronal responses
3.1.1. Recordings
Responses of single units in the striate cortex of macaques can be measured under
anaesthesia (nitrous oxide plus pentobarbitone) and paralysis (gallamine plus tubocurarine)
as detailed previously (Kulikowski & Vidyasagar, 1986, Kulikowski, Vidyasagar &
Carden, 1989). The top of V1 area, which is most accessible, examined represents the
parafoveal inferior visual field (about -4 to -5 deg). Microelectrodes may be tungsten-inglass, tip 15 μm, or micropipettes that allow isolation of smaller units. Amplified and
filtered single-unit potentials can be used to trigger standard impulses which are counted
against post-stimulus or peri-stimulus time to produce averages responses histograms.
Since the aim was to test responses of only V1 cells, in early experiments of this type
(Kulikowski & Vidyasagar, 1986) some units were omitted, e.g. whose spikes were not
sufficiently separated, or bursty with spontaneous activity and concentric receptive fields in
layer 4 as possible responses from the LGN fibres. These units were reported separately
(Kulikowski, 1991a, Kulikowski & Robson, 1999), but they might originate from bursty
neurons.
3.1.2. Estimation of LGN inputs
High luminance-contrast sensitivity S>50, combined with purely transient responses to
contrast changes (ignoring static contrast) and preference for high velocities were taken as
evidence of predominant magno-cellular responses in the specific experiments reported in
Figure 18. No purely transient parvo-cellular responses to low contrast stimuli have ever
been reported. In recent studies ((Vidyasagar et al., 1998) and in preparation) additional
electrical stimulation has been used: the conduction delay time between the chiasma and
LGN was measured as a test for a magno-cellular input to a given cell in V1 (if a delay was

less that 1.5 ms; otherwise parvo- or unknown (Dreher et al., 1976)). Conversely, chromatic
opponency was regarded as unambiguous evidence for a parvo-cellular input.
3.1.3. Spatio-temporal responses
Stimuli for measurements of neuronal responses are usually light/dark bars and edges of
adjustable orientation size and contrast (commonly moderate Michelson or Weber contrast
of 20%). Responses to moving bars and edges can effectively map the receptive field if the
velocity is optimal (maximum response and similar response profiles in both direction
(Kulikowski & Vidyasagar, 1986); see also King-Smith (King-Smith, 1978)). When bars
move at sub-optimal velocities the response is spatially differentiated and above the
optimum velocity the response is integrated. In both the non-optimal cases profiles depend
on the direction of motion (Kulikowski & Vidyasagar, 1986).
3.1.4. Contrast sensitivity
Gratings (spatio-temporally modulated) are used for testing contrast sensitivity and
temporal frequency responses. The spatial-frequency tuning curves are measured for each
spatial frequency either in terms of mean response (spike frequency), or contrast sensitivity
(the reciprocal of a contrast threshold at which the response just ceases to be noticed). The
relative spatial frequency bandwidth may be determined as
B = (fx1 – fx2)/fxo,
(3.1)
where fx1, fx2 are spatial frequencies at half attenuation from the peak, i.e. from fxo=optimal
spatial frequency (Kulikowski & Bishop, 1981). The values of B are found to vary by a
factor of two around B=1 (Kulikowski & Vidyasagar, 1986). Stimuli for testing chromatic
opponency are usually bars or gratings generated on a colour monitor (minimum 16 hues,
lighter, darker, or isoluminant with a neutral background), commonly moving at one of
several velocities. Movement at sub-optimal velocity reveals antagonistic subregions
(Kulikowski, Vidyasagar, Dreher & Robson, 1998). Using bars, edges and gratings of
moderate contrast makes it possible to check the degree of response linearity, since the
responses to edges should be integrals of responses to bars, and responses to gratings are
predictable using Fourier analysis (as for the psychophysical line and edge detectors). Note
that continuous stimulus motion simulates an image movement on the retina due to an eye
drift and reveals more linear spatial and temporal relations than abrupt presentations, which
provoke nonlinear responses (thus abrupt presentations may be chosen to reveal nonlinear
and transient contributions).

3.2. Neuronal responses in macaque V1
3.2.1. Spatial and chromatic relations
Simple cells in V1, have receptive fields with separate subregions. Each subregion gives an
excitatory response (a burst of spikes) to a light bar (on-region) or dark bar (off-region) but
not to both. When tested with moving bars, edges and gratings, these cells superficially
behave like linear spatial filters, although their spatial response profiles are not completely
symmetrical (like those of line detectors), or antisymmetrical (as edge detectors). Thus
simple cells in the cat and monkey cortex are capable of contributing to local linear contrast
analysis (Kulikowski & Bishop, 1981, Kulikowski & Vidyasagar, 1986, Maffei &
Fiorentini, 1973, Movshon, Thompson & Tolhurst, 1978). Moreover, contrast thresholds of
many simple cells in response to gratings are of similar range as psychophysically

established. Thus the envelope of sensitivity functions for individual neurons forms the
neuronal contrast sensitivity function (Kulikowski et al., 1989) (see below). Chromatic
opponent cells in this study (Figure 18) were either very insensitive to achromatic stimuli,
most of them concentric, or they merged in one continuous group with achromatic simple
cells. Cells highly sensitive to colour and insensitive to achromatic contrast form a distinct
group when both chromatic and spatio-temporal properties are compared (see Figure 18,
below). Generally, chromatic-opponency indicates parvo-inputs, but in many cells these
inputs may not be conspicuously expressed (the lack of chromatic opponent responses does
not rule out the parvo-inputs). The chromatic components facilitate spatial analysis of
contrast. In most common everyday situations colour is connected with objects (see below).
3.2.2. Nonlinearities
Certain nonlinearities of simple cells are apparent even when using elementary stimuli, as
they are in line/edge detectors. The responses are only approximately predictable from
linear equations (usually response reductions are greater than predicted) and more complex
combinations of stimuli reveal genuinely nonlinear interactions. For example, responses to
bars moving at a right angle to the preferred orientation are not zero but suppressive. In
many simple cells, a masking line presented at the border between subregions reduces the
response to optimal stimuli (this effect can also be demonstrated globally using visual
evoked potentials). In general, the effect of spatial-frequency adaptation is much stronger in
V1 simple cells than in the LGN. Facilitatory effects can also be shown, e.g. spatial
frequency tuning may be increased (i.e. the spatial-frequency bandwidth reduced) when a
subthreshold grating (not producing responses on its own) at an optimal spatial frequency is
presented, as reviewed previously (Kulikowski et al., 1989). Additional recent findings
have changed the model of V1 cells. First, it was found that responses of V1 cells could be
modified by stimulation outside of the classical receptive field (Chen, Kamatsu, Polat &
Norcia, 2001). The response of some cells increases when the surround of their receptive
field is stimulated by a pattern different than optimal for the cell's receptive field (Sillito,
K.L.Grieve, Jones, Cudeiro & Davis, 1995); in essence they respond stronger to a pattern
contrast. Other cells show distinct facilitation of their responses and higher spatialfrequency selectivity when extended background gratings of a subthreshold contrast are
added (Kulikowski et al., 1989). Secondly, many V1 cells were found to be modulated or
'gated' by an attentional spotlight (Vidyasagar, 1998), which makes them flexible and topdown driven processing components. Recently, possible texture segregation by some V1
cells was discussed (Lamme & Spekreijse, 2000, Purpura, Victor & Katz, 1994, Rossi,
Desimone & Ungerleider, 2001, Victor, 1994).

Figure 18. Optimum velocities for macaque visual cortical cells tuned to various
spatial frequencies. The cells tuned to low spatial frequencies and high velocities
(top) have highest contrast sensitivities. Concentric double-opponent cells (large
circles with a dot) have much higher chromatic contrast, than the others (small
circles with a dot).

3.2.3. Dynamic properties
Testing temporal response properties of V1 cells gives an additional insight into their
possible roles. All responses were obtained using luminance modulation of light or dark
bars; for chromatic cells colour was selected to produce maximum response. Figure 18
shows, for a series of units, how the optimal velocity, Vo, varies against optimal spatial
frequency, fxo. Since optimal temporal frequency can be computed as:
fto = Vo⋅fxo,
(3.2)
the lines at –45 deg in Figure 18 mark constant optimal temporal frequencies. At first, it
may seem that most cells have temporal responses properties almost uniformly scattered
around low-medium temporal frequencies from 0.6 to 5 Hz (see lines indicating 1 and 5
Hz). However, a closer inspection reveals grouping of cells.
First, there are concentric cells (circles with dots) of high chromatic sensitivity.
Their (achromatic) contrast sensitivity, S, (defined as the reciprocal of Michelson’s contrast
threshold, see section 1) is generally low. S<50 indicates in Figure 18 that grating contrast
threshold is under 2% for all cells below that mark. The large circles with dots refer to
chromatic-sensitive cells with the following properties: (a) very low achromatic contrast
sensitivity (S<<10) some giving hardly any residual responses to a contrast of 90%), (b)
low optimal spatial frequencies (large receptive fields), (c) scattered around low preferred
temporal frequencies (between 0.6-1.2 Hz). They show double opponency (e.g. +R–G, or
+G–R) in the centre. Double-opponency in the concentric surround has also been shown
(Kulikowski et al., 1989), but such receptive fields are rare. The spatial, temporal and
spectral characteristics of cells with double-opponency are consistent with those of slow,
low-pass colour mechanisms (McKeefry et al., 2001). The second distinct group of cells,
marked by diamonds and an open circle, are simple and concentric cells, which best
respond to fast stimuli (transient, fast simple and fast concentric cells (Kulikowski &
Vidyasagar, 1986)). They have very high achromatic contrast sensitivity (almost reaching
100, except one cell - open square S=60). Since there are no other cells responding at low
spatial frequency to low contrasts, these transient cells determine the overall response. A

separate study has demonstrated magno-cellular inputs to cells of similar properties, i.e.
with high contrast sensitivity and preference for fast motion (Vidyasagar, 1998).
Additionally these fast cells gave purely transient responses, i.e. responses determined by a
transient change in contrast, ΔC. In particular, the responses to either a stimulus onset
(contrast changes from 0 to C) or contrast reversal (contrast changes from –C/2 to + C/2)
are the same brief burst of spikes. Moreover, transient responses of such a cell to a test
grating are virtually insensitive to a static background grating (whose contrast gradually
increased). Thus the test grating abruptly incremented in contrast (e.g. from C to 2C)
produces a similar transient response as those to other equivalent contrast changes: from 0
to C, or from –C/2 to +C/2 (Robson & Kulikowski, 2001, Vidyasagar et al., 1998). A few
complex cells had peak responses occurring above 5 Hz (triangle with an arrow) which was
approaching the limit of display's resolution. All these responses are consistent with
predominant contribution of magno-cellular inputs. The simple cells with preference for
slow stimuli also operate at the low spatial frequencies (where transient cells have high
sensitivity), but their sensitivity is low. Hence they are activated only at higher luminance
contrasts. However, contrast sensitivity of transient cells decreases with their optimal
spatial frequency (see filled squares near 5 Hz line in Figure 18). Responses of these cells
near threshold show both transient and sustained components. Conversely, the cells with
the peak sensitivity at about 1 Hz give sustained longer responses near threshold and catch
up in sensitivity with the transient group above 1 c/deg (filled squares). In addition, clusters
of slow cells with above 2 c/deg (contrast sensitivity under 10) could account for the
resolution limit of para-foveal vision (Murray et al., 1983). The above groups could also
provide the basis for the three temporal channels at detection thresholds. However, the most
numerous group are cells of medium-low contrast sensitivity with intermediate spatiotemporal properties filling the space between the two straight lines (1 and 5 Hz). Some of
these intermediate cells are purely achromatic and may have magno-cellular inputs with
partly sustained response properties (Blakemore & Vital-Durand, 1986, Kaplan & Shapley,
1982). However, others are partly chromatic.
A separate study that has demonstrated dual parvo- and magno-cellular inputs in
about 20% of V1 cells. In that study, chromatic-opponent responses were used as the
strongest evidence for parvo-cellular inputs (Kulikowski et al., 1998), but this means that
some cells with hidden chromatic opponency might have been missed. Thus the use of
stringent criteria for parvo- and magno-cellular inputs might have resulted in
underestimation of the number of dual-input cells. In any case, the contribution of the
magno-cellular LGN projection in V1 is much greater that estimated by the small
percentage (10%) of the magno-LGN cells, also because the magno-cellular input shows
considerable divergence in V1 (Latawiec, Martin & Meskenaite, 2000).

3.3. Implications for separate processing streams
3.3.1. Retina
Ganglion cells in primates are largely specialised in processing chromatic and luminance
aspects of visual stimuli. There has always been a consensus that chromatic opponency is
served by tonic (parvo) cells (Crook et al., 1987, Gouras, 1968) and recent studies
additionally revealed the blue-yellow pathway as distinctly different from red-green (Dacey
& Lee, 1994, Martin et al., 1997). Both are traditionally called 'parvo' (small cells), but
'konio' is a more precise name for the blue-excitatory system. The chromatic-opponent units
in the retina and LGN are highly sensitive to chromatic contrast, showing distinct
preference for cardinal hues (first-order opponency (Derrington, Krauskopf & Lennie,

1984, Krauskopf, Williams & Heeley, 1982)). The red-green tonic cells have poor
sensitivity to achromatic (luminance) contrast (Crook, Lange-Malecki, Lee & Valberg,
1988, Kaplan & Shapley, 1982), although for a long time (still in many recent textbooks) it
has been maintained that their superior numbers can somehow make up for this deficit.
However, careful evaluation, independently confirmed (Lennie et al., 1993), revealed that
only the phasic, magno-cells are the basis of luminance processing (Wolf & Arden, 1996)
by nonlinear summation of signals from L- and M- cones (Lee et al., 1989). Owing to this
nonlinearity the phasic cells respond to isoluminant red-green border, but with no regard
which side is green (nonlinearly). Superficially, all these cells seem to correlate with
psychophysical performance, but in fact the greatest discrepancies are in their temporal
responses, which are too fast to fit psychophysics (Yeh et al., 1995).
3.3.2. Striate cortex: models of processing
There is a substantial reorganisation of response properties in V1. The temporal responses
are generally slower than in the retina and LGN. Response properties of the most sensitive
V1 cells resemble psychophysical characteristics. Hence in the 1980's separate processing
modules were postulated (Livingstone & Hubel, 1987, Livingstone & Hubel, 1988).
However, most V1 cells seem less specialised, forming a continuum of temporal (Figure
18) and chromatic-achromatic properties (Lennie et al., 1990). A simple model consistent
with such results proposed by Lennie (Lennie, 1998) does not postulate any separate,
modular pathways (except for motion), but each neuron is sensitive to "a small region of
multi-dimensional space", thus preserving information about many aspects of the image
(Lennie, 1998). In particular, no colour pathway is separated from pattern processing (nor
colour selectivity increase along the visual pathway), but probably becomes more
concerned with the structure of images (Lennie, 1999).
The above model does not explain independence of psychophysical detectors at
threshold, nor suprathreshold perceptual biases. In this respect measuring neuron's
sensitivity to various types of stimuli reveals small numbers of highly sensitive and
specialised units. In particular, a few V1 units (those with high colour selectivity) are not
sensitive to luminance contrast (e.g. (Kulikowski & Walsh, 1993)). Since they have large
concentric receptive fields their high chromatic sensitivity probably results from spatial
summation of similar inputs (Livingstone & Hubel, 1987). Some of these chromatic cells
show preferences around typical (categorical or unique-like) hues (Yoshioka, Levitt &
Lund, 1994). It may be argued that the numbers of these cells are still too small to draw
strong conclusions - they are heavily outnumbered by units sensitive to both luminance and
chromatic contrast of no specific hue preferences (Lennie et al., 1990). However,
specialised units (Figure 18): either transient achromatic (magno-like), or sustained
chromatic (parvo-like) develop higher sensitivity in their respective tasks. In this way, the
segregation of purely magno and purely parvo signals results from the need of high
sensitivity (small numbers are not very impeding since the resolution at peak sensitivity is
not high). This is consistent with psychophysical experiments. which indicated
independence of chromatic-achromatic detection thresholds (Mullen & Sankerali, 1999).
3.3.3. Models of colour processing
Some perceptual transformation from the first-order (LGN) to second-order (perceptual)
opponency must take place in visual cortical areas to account for psychophysics (Boynton
& Gordon, 1965, De Valois et al., 1997, Mullen & Kulikowski, 1990). Colour
categorisation (unique hues) must occur prior to V4, since V4 lesions (Walsh, Kulikowski,

Butler & Carden, 1992b) do not affect it (section 4). V1 is an obvious candidate (De Valois,
Cottaris, Elfar, Mahon & Wilson, 2000), but V2 cannot be excluded.
Note, however, that unique-like hues do not necessarily have to be represented by
either many neurons (colour is a low-pass system, i.e. of low resolution), or for that matter
by specialised units. Unique hues might be generated by different means, e.g. they may
occur at zero crossings (Figure 4), where the noise is minimal (the contributions of other
opponent mechanisms are cancelled: red-green is nullified at blue and blue-yellow is
nullified at green etc.). Hence neural substrates of unique-like hues require still more data
(see also discussion (Jordan & Mollon, 1997)). Hitherto Visual Evoked Potential recordings
have shown that patterns that are luminance-modulated are processed differently than
chromatic isoluminant red-green and blue-yellow gratings (e.g. (Murray et al., 1987)). It is
also possible to choose the S-cone specific stimuli using VEPs (Robson & Kulikowski,
1998).
3.3.4. Chromatic-pattern processing
There is a tacit consensus that such processing occurs, but not that it is separate from colour
processing (see stereo experiments in section 2). In spite of separation of parvo-magno
pathways up to the LGN, at least 20% of V1 units have dual parvo-magno inputs
(Vidyasagar et al., 1998). They could form the chromatic pattern mechanism. Since there is
no psychophysical evidence for linear (or even quadratic) summation of chromaticachromatic contrasts (Mullen & Sankerali, 1999), this mechanism may be postulated only
at suprathreshold levels.

3.4. Summary of V1 responses
The primary visual cortex, V1, substantially re-organises the LGN parvo- and magnocellular inputs forming neuronal assemblies for spatial, chromatic and temporal analyses. In
general, the envelopes of characteristics of second-order V1 neurons could form the basis
for psychophysical spatio-temporal contrast sensitivity functions (dynamic detection of
lines, edges, as well as more complex patterns). It is proposed that chromatic processing
forms two parallel mechanisms:
i. Veridical (trichomatically balanced) colour processing. This
mechanism is pattern-blind, motion-blind and stereo-blind and is
based on cells highly sensitive to chromatic, but not achromatic
contrast.
ii. Chromatic processing linked to contour, texture, motion and stereoprocessing which is more sensitive to red-green than blue-yellow
hues, partly because the magno-cellular system also responds to
isoluminant red-green borders; this mechanism is served by neurons
sensitive to both achromatic and chromatic contrast, mostly with dual
parvo- and magno-cellular inputs.

4. Higher-order processing in extra-striate cortex
Extra-striate visual areas, originally thought to be hierarchically connected, are now known
to have parallel connections with V1 (Felleman & Van Essen, 1991, Zeki, 1969). Thus V1
is the main relay and distributor of visual signals (Salin, Girard & Bullier, 1993) and its
damage produces severe dysfunctions of conscious vision (but see 'blindsight', and section

4.2.3). The effects of extra-striate lesions are subtler. Following many years of
investigation, the functions of only two areas have been identified, and even these not
unanimously: V4 as a site of higher-order processing of colour, and V5 (MT) as a 'motion'
area. The original ideas were put forward when a substantial number of cells in V4 were
found to respond to chromatic patches within a scene in a way which corresponded to how
their colours were perceived by human observers, and not according to the wavelength
composition reflected from their surface, as in V1 (Zeki, 1983). In contrast, V5 cells
showed a preference for direction of motion (Albright, 1984, Zeki, 1978). Defining a
function of any area according to its neuronal properties may give a guidance but not a
conclusive answer to what this area is doing. Lesions, on the other hand, tell us what cannot
be done if any area is damaged. According to this principle, neither of the two areas is a
monopolistic centre: lesions to these areas do not lead to total achromatopsia or akinetopsia
respectively (Zeki, 1990, Zeki, 1991). Such dysfunctions can be inflicted only after several
neighbouring areas have also been destroyed. This is because different areas are
interconnected, and there are many connections which bypass a given area, thereby limiting
the effect of a lesion. These connections also play some part in modulation of responses
within these areas as well as sending feedback signals to other areas (Zeki & Shipp, 1988),
including V1 (Vidyasagar, 1998).
Special stimuli are required to reveal deficits caused by lesions in extra-striate areas
and, consequently, their unique contribution to vision. Indeed early studies reported no
effects of lesions when simple stimuli (involving e.g. wavelength discrimination or
detection of moving contours) were used. Hence the visual stimuli and tasks must be
chosen to activate selectively these areas, as they are expected to serve higher cognitive
functions. Since studies of V5 are well represented in this book, the following section will
concentrate on evidence regarding the role of V4.

4.1. Testing for deficits in rhesus monkeys with bilateral V4 lesions.
Extra-striate visual cortical area V4, or the V4 complex, is a relatively large region (as
compared with V5), whose borders are still disputed (Zeki, McKeefry, Bartels &
Frackowiak, 1998). Only part of this complex contains colour responsive cells (Zeki, 1983).
Hence any studies of this area must use a variety of tests and controls, although colour is
probably the most important modality.
Extracting information about colour is clearly a multi-stage process, which starts
with cone photoreceptors. There is a certain similarity with the extraction of achromatic
contrast but, because colour vision is more complicated, only the first processing stages are
reasonably well understood (section 1.3). The leading concept in colour research has been
the cone-contrast ratio as the parameter determining the apparent colour of objects under
moderately variable illumination. The important computation is how the cones are activated
by the surface reflectance of objects and their background under slowly and moderately
varying daylight illumination (von Kries-coefficients (von Kries, 1970)). However normal
human observers and monkeys can identify colours even under conditions in which conecontrasts fail to explain colour appearance.
4.1.1. Void colours against a black background.
The spectrum of light reflected by an object may be altered significantly by illuminant
changes. Likewise the appearance of a colour sample of moderate saturation may be altered
completely by a change of illuminant from daylight C (no direct sunlight) to A (tungsten
illumination), if there is no reference background. Let us take a chip from the Munsell's

book of colours, which has moderate brightness, e.g. a value of 7, hue around blue, e.g. 5B,
and low saturation, e.g. chroma 4, described as 5B7/4. This chip under standard neutral
daylight illuminant C looks blue (whether on a grey background or against a dark void).
However when illuminated by non-neutral tungsten-light illuminant A, the reflected
spectrum measured spectro-photometrically corresponds to that of orange colours, but its
colour appearance crucially depends on its surround. If the surround is black, it must appear
orange since its appearance depends solely on the wavelength composition of reflected light
(no other information is available). This can be checked replacing daylight (C) by tungsten
illumination (A) and viewing a chip through a black tube, so that the chip can be seen on its
own without any reference. In this case visual perception follows physical (reflectance)
parameters. In patients with damage to colour areas, in which a comparison of the
wavelength composition coming from many parts of the visual field is disrupted (Zeki,
Aglioti, McKeefry & Berlucchi, 1999) this case would have been called wavelength-based,
spectro-photometric behaviour.
4.1.2. Colours against neutral and multi-coloured backgrounds
The colour appearance of the blue chip (7B5/4) drastically changes if it is viewed on a
neutral background also under illuminant A - its blue appearance is restored. Its original
daylight colour appearance is obviously altered (it becomes less saturated), but it may still
be recognisable within a broad category of blue, especially when some time is allowed for
adaptation to the new illuminant. This condition can be explained by the first (retinal) stage
of opponency (von Kries coefficients) and corresponds to complete light adaptation. In real
life, this happens when an observer enters a room illuminated by tungsten light; at first
white seems slightly yellow (and other colours distorted), but within 1 minute most colours
look normal.
Introducing a colour-rich background scene may further complicate the viewing
conditions. According to one study (Valberg & Lange-Malecki, 1990) the multi-coloured
background does not alter the sample's appearance if the mean hue of this background is
equivalent to neutral. The illuminant can also be modified: instead of tungsten light (having
a continuous spectrum), a combination of three lights may be used, either in a computerdriven display, or as a triplet of lights (each nearly monochromatic). Colour-rich scenes
apparently allow the visual system to perform many simultaneous comparisons of colour
changes and deduce that the environment has not changed. Even when adaptation is not
complete - e.g. a new illumination is introduced for under one second - observers looking at
a complex scene are still aware that this is a global change of illumination and that objects
within the scene remain the same. This ability has also been explained by the mechanism
computing cone-contrast ratios (Nascimento & Foster, 1997), suggesting that this is an
important factor in determining global, or relational, colour constancy (although other
factors also contribute to constancy (Kraft & Brainard, 1999). Hence many studies tend to
identify this factor (contributing to colour constancy) with colour constancy itself, which
implies in turn that colour constancy might be of retinal origin (Hurlbert et al., 1998). This
narrow definition, however, leads to a paradoxical conclusion: patients with cerebral
achromatopsia (who are not able to identify colours) can nevertheless discriminate conecontrast ratios and thereby possess some (retinal) 'colour constancy' (Hurlbert et al., 1998).
Major reviews (Pokorny et al., 1991, Zaidi, 1999, Zeki, 1990) have pointed out that
there is enough evidence to invalidate the view that constancy is mediated entirely at
peripheral sites. The evidence presented below and other studies supports the view that
non-peripheral sites must also be involved.

4.1.3. Stimuli revealing cerebral mechanisms of colour identification
If it is true that different stages of colour vision are used in different visual tasks we might
expect that performance in these tasks will critically depend upon the damaged site.
Our experiments were designed to test the cortical stages of colour processing. The
simplest examples are hue discrimination tasks, which can be explained by the second stage
of chromatic opponency (Section 1.3, Figure 5), at which unique hues are extracted. The
experimental evidence suggests V1 (or V1 and V2) as the site serving this mechanism (De
Valois et al., 2000, Yoshioka, Dow & Vautin, 1996). Thus if a monkey shows some
wavelength or simple-hue discrimination deficit following a cortical lesion, it may mean
that the lesion involved first stages of visual cortical processing (V1/V2). However, it may
also be that attention deficits play some role. The methods of presenting colour stimuli (for
animals with V4 lesions) should aim to avoid obtaining these results which are known to be
explained by cone contrast ratios (see above).
Let us examine asymmetric colour matching: briefly presented samples on a neutral
background, illuminated by a non-neutral illuminant, are matched in colour appearance by a
sample under a standard illuminant C. The cone-contrast ratio does not determine colour
appearance (Jurkutaitis, Kulikowski, Zarambaite & Vaitkevicius, 2000), as also reported in
other studies (e.g. (Lucassen & Walraven, 1993)). Any additional increase in the task
complexity increases the discrepancy between the results and the cone-contrast model. In
particular, the test sample may be embedded with other colour samples forming a series of
squares - the so-called 'Mondrian stimuli' (after Piet Mondrian's paintings).
In order to test higher processing in animals with V4 lesions, a still more difficult
battery of tests was developed (Carden, Hilken, Butler & Kulikowski, 1992, Walsh, Butler,
Carden & Kulikowski, 1992a, Walsh, Butler, Carden & Kulikowski, 1993, Walsh et al.,
1992b, Wild et al., 1985) which cannot be solved by cone-contrast ratios. Slow adaptation
to changing illumination was prevented by showing the colour sample on a colour-rich
background briefly (a few seconds) and illumination was changed in such a way that the
spectrum of light reflected by the sample was completely altered and clues as to the
illuminant minimised. The background was variable and large grey areas were absent
(although it was impossible to eliminate all strips of metal, thus some specular reflections
were present). In other words, the identification of a test colour patch under a variable
illuminant could not be readily computed using a reference background. The test sample
(e.g. green) was among other samples of different hues displayed on a non-neutral
background.
In the first experiments the monkey was rewarded for finding a 'Mondrian' with the
rewarded colour. Subsequent series of experiments used different test samples, 'Mondrian'
backgrounds and illuminants in order to prevent the animals learning secondary clues to the
test samples (Carden et al., 1992, Hilken, Carden & Butler, 1989, Wild et al., 1985). The
tests for higher-order impairment of colour constancy, were carried out together with
control experiments on simple hew discrimination and discrimination of shapes, in order to
check if other functions were affected.
In addition, chromatic and achromatic Visual Evoked Potentials were recorded as a
general test of the integrity of visual cortical function: they were found to be of a normal
shape in all post-operative stages, suggesting that no accidental damage had occurred to
earlier cortical areas. The post-operative chromatic VEPs were larger which may have been
due to a release from inhibition (exerted by V4 upon V1 (Hupe, James, Girard, Lomber,
Payne & Bullier, 2001)).

4.2. Effects of V4 lesions
4.2.1. Basic results in monkeys
Experiments were carried out in three series, which followed the training and testing of
normal rhesus monkeys. First the monkey's dorsal V4 was removed and tests were placed
in the affected inferior visual field. Monkeys were rewarded for correct detection of e.g. a
green patch amongst other patches (Mondrian sample): no white was presented among the
samples and all were briefly presented under a highly saturated (triplet) illuminant. The
illuminant changes were camouflaged, since no large neutral surfaces were displayed. The
task was therefore more difficult than those in human experiments (Jurkutaitis et al., 2000,
Kulikowski & Vaitkevicius, 1997), in which cone-contrast ratios failed to determine colour
appearance.
Normal monkeys could carry out this task. Likewise, human observers could
identify (although with difficulty) a 'Mondrian' pattern with a green patch in illumination
originally provided by adjustable two sources of narrow-band, nearly monochromatic, red
and green light, even in the proportion 300:1. However, monkeys with V4 lesions were
impaired (Wild et al., 1985). Nevertheless, these deficits were detectable only under
extreme illumination, but not under slight changes. Thus monkeys without V4 had some
degree of colour constancy and did not respond like a spectro-photometer.

Figure 19. Wavelength discrimination curves: The dashed lines represent preoperative performances and the continuous lines the repeated postoperative
performances: A, C - lesioned animals; B, D - controls (Walsh et al., 1993).

Other tests involved simple object (triangle, square) and hue discrimination (Wild et
al., 1985). The latter test initially showed mild impairments, but monkeys nevertheless
could recognise colour surfaces under normal illumination. We realised later that V4
lesions also produced attention deficits, such that V4-lesioned monkeys do not reach the

demanding criteria of performance (Walsh et al., 1992b) of normal animals in which
attentional modulation affect the response properties (Spitzer, Desimone & Moran, 1988).
It was concluded that V4 lesions produced colour constancy deficits, but did not impair
either wavelength or simple object discrimination. Figure 19 illustrates very similar hue
discrimination results for two operated monkeys and two controls. One surprising result
was that V4 monkeys (like normal animals) could identify a grey patch (Hilken et al.,
1989), as though 'greyness constancy' was more robust. Presumably it relies on other
mechanisms than that in V4. In this context it is interesting to note that one recent report
(Ruttiger, Braun, Gegenfurtner, Petersen, Schonle & Sharpe, 1999) used an apparent
greyness-matching task as a test for higher order colour defects. Our results suggest that
this test is not the best choice and we may expect that stronger deficits would be revealed
using colour samples.
4.2.2. Advanced testing for colour constancy deficits
Subsequently, monkeys started to recover function (presumably due to partial lesions).
They were, therefore, re-operated, so that most of V4 was removed, and again tested with
the battery of stimuli. Hue discrimination tasks were performed as well by the lesioned
monkeys as by the normal monkeys, although V4 monkeys took longer than normal to
learn this task.
The scalp-recorded visual evoked potentials elicited by a chromatic grating did not
show any signs of abnormality (Kulikowski, Walsh, McKeefry, Butler & Carden, 1994)
and their amplitude was increased. The latter implies that V4 lesions do not produce any
substantial retrograde degeneration in V1 or V2 areas, which in turn means that there must
be some collateral projections from V2, bypassing V4 (which receives a major input from
V2). This was also confirmed histologically, as well as colour constancy deficits (Carden et
al., 1992), which persisted in one animal for 4 years.
In another series of experiments (Walsh et al., 1992a, Walsh et al., 1993, Walsh et
al., 1992b), monkeys with V4 lesions were first over-trained on a forced-choice task, easy
to learn since the discriminanda were over 10 Munsell Hue steps apart. When monkeys
were performing reliably at better than 90% correct, the spectral content of the illuminant
was changed: a positive plate (the response to which was rewarded) reflected the same
wavelength composition as the previous negative stimulus- condition s1 in Figure 20.
Normal monkeys (pre-operative and controls) were not mislead by this change and
responded according to colour constancy rule. A further shift in illumination condition s2 in
Figure 20, causes a previously negative sample to reflect the same as another negative
plate, thereby resulting in a still larger shift for the positive plate. Again, pre-operative and
control monkeys had about the same small drop in performance. Conversely, monkeys with
a V4 lesion had an almost 20% drop in the percentage of correct responses for both
conditions s1/s2. Note that the V4 monkeys do not perform according to spectrophotometric criteria (like one cortically-blind patient (Zeki et al., 1999)). The drop in
performance indicates that pre-V4 colour constancy mechanisms are not sufficient to
maintain a high performance. Afterwards, two additional tests were included: (1) colour
categorisation and (2) the recognition of complex shapes.

Figure 20. The effects of V4 lesions on colour constancy. The ordinate shows the
percentage of correct responses when tested for colour constancy. s1 indicates that a
coloured plate to which monkeys had been trained to respond (positive), was made
to reflect the wavelength composition as a previously negative plate. s2 indicates
that a negative plate was made to reflect the wavelengths of another negative plate
(the positive plate shifted even more than in s1). All characteristics start from 100%
to indicate that al animals had near perfect performance when required to
discriminate the plates under a stable, unchanging illuminant It is clear that the
performance of all the V4 animals was worse than their pre-operative performance
and worse than controls (Walsh et al., 1993). Reproduced from Walsh & Kulikowski
(Walsh & Kulikowski, 1995).

Figure 21. Colour categorisation: the percentage of errors made by monkeys on
categorisation tasks. The data are normalised (Walsh & Kulikowski, 1995) from
three studies (Butter, Mishkin & Rosvold, 1965, Sandell, Gross & Bornstein, 1979,
Walsh et al., 1992b). The labels: R(red), G(green) B(blue) and Y(yellow) were
dominant hues in each study. Note that in three studies using extinction, learning,
simultaneous and successive presentation of the coloured stimuli, the animals all
made approximately 70 % of errors on within category discriminations and 30% on
the between category discriminations (similar for normal monkeys and monkeys
with removal of inferotemporal cortex, or V4 lesions). The only anomaly here is the
ratio of scores made in B/G discrimination by V4 monkeys (probably the result of
interference since green had been used with a different contingency in G/Y
discriminations).

4.2.3. V4 lesions do not affect colour categorisation
Monkeys learn to discriminate colour patches whose hues belong to one colour category
(e.g. yellowish green versus bluish green) significantly slower than hues of different
categories (e.g. green and yellow), although both sets of hues may be equally discriminable
(Sandell et al., 1979). It was shown that monkeys with V4 lesions, in spite of being
generally slower than controls, could learn to discriminate inter-categorical colours faster
than intra-categorical (Walsh et al., 1992b). In other words colour categorisation was not
impaired. These experiments demonstrate that damage to a V4 area affects such specialised
tasks as colour constancy without affecting hue discrimination, or colour categorisation,
which must therefore occur prior to V4, because lesions restricted to the inferotemporal
cortex, IT (which receives its major input from V4 (Morel & Bullier, 1990)), also do not
abolish colour categorisation (Butter et al., 1965), see Figure 21.
The pre-V4, but post-LGN location of colour categorisation is consistent with the
results of other experiments. The LGN is organised according to the first order cone
opponency (Derrington et al., 1984), whereas categorical colours result from the secondorder opponency (section 1.3). Neurons with these characteristics have been found in V1
(De Valois et al., 2000) and in V1/V2 (Yoshioka et al., 1994). The possibility of more than
one cortical area (V1, V2) containing neuronal mechanisms for colour categorisation is
partly supported by the results of lesion to V1. Such lesions produce severe deficit of
'conscious' vision since the patients deny that they can see, but their residual performance

(Barbur, Watson, Frackowiak & Zeki, 1993) can be tested, e.g. with forced-choice
techniques. Strict colour categorisation is impossible, but residual hue discrimination exists
(Stoerig, 1998, Stoerig & Cowey, 1992). The study of such patients is difficult and it is far
from certain that the residual hue discrimination is served by the second stage of chromatic
opponency, or another mechanism of differentiation.
4.2.3. Impaired recognition of complex shapes
Normal human observers and monkeys can recognise shapes, e.g. faces, which are tilted by
up to 60 deg from the vertical axis (note that showing faces upside down does impair
recognition by normal observers, but not a small tilt, which occurs in everyday life when
looking at an angle). Monkeys with V4 lesions were impaired on relearning to discriminate
between different complex shapes, and discrimination between identical shapes presented at
different orientations was also impaired (Walsh & Butler, 1996, Walsh et al., 1992b). Other
recent studies have also reported impairments on complex shape discrimination tasks in
monkeys (Merigan, 1996, Merigan & Pham, 1998, Schiller, 1993) and human patients
(Ruttiger et al., 1999).
4.2.4. Comparison with other colour deficiencies
In general, extra-striate lesions produce effects differing from those prior to V1. Various
clinical data on human patients indicate that any preferential damage to small retinal
ganglion cells or thin optic nerve fibres (parvo/konio projections) results in colour vision
and acuity deficits. In practice the hue discrimination of these patients is very poor, if still
present at all (King-Smith, Lubow & Benes, 1984); when asked about colours they
remember colour terms from their earlier days of nearly normal colour experience, but their
colour input is too weak to identify colours. In milder cases of hereditary optic atrophy, the
patients can identify (categorise) colour if this can be detected by their less sensitive colour
mechanisms (Alvarez & Kulikowski, 1989). Thus, although in the extreme cases damaging
parvo/konio optic nerve fibres abolishes colour vision, reduction in chromatic sensitivity of
some peripheral origin does not necessarily qualitatively affect more central visual
functions (just as reduced visual acuity in these patients does not prevent face recognition).
In all these cases maximal achromatic contrast sensitivity for on-off presentations of
a grating is not affected, although contrast sensitivity to static gratings is reduced (Alvarez
& Kulikowski, 1989). The patients must move their eyes to introduce temporal changes and
prevent image fading. Temporal resolution is not affected (Alvarez & Kulikowski, 1989,
King-Smith & Kulikowski, 1980). Thus these patients, lacking any sustained mechanisms
(probably due not only to parvo-cellular damage but also in part to damage to sustained
magno-cellular cells (Hicks et al., 1983, Kaplan & Shapley, 1982)) can readily recognise
complex shapes, read and perform skilful operations, provided they do not require high
acuity.
Complementary observations were made with patients having preferential magnocellular damage which affected maximum sensitivity, temporal resolution and motion
detection, but not colour vision or spatial resolution (Wolf & Arden, 1996). These patients
have difficulty in seeing approaching vehicles and do not notice low-contrast blemishes.
Unlike retinal damage, lesions of single extra-striate areas cannot disrupt an entire
visual function within an ablated area. The deficits can be divided into short-term (weeks)
and persistent (lasting years). Training (rehabilitation) can reduce the persistent deficits
since the brain shows plasticity (adjacent areas are reorganized to take over). However, no
other area(s) can completely compensate for losses in the functions specific to a given area,
(such as higher order colour constancy in V4). On the other hand, severe deficits of colour

or motion vision are rare (Zeki, 1990, Zeki, 1991) and probably result from damage to
several adjacent extra-striate areas.
4.2.5. Colour centre?
The above results suggest a role for V4 as a 'centre of expertise' for colour with two
functions. One function, suggested directly by our results, is a specific and extreme case of
identification of colours of objects whose shapes are very familiar (e.g. fruits). In this
identification shapes do not require a special effort to be identified, but subtle colour
changes are very important. In practice, colour tells the animal about the state of fruits
when seen from a distance (unripe, ripe, rotten (Regan et al., 1998)) and helps in deciding
whether or not the object is worth approaching.
The joint impairments (on complex-shapes and colour) after V4 lesions may suggest
another mechanism. It may be that V4 also performs complex image transformations
aiming at an identification of objects, whose colour is one of several features. This model
proposes that V4 also serves the general perception of objects in space (chromatic pattern
processing). Recent experiments, which have shown that colour perception may be
modified depending on a surface position (Bloj et al., 1999), suggest the existence of such a
mechanism, which might be located in V4.

4.3. What can extra-striate lesions tell us about vision?
Total and precise inactivation of any discrete extra-striate visual area is difficult to achieve
experimentally. In practice, lesions are either incomplete, or also involve adjacent areas. In
addition, all extra-striate areas are interconnected with intermediate areas. For example, V4
receives most inputs from V2 and sends a major projection to the next hierarchical area, the
inferotemporal cortex, IT. However, there is also a direct projection from V2 to IT, which
can transmit some chromatic signals directly to cognitive areas. Hence, even accurate lesion
studies may explain to little about the normal activity within specific areas; instead they
indicate those functions which cannot be taken over by other areas. In this context, any
incomplete lesion, if it produces deficits, gives more information about an area than more
extensive lesions. For this reason, there is considerable variability in the interpretation of
results reported for V4 lesions, depending on whether a lesion is conservative or involves
adjacent cortical areas (Heywood & Cowey, 1987, Heywood, Gadotti & Cowey, 1992,
Heywood, Gaffan & Cowey, 1995). Finally attempts to provide an integrated interpretation
of the results obtained from different studies are also hampered by different terminologies
and the lack of consensus about the precise borders, or names within the V4 complex and
its neighbours, which is also called TEO (Heywood & Cowey, 1998), V4v (Zeki et al.,
1998), V8 (Hadjikhani, Liu, Dale, Cavanagh & Tootell, 1998).
As a simple take-home-message the data may, however, be reviewed from the
following perspectives:
1. There is a specific region (V4 complex, V4v, TEO, or V8?) whose lesions
produce serious impairments in colour identification. The larger the lesion, the
more widespread the impairment. This is probably due to the additional
disruption of fibres carrying chromatic information from the occipital to
temporal cortex.
2. Incomplete lesions in the above regions - whatever their names - affect functions
requiring 'higher expertise', e.g. identification of colour surfaces under either
extreme or fast changes in illumination (cerebral colour constancy), but do not
impair 'lower-order functions' such as wavelength or hue discrimination, or

discrimination of cone-contrast ratios (which correspond to 'retinal colour
constancy' (Hurlbert et al., 1998)).
3. The relative rarity of complete cerebral achromatopsia suggests that the cerebral
cortex has many bypassing connections and at least some partial overlap in
functional properties of neurons, e.g. simple neurons contributing to hue
discrimination may be sited not only in V1 and V2, but also in V4. This may be
the basis of 'cortical plasticity', i.e. reorganisation after cortical damage.
4. Patients with preserved residual colour vision in the absence of any ability to
recognise shapes have been reported, from an extreme case of ‘cortical
blindness’, i.e. not seeing even chromatic shapes (Zeki et al., 1999) to a case of
severe agnosia (not recognising complex shapes), but with normal spectral and
luminance-contrast sensitivity functions and normal grating resolution (Abadi &
Kulikowski, 1989, Abadi, Kulikowski & Meudell, 1981). Evidently,
wavelength-based colour analysis can occur on its own. Conversely, cases of
cerebral achromatopsia (i.e. not seeing colours) with the ability to identify
isoluminant shapes have also been reported (Cavanagh et al., 1998). These
studies suggest that colour and chromatic pattern analysis are carried out by
separate mechanisms (Kulikowski, 1997, Kulikowski & Vaitkevicius, 1997).
5. Non-cortical damage (retinal, optic nerve, tract, etc.) may totally abolish colour
vision or only reduce chromatic sensitivity without qualitatively affecting colour
categorisation or cerebral constancy. Thus the present view that small
impairments in hue discrimination may affect colour constancy is not justified.
A general conclusion, which can be drawn, is that the central nervous system, and
the cerebral cortex in particular, can overcome the effects of lesions somewhat better than
neuroscientists are able to predict. Hence whilst lesions tell us a lot about the cerebral
organisation, they also tell us something about the present limitations of empirical
neuroscience.
Concluding remarks: perceptual significance of neuronal responses
The present chapter addresses two seemingly contradictory sets of experimental
observations. First, most neuronal responses show poor specificity (e.g. to spatial and
chromatic parameters), as though they perform some local multi-dimensional image
analysis, possibly patch-by-patch. In particular, the overlap between magno/parvo pathways
in V1 (Lund et al., 1995) was found to have functional significance (Vidyasagar et al.,
1998).
This general non-selectivity is also hindered by the difficulty in finding selective
stimuli for global responses, e.g. for stimulation of total magno- and total parvo-cellular
systems. This was found to be impossible since their responses overlap. Only parts of the
magno- and parvo-cellular pathways can be activated with a minimum overlap: parvochromatic and magno-transient (Kulikowski et al., 1997).
On the other hand, psychophysical data unambiguously indicate independent spatial
achromatic and chromatic detection at threshold. Thus both aspects of near-threshold
stimuli cannot activate significantly overlapping multi-dimensional sets of neurons
(although such multi-dimensional neurons were found to respond to suprathreshold stimuli,
see below). It seems that the principal limitation of vision (apart from basic peripheral
limitations: optics, eye size, photoreceptors etc.) is in the number of selective-modular
channels (Kulikowski, 1991b), which requires linear combination of correlated inputs
(thereby increasing sensitivity) followed by nonlinear interaction (decisions) that label
image qualities. This is not only a limit of sensitivity but also a way of linking information.

My main hypothesis proposes that only a minority of the neurons needed for the
most sensitive detection of a particular aspect of stimuli may be used as labelled filters in
suprathreshold perceptions. Those could provide orienting landmarks for the multi-purpose
neurons, which perform background analysis. This is consistent with anatomical findings
that parts of magno-cellular and parvo-cellular projections remain segregated (Bauer,
Scholz, Levitt, Obermayer & Lund, 1999, Lund et al., 1995). Single-unit recordings
showing cells of high colour sensitivity, or achromatic sensitivity (Figure 18) are also
consistent with labelled filters. The most recent study confirms these findings (Johnson,
Hawken & Shapley, 2001).
These data suggest that both modular and multi-dimensional mechanisms may
operate simultaneously at suprathreshold levels, probably playing different roles.
According to the multi-dimensional model, chromatic information does not undergo
transformation in hierarchical stages and this may be true of partly-chromatic processing
(Lennie, 1998). However, single-unit recordings show a transformation from the 'cardinal'
system of the LGN inputs to V1 to the categorical (unique-like) hue preference among
colour-specific neurons in V1 (De Valois et al., 2000, Yoshioka et al., 1996). Subsequently,
colour neurons in V4 respond to subjective colours (Zeki, 1993). The generally small
numbers of such selective neurons need not contradict their role in the veridical colour
mechanism, which has generally low spatial resolution. The results of lesions in extrastriate visual cortical areas are also consistent with higher-order functional specificity
supported by a fraction of specialised neurons, which can also be modulated by selective
attention.
Finally, the controversy about 'the colour contribution to motion' is a good
illustration of the dilemmas of vision. It is impossible to provide veridical colour
information to motion mechanisms. The mechanism processing moving isoluminant
patterns has been shown to be decisively inferior, lacking the first order (linear)
mechanisms (Yoshizawa et al., 2000). Thus the detection of moving contours might be
based on residual (magno) responses, or more probably on mixed magno/parvocellular
mechanisms different from the chromatic (parvo/konio) mechanism that in turn determines
colour detection, as suggested by lesion studies. To see separate image components, or not
to see, that is the question.
When stimuli become highly suprathreshold, they almost certainly activate many
neurons in more than one modality. However, none of these multidimensional neurons
could be sensitive enough to cover the whole range of chromatic, spatial and temporal
parameters simultaneously, so that specialised modular mechanisms are still required. This
may sound complex, but Nature must handle what is available under the circumstances.
After all, we should remember that the visual system has evolved for seeing, not necessarily
for the benefit of the visual scientists trying to do analytical experiments (although it keeps
me and thousands like me pre-occupied). In these circumstances it is necessary to define
problems and concepts very precisely, to avoid creating more (apparent or semantic)
controversies than those that result from genuine differences in experimental conditions and
tasks.
The interested reader might find the following reference books useful (Dickinson, Murray & Carden, 1997,
Papathomas, 1995, Regan, 1989, Regan, 2000, Valberg & Lee, 1991, Watanabe, 1998)
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