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Summary

Ocular filters in the eyes of many vertebrates, including colour discrimination. Furthermore, it is shown that the
humans, absorb wavelengths shorter than approximately asymmetric spectral spacing of different photoreceptor
400nm. These filters prevent thep-band of a visual classes present in the human visual system may benefit
pigment from being exposed to ultraviolet radiation, colour constancy. The results are interpreted in relation to
essentially narrowing the spectral sensitivity of the predictions of von Kries colour constancy for a standard
different photoreceptor classes. A comparison of different human observer.
hypothetical visual systems is used to show that von Kries
colour constancy is improved by ocular filtration of Key words: colour vision, colour space, illumination, Old-World
ultraviolet radiation, whilst there is no reduction in primate.

Introduction

The eyes of many vertebrates contain ocular filters thalumination is termed colour constancy (Hurvich, 1981,
absorb ultraviolet radiation (300-400nm) (Fig. 1). ForMacAdam, 1985; Kaiser and Boynton, 1996). Colour
example, in primates protein pigmentation in the lens of theonstancy is usually considered to be complete only if the
eye prevents radiations with wavelengths shorter thaoolour of a stimulus is identical in spectrally different
approximately 400nm from reaching the retina (Zigmanllumination sources, and an incomplete correction is described
et al., 1976). The possible function of this type of opticalas approximate colour constancy. It is known that in many
filtering has previously been explained as improving opticatircumstances colour constancy is imperfect in humans
performance through reduced chromatic aberration, haze afidurvich, 1981; MacAdam, 1985; Kaiser and Boynton, 1996).
glare, or to prevent damaging ultraviolet radiation fromChromatic adaptation is likely to be an important mechanism
reaching the retina (for reviews see Muntz, 1972; Douglas amaf colour constancy and can be explained by the von Kries
Marshall, 1999). coefficient law (von Kries, 1902 in MacAdam, 1970; Hurvich,

Human colour vision is based on three classes 0f981; MacAdam, 1985; Kaiser and Boynton, 1996). von Kries
photoreceptor with spectral absorbance maxima atolour constancy assumes that the relative spectral sensitivity
approximately 420, 534 and 564 nm (Bowmaker and Dartnalbf different photoreceptor classes does not change, but that
1980). These receptor peaks can be taken as reasonatilg relative sensitivity of photoreceptors vary to achieve
representative of the asymmetrically spaced receptors in maegnstancy.

Old-World primates (Bowmaker, 1991). Each class of Theoretical analyses show that von Kries colour constancy
photoreceptor also has the potential to absorb ultravioles limited both by an increase in the spectral breadth and an
radiation as a result of theissband of the chromophore, overlap of different photoreceptor classes (Worthey and Brill,
which produces a common secondary absorbance peak 186; Dyer, 1999; Kevan et al., 2001), and recent studies have
approximately 340nm (Stavenga et al., 1993). The primarguggested that one purpose of ocular filters may be to improve
receptor peak is termed theband and the secondary peak thevon Kries colour constancy (Vorobyev et al., 1998; Dyer,
-band. Interestingly, the perception of ultraviolet radiation by1999). For example, Vorobyev et al. (Vorobyev et al., 1998)
humans has been directly observed in aphakic patients wimoodelled the tetrachromatic colour visual systems of two birds,
have had their lenses surgically removed (Wald, 1945he pigeons and the Pekin robins, and showed that coloured oil
Davenport and Foley, 1979). droplets above the bird’s cones would narrow the spectral
lllumination quality for most diurnal animals is highly sensitivities of the photoreceptors and improve von Kries
variable because of continuously changing atmosphericolour constancy. Dyer (Dyer, 1999) modelled the trichromatic
conditions (Lythgoe, 1979), and the ability of a visual systentolour vision of the honeybeéAgis melliferd, which has
to correctly identify a coloured stimulus in spectrally variablephotoreceptor peaks at approximately 350, 440 and 540 nm
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2.0 the long-wavelength subfamily of pigments in mammals
. “. Rhesusmonke (Goldsmith, 1990). However, the green opsin genes of rabbits
1 \ e y (Oryctolagus cuniculysand rats Rattus norvegicyshave

Grey sqluirrel been sequenced (Radlwimmer and Yokoyama, 1998), and an
absorbance maximum at about 509 nm was demonstrated.
Sun et al. (Sun et al.,, 1997) sequenced the mouse green
cone, which has a maximum absorbance of radiation at
approximately 508 nm, and suggested that there are genetic
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| tuning mechanisms that could allow the long-wavelength

i \\ Man subfamily of pigments in mammals to have absorption
0“'\ \ '\\ s maxima at wavelengths as short as 487 nm. Studies of the

B ~_] B evolution of visual pigments indicate that genetic tuning may

o— D0§|;ﬁsh occur over relatively short periods; for example, divergent fish

species possess photoreceptors that appear to have adapted to
their present photopic environment over the last 20000 years
(Bridges and Yoshikami, 1970; Bridges, 1974). This suggests
Fig. 1. The spectral absorbance of ocular filters in the eyes of vario@iBat the asymmetric spacing of receptors in Old-World
vertebrates. (Redrafted from Muntz, 1972, with the permission oprimates may be an adaptation to their visual environment,
Springer-Verlag and W. R. A. Muntz.) rather than a result of genetic invariability. Osorio (Osorio,
1997) suggested an alternative possibility for the asymmetric
(Peitsch et al., 1992), and showed that increases in the specspictral spacing of receptors by demonstrating that a reduction
breadth of the photoreceptors caused bythand peaks limit in the spectral separation of the MWS and LWS receptors
von Kries colour constancy. It was therefore suggested thaenefits von Kries colour constancy for coloured fruits. This
screening pigments in the eyes of some insects (e.g. Peitschidga, together with the optimised ability to detect stimuli
al., 1992) may serve to reduce the influence oBthand peak. against a mature leaf background (Sumner and Mollon, 2000),
For animals with visual systems that do not havexdrand  provides an interesting and plausible explanation for the
photoreceptor absorbing in the ultraviolet and do not need teurious spectral spacing of photoreceptors in Old-World
have optics that transmit these wavelengths, it may thus imates.
beneficial for colour constancy to have ocular filters that absorb In the present study, hypothetical visual systems (HVSs) are
ultraviolet radiation before it reaches the retina. used to approach two questions about colour vision. (i) Are
An intriguing question in the evolution of trichromatic ocular filters that absorb ultraviolet radiation likely to benefit
colour visual systems for Old-World primates and humans igolour constancy? (ii) Is the asymmetric spectral spacing of
that the three receptor classes are asymmetrically spacptotoreceptor classes in Old-World primates and humans
(Mollon, 1989; Goldsmith, 1990). In humans, the short-likely to benefit colour constancy? The efficiency of von Kries
wavelength-sensitive (SWS) and long-wavelength-sensitiveolour constancy is also determined for a standard human
(LWS) cones absorb radiation maximally at approximatelyobserver to allow a calculation of perceptual colour difference
420nm and 564 nm, respectively, so the medium-wavelengtlin spectrally variable illumination (MacAdam, 1985).
sensitive (MWS) cones would need to be maximally sensitive
at approximately 492 nm for the three receptor classes to be .
evenly spaced, assuming the same region of the spectrum is Materials and methods
to be sampled. Theoretical analyses of colour visual systems Measuring the reflectance spectra of stimuli
suggest that symmetrically spaced receptors across theThe reflectance spectra of 24 differently coloured stimuli
spectrum should be optimal for the discrimination of(Table 1) were measured using a Varian DMS100
differently coloured stimuli (Barlow, 1982; Vorobyev and spectrophotometer fitted with a diffuse reflectance attachment.
Menzel, 1999). Several authors have suggested that tAde spectral range examined included 300-700nm, to allow
asymmetric trichromatic visual systems in Old-Worldan analysis of how a visual system including Heand peak
primates may be an adaptation that is well suited to detectingight view the stimuli. The spectrophotometer was calibrated
yellow- and orange-coloured fruits from green foliageagainst a Varian pressed polytetrafluoroethylene powder
(Mollon, 1989; Regan et al., 1998; Sumner and Mollon, 2000)standard. The 24 stimuli include 12 man-made and 12 naturally
and Barlow (Barlow, 1982) demonstrated that the smalbccurring samples, and represent a range of colours for normal
spectral separation of the MWS and LWS cones may benefiuman vision. These included fruit items, coloured card (Optix
spatial resolution in human vision. Another possibleAustralia), white paper (Reflex Australia), coloured fabric
explanation for asymmetric receptor spacing lies in the genetivaterial and a piece of sawn mountain ash wood (all purchased
evolution of human trichromatic vision: the MWS receptorfrom local stores). In addition, leaf and bark samples were
may lie at approximately 534 nm because of how far and howollected from the gardens at Monash University. To measure
fast the spectral position of this receptor is able to evolve frorthe reflectance spectra of the fruit, leaf and bark samples, a cut
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Table 1.Stimuli and the number of just-noticeable differences 90
considering a change in the spectral quality of illumination
from a correlated colour temperature of 6500K to 10000 K 1
and von Kries colour constancy 2
Number of
just-noticeable 5
Stimulus and observed colour differences 6
1. Green card 1 ; g
2. Yellow lemon 5 0 . :
3. Yellow banana 4 300 350 400 450 500 550 600 650 700
4. Green apple 4 90
5. Green banana 4 = 80 B 9
6. GreerEucalyptussp. leaf 1 e\c, 20 10
7. GreerHibbertiasp. leaf 1 S 60 1213
8. Green cloth 2 ._g 50 14
9. Orange card 3 _g 40 15
10. Orange orange 5 Q 16
11. Pink cloth 2 3 38
12. Red pepper 4 E 0
13. Red cloth 3
14. Brown wood 3
15. Brown dryEucalyptussp. leaf 3

16. Red apple 3
17. Yellow card 3
18. White paper 0
19. Yellow cloth 5
20. Cream cloth 1
21. Purple card 3
22. Light blue card 2
23. Brown tree bark 2
24. Blue cloth 9

G 1 i L L
300 350 400 450 500 550 600 650 700

The just-noticeable differences are calculated for a CIE 193
standard observer using MacAdam’s ellipses to estimate perceptt
colour distance (MacAdam, 1985). Wavelergth (nm)

Fig. 2. Reflectance spectra of the 24 stimuli (numbered 1-24)

3 > fi d M t described in Table 1. Division of the stimuli into A, B and C is
cxzscm section was used. easurements were macpurely to aid the reading of the reflectance curves.

immediately, and no visible discolouration of the fruit occurrec
in this time (Fig. 2).

colour-matching functions are an internationally agreed
llumination Sources standard for quantitatively specifying colour for an average or
typical human observer (Wyszecki and Stiles, 1967;

From the data of Judd et al. (Judd et al., 1964) two radiatiolOIaCAdam, 1985). To estimate the efficiency of von Kries
sources were used to represent spectrally different distributiong),,r constancy for a CIE 1931 standard observer it is

of daylight. These included direct daylight (a mixture OfdireCtpossibIe to use MacAdam's ellipses (MacAdam, 1942:

sunlight and diffuse skylight) with a correlated colour\jacadam, 1985) to calculate a just-noticeable distance in
temperature (CCT)=6500K, and shade (diffuse skylight only}g5yr space. MacAdam's ellipses are an experimentally

with @ CCT=10000K (Fig. 3). The two radiation sourceSyetermined set of ellipses for different regions of CIE 1931
represent the problem for the animal of identifying objectg.yoyr space that allow the calculation of a perceivable

illuminated alternatively by sunlight and shade, as finding fooglitterence in stimuli colour for a CIE 1931 standard observer
might be in a natural foraging environment (Dyer, 1998). (Wyszecki and Stiles, 1967; MacAdam, 1985).

For a given stimulugA) viewed under an illuminatioR(A),

CIE _1931 standard observer the tristimulus valuesX Y andZz) are given by.
To model von Kries colour constancy for normal human

colour vision thex (A) (red),y (A) (green) andz (A) (blue) é7007
colour-matching functions for a standard observer as specifie Ti=K  GA)IA)DA)AA, 1)
by the Commission Internationale de I'Eclairage (CIE) 1931 400

(see Wyszecki and Stiles, 1967 for details) were used. Thegar i=1-3, where\ is wavelengthti(\)=xX(A), Y(A) andZ(}),
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Fig. 3. Spectral distribution of typical daylight with the relative 02
quantity of radiation normalised to 1.0 at 560 nm. Curves are base :
on the data of Judd et al. (Judd et al., 1964) and represent correla
colour temperatures of (A) 10 000K and (B) 6500 K. 01
. . . . 0
respectively, andi=X, Y andZ, respectively. The variabl¢ is 0O 01 02 03 04 05 06 07 038
X

the von Kries coefficient (see equation 2), and the visual syste:

is assumed to be adapted to a stimulus reflecting radiation equeFig. 4. Plots of 24 coloured stimuli (numbered as in Table 1) in CIE

at all wavelengths. As the goal of the calculation is to determin1931 colour space. The chromaticity coordinateg)(of the stimuli

the colour shift of a given stimulus in spectrally differentare plotted considering an illumination of correlated colour

ilumination, the absolute brightness of the stimulus is considerelemperature=6500K, and the spectral locus is a plot of pure spectral

to remain constant and the only change is to the relative spect'2diation.

signal. As colour matching data does not exist for ultraviole

wavelengths (since we do not normally see these wavelength&)r MacAdam’s ellipses are based on the perception of small

the integration was calculated over the range 400-700nm.  colour differences (i.e. can two stimuli be perceived as different).
200 However, it is useful to h_ave a b_enchmark to qu_antif;_/ the_chqnge

K= 1/& §(\)DO)A\, @) in the appearance ofa s_,tlmulus in spectrally variable |I_Iur_n|n_at|on,

400 and colour differencéc is more tangible than colour similarity:

for i=1-3. —

Chromaticity coordinatesx(y, z) are computed from the Ae= ‘/[gll(AX)2+2912(AX)(Ay)+922(Ay)2]’ )
tristimulus valuesX, Y andZ2) (equation 3). The value afis  whereAx andAy are the differences in the coordinates of the
defined since=1—-(x+y) (Wyszecki and Stiles, 1967): stimulus in colour space for spectrally different illumination

N conditions (assuming von Kries colour constancy). The
MXZYN=2UZ= LK+ Y +2). ) constant metric coefficientgi1, gi2 and gz2 are based on

The chromaticity coordinates were plotted in CIE 1931 colouMacAdam’s ellipses and are given elsewhere (Wyszecki and

space (see Fig.4) and constant metric coefficients foBtiles, 1967; MacAdam, 1985).

MacAdam'’s ellipses were used to calculate the perceptible

change in the colour of a stimuli®) considering spectrally Hypothetical visual systems

variable illumination and von Kries colour constancy (Wyszecki Three HVSs were used in the study to allow a comparative
and Stiles, 1967; MacAdam, 1985). Using equation 4, a&valuation of how visual systems with different features might
calculated distance of 2.0 units is equivalent to one jusperform in spectrally variable illumination. The relative
noticeable distance, or the smallest perceivable colour step foispectral sensitivity of different photoreceptor classes for each
standard observer (Wyszecki and Stiles, 1967; MacAdam, 1983)VS were calculated using the vitamin ##mplate (Stavenga
and Table 1 shows the predicted colour shift in just-noticeablet al., 1993). The region of the spectrum considered for these
distances. The choice of one just-noticeable distance as a criterigisual systems included 300—700 nm.

to designate approximate colour constancy (i.e. the perceived

colour of a stimulus is not exactly the same) is probably verylVS1

strict. Colour constancy in the biological sense is concerned with For HVS1, the SWS, MWS and LWS receptor peaks were
correctly identifying a stimulus by its reflectance propertiedaken to be 420, 534 and 564 nm, respectively, on the basis of
independently of illumination colour (i.e. how similar is stimulusdata for cones in human colour vision (Bowmaker and Dartnall,
colour when illumination colour changes), whilst the formulation1980). These receptor peaks are very similar to those reported
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10r A however, it is assumed that there is no filtration of radiation by
0.9} ocular filters, and ultraviolet radiation is absorbed by a
0.8 commonB-band peak maximally sensitive at 340 nm (Stavenga
0.7F ocular etal., 1993) (Fig. 5B). There is some evidence that the spectral
0.6 F filtering position of the3-band peak may vary with the spectral position
0.5F of the a-band receptor (Palacios et al., 1998); however, an
0.4F invariable position is used here to simplify the model and
8'2 because of the paucity of other data. Minor shifts ofithand
0'1 | peak towards longer wavelengths should not greatly change the
-0 , spectral breadth and overlap of the three receptor classes, nor
300 350 400 450 500 550 600 650 700 the overall predictions of the model.
1.0 HVS2 HVS3

For HVS3, the SWS and LWS receptors are identical to
HVS1, but the MWS receptor is assumed to absorb radiation
maximally at 492 nm. All radiation at wavelengths shorter
than 400 nm is assumed to be absorbed by ocular filters. This
visual system represents approximately symmetrically
spaced receptors without Bband peak (Fig. 5C). The
placement of the MWS receptor at 492 nm seems plausible
because of the findings (Sun et al., 1997) suggesting that
mammals may have the genetic tuning mechanisms to have

Relaive receptor absortance
(@]
(6]

0.1

0 L . ; . .
300 350 400 450 500 550 600 650 700 ‘green’ cone pigments with absorption maxima as short as

487 nm.
é:g | C HVS3 Colour distance for HVS
08tk For the three HVSs the amount of radiation absorbed by
0.7 F ocular — each receptoP (SWS, MWS and LWS) was calculated using
0.6 [ filtering equations 5 and 6. Chromaticity coordinatesy mwsand
05F Iws) were calculated using equation 7, and these were
04} subsequently plotted onto Cartesian coordinates to represent
03F colour space for each HVS (see Fig. 6A—C). A Euclidean
0.2F colour distance was calculated using Pythagoras’ theorem
O'é i ) , , ) (equation 8) (Wyszecki and Stiles, 1967).

300 350 400 450 500 550 600 650 700 Oragiven stimulugA) vieyved under an iIIumipatioD(A)

by receptor typ&A), the relative amount of radiation absorbed
by each receptor is given by:

Fig. 5. Spectral sensitivity of various hypothetical visual systems
(HVSs) plotted using a vitaminiAemplate described by Stavenga et
al. (Stavenga et al., 1993) with the height of the photoreceptors adjusted P(SWS, MWS, LWS) XK SMIA)DA)dA, ®)
to a maximum of 1.0. (A) HVS1 is based on human photoreceptor 300

peaks at 420, 534 and 564nm (Bowmaker and Dartnall, 1980) anghere the von Kries coefficienK) is given by:

assumes that all radiations shorter than 400nm are absorbed by ocular

Wavelength(nm)

700

filters. (B) HVS2 is based on the same photoreceptor peaks as HVS1, %700
but assumes no ocular filtration and that ultraviolet radiations are K(SWS, MWS, LWS) =1l S(A)D(A)dA. (6)
absorbed by commof-band peaks maximally sensitive at 340 nm. 300

(C) HVS3 is based on three symmetrically spaced photoreceptors Chromaticity coordinates were calculated as described by

maximally sensitive at 420, 492 and 564nm and assumes that gljyszecki and Stiles (Wyszecki and Stiles, 1967).
radiations shorter than 400 nm are absorbed by ocular filters.
swsP(SWS) =mwsP(MWS) =

in a number of different Old-World primate species (Bowmaker, Iws/P(LWS) = 1/[P(SWS) +P(MWS) +P(LWS)]. ~ (7)

1991). Radiation with a wavelength shorter than 400nm was 1 rejative colour shift of a stimulus considering spectrally
assumed to be totally absorbed by ocular filters (Fig. 5A). Thigariable illumination is given by:

HVS approximately represents human colour vision.

HVS2 Relative colour shift:\/ [(Alws)2+ (Amws?], (8)

The HVS2a-band receptor peaks are identical to HVS1,whereAlws andAmwsare the differences in the coordinates of
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the stimulus in colour space for different illumination separate graphs (Fig. 2A-C), but no special significance
conditions (assuming von Kries colour constancy). applies to these divisions. All the naturally occurring samples
To determine the relative performance of von Kries colouffruit, leaves, bark) reflect less than 10 % ultraviolet radiation.

constancy for HVS2 (visual system with no oci
filtering) compared with HVS1 (visual system w
ocular filtering), the percentage difference in rele
colour shift was calculated. An increase in colour :
(e.g. colour shift for HVS2 is greater than colour ¢
for HVS1) is represented by a positive number, a
decrease in predicted colour shift is represented
negative number. This method was repeated for ee
the 24 stimuli individually, and the data are presentt

0.7

0.6

0.5

0.4

- A HVS1

a percentage increase (or decrease) in colour 0.3
(Fig. 7). This procedure was also repeated for ea
the 24 stimuli to compare HVS3 (symmetrically spe 0.2
photoreceptors) with HVS1 (asymmetrically spe
photoreceptors), and again the data are presente 0.1
percentage increase (or decrease) in colour shift (Fi
0 1 1 N 3 N N g 1 4700nm Wy
Relative colour discrimination of the stimuli for HV 0 01 02 03 04 05 06 07 08 09 10
To evaluate the relative ability of the three HVS
discriminate the 24 stimuli in Table 1, the stanc 07¢ B HVS2
deviation of the distribution of the loci in each of
respective colour spaces (Fig. 6) was calculated. 0.6 S00nm
was done by calculating the mean of the &4 and
the 24mwschromaticity coordinates (i.e. the centre 05
gravity of the 24 stimuli in colour space), and the i
distance (standard deviation) of loci from this poin 0.4
colour space. A larger standard deviation represe g
larger spread of loci and indicates a relatively b E 03k
ability to discriminate between stimuli.
0.2
Results o1
The reflectance spectra of the 24 stimuli are shoy '
Fig. 2. For clarity of display, the curves are present 0 2 L 2 N N N A : g700nme,
0O 01 02 03 04 05 06 07 08 09 10
Fig. 6. Plots of 24 coloured stimuli (numbered as in Tab
ontp Cartesian c_oordir_1ates to represent the coIom_Jr sp: 07¢C
various hypothetical visual systems (HVSs) considerin ' ao0nm____5000m HVS3
illumination of correlated colour temperature=650
Chromaticity coordinatesIvws, mwg are the normalise 06
stimulations of the long-wavelength-sensitive and med
wavelength-sensitive photoreceptors. (A) Colour spact 05 p
HVS1, which is a visual system based on human c 260
receptor peaks (420, 534 and 564nm; Bowmaker 04k
Dartnall, 1980) and ocular filters absorbing radiations sh 22. 1 45
than 400 nm. (B) Colour space for HVS2, which is a vi 03k . 18200517 42
system based on human colour receptor peaks and no ' 1 ., 3
filters. Ultraviolet radiation is assumed to be absorbe " 13
secondaryB-band peaks that are maximally sensitive 0.2 F
340nm radiation. (C) Colour space for HVS3, which
visual system based on symmetrically spaced photorec 01F
maximally sensitive at 420, 492 and 564 nm and assume 500nm
all radiations shorter than 400nm are absorbed by c 0 -
filters (see Fig. 5). The spectral locus is a plot of pure sp 0O 01 02 03 04 05 06 07 08 09 10

radiation.

lws
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Fig. 7. The relative performance of t 120 -
hypothetical visual systems (HVS2 and HV \ N
compared with HVS1 for a variety of differer & Hvs2 N § s
coloured stimuli (numbered 1-24; see Tabl < 100 B HvS3 ‘ s \ s
when considering spectrally varia & s s N
illumination and von Kries colour constan E 80 - E s s
The change in illumination colour is from 2 N § s
correlated colour temperature of 6500K £ § \ s -
10000K. A positive number indicates a rela % 60 N E s s
increase in the predicted colour shift o = s N s s N
stimulus in colour space (poorer performar % s d S ’s N N Q s
and a negative number indicates a red 5 40' N $ s N s s N $
colour shift (better performance). For exam -8 s s § N s s s X § s \
an increase of 100% means the predictedc 2 g _ - \ N § s s N s s N s s
shift is twice the magnitude of that calculatec ‘@ \ Q s § Q i N s s s N s S s
HVS1. If the performance is identical to tha ﬁ s N E s N s § N s $ N S N s \
HVS1, then the relative increase is zero. H & 0 8 N Se B S Nu R0 NEREN RN NN NN O NI R R
is based on three receptors with maxin — 1 § 3 § 56 7 8 9101112131415161718 Q20 21222324
absorption of radiation at 420, 534 and 564 B .

-20 - Stimulusnumber

plotted with a vitamin A template (Stavenga
al., 1993) and assuming all radiations shorter than 400 nm are absorbed by ocular filters. HVS2 has the same main reesgt $ikaist
does not have ocular filters that preventffHeand absorbing short-wavelength radiations. HVS3 is based on symmetrically spaced receptors
with maximum absorption of radiation at 420, 492 and 564 nm and has ocular filters absorbing radiations shorter than 409.nb). (see F

The results for leaf foliage are consistent with larger studies otlative performance of HVS2 with that of HVS1. The
foliage reflectance spectra (Chittka et al., 1994). Since fruitsalculated values do not represent perceptual colour distance,
and foliage have a similar ultraviolet reflectance, it may be dbut the relative performance indicates which visual system is
little value for a visual system trying to discriminate thesebetter able to correct for spectrally variable illumination. Fig. 7
stimuli to evaluate this region of the spectrum. However, manghows that for most of the 24 stimuli, there is predicted to be
of the man-made stimuli reflect significant proportions ofa larger colour shift for HVS2, and for a few of the stimuli (e.qg.
ultraviolet radiation (Fig. 2). 9, 15 and 20) the predicted colour shift is over twice as large

Fig. 4 shows the distribution of the 24 stimuli in colouras for HVS1. A comparison of the mean colour distances of all
space for a CCT=6500K and the colour matching functions a4 stimuli for HVS1 and HVS2 suggests that HVS1 is
a CIE 1931 standard observer. The perceptual change in colapproximately 33 % better at correcting for spectrally variable
of these stimuli, considering spectrally variable illuminationillumination. Since von Kries colour constancy is predicted to
and von Kries colour constancy, are given in Table 1. For 2Be approximate for a CIE 1931 standard observer, a decrease
of the 24 stimuli only, approximate colour constancy isin the ability to identify coloured stimuli in spectrally variable
achieved by chromatic adaptation as the predicted coloulfumination is likely to reduce the effectiveness of colour
distance exceeds the threshold for one just-noticeable distanegsion. It appears, therefore, that ocular filters that prevent
This result is consistent with other findings that von Kries-typailtraviolet radiation reaching the3-band improve the
colour constancy achieves approximate colour constancy feffectiveness of colour constancy, which agrees with the
normal human vision (MacAdam, 1985). It should be notedheoretical considerations suggested by Worthey and Brill
that the values of just-noticeable differences for a CIE standaiilVorthey and Brill, 1986). However, it is interesting to note
observer cannot be directly compared with relative colour shifihat the relative performance of colour constancy for five of
values for the HVSs. The calculations of just-noticeableghe stimuli is predicted to be slightly better for HVS2 (Fig. 7).
differences are based on data from colour-matchinghe explanation for this may be that, for some long-
experiments with CIE 1931 specified standard human viewemgavelength-rich stimuli that also weakly reflect ultraviolet
(MacAdam, 1985), whist the calculation of relative colour shiftradiation, the degree of adaptation for a visual systemwith
is simply the Euclidean distance for a HVS that does ngbeaks is enhanced compared with that of a visual system
actually exist in nature. The just noticeable differences are usedthout -peaks. This appears to be because whilst a weak
here to demonstrate that von Kries colour constancy is nafitraviolet reflectance has little influence on the overall colour
complete (except in one case) for a standard human vieweignal of a stimulus, the state of adaptation of the receptors is
The purpose of the colour-shift values is that they allow &enefited by the input of th@-band. Similar anomalies of
comparison of performance for HVSs that natural selection hahromatic adaptation are discussed elsewhere (Jameson and
not favoured. Hurvich, 1989).

To evaluate how an increase in the spectral breadth of the The performance of HVS3 compared to HVS1 shows
photoreceptors due to the inclusion of flaband might affect that, for most of the 24 stimuli, von Kries colour constancy
von Kries colour constancy, it is possible to compare thés predicted to be better for the asymmetrically spaced
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photoreceptors (Fig. 7). A comparison of the mean colouEvidence of chromatic adaptation contributing to colour
distances of all 24 stimuli for HYS3 and HVS1 suggests thatonstancy in humans has been demonstrated by Uchikawa et
HVSL1 is approximately 34 % better at correcting for spectrallyal. (Uchikawa et al., 1989). The predictions of von Kries colour
variable illumination. Using a different method from that ofconstancy for a CIE 1931 standard observer suggest that
Osorio (Osorio, 1997), these results support his findings thafpproximate colour constancy is possible through chromatic
the asymmetric spacings of colour receptor peaks present auaptation (Table 1), with the implication that any reduction in
Old-World primates improve von Kries colour constancythe performance of constancy could affect reliable colour
(compared with a symmetrically spaced visual system). Agairision. The comparative results for the three HVSs suggest that
because colour constancy is predicted to be approximate ftwo features present in the visual systems of Old-World
most stimuli considering a CIE 1931 standard observeprimates aid von Kries colour constancy (Fig. 7). These
(Table 1), it is hypothesised that a decrease in the performanitelude a narrowing of receptor spectral sensitivities by ocular
of colour constancy could reduce the reliability of colourfilters that prevent ultraviolet radiation reaching the retina
vision. Vorobyev and Menzel (Vorobyev and Menzel, 1999)compare Fig. 5A,B), and an asymmetric spacing of the
show that symmetrically spaced receptors should maximise ttspectral sensitivities of the photoreceptor classes (compare Fig.
discriminability of different stimuli. The standard deviations of 5A,C). The finding that asymmetric receptor spacing is
the distribution of 24 stimuli in separate colour spaces fopredicted to improve colour constancy agrees with the results
HVS1, HVS2 and HVS3 were 0.092, 0.089 and 0.128 unitspf Osorio (Osorio, 1997). However, Sumner and Mollon
respectively. A larger standard deviation represents a larg€2000) have recently demonstrated that the spectral positions
mean distance between all of the stimuli and, hence, relativef the MWS and LWS receptors in Old-World primates
better discriminability. For HVS1 and HVS2, discriminability appears to be ideally suited to detecting stimuli presented
is predicted to be similar, although the calculated value iagainst a mature leaf background, and improved colour
slightly lower for HVS2 as a result of the desaturation of theeonstancy due to asymmetric receptor spacing may be a fringe
receptor signals by tH&bands. The discrimination of stimuli benefit of other demands on the visual system.
by HVS3 is predicted to be better than that of HVS1. However, Goldsmith (Goldsmith, 1990) suggests that, whilst the
greater discriminability may result in a more difficult problemnervous systems of different animals may manipulate the
to solve in spectrally variable illumination and, hence, thesignals received at the photoreceptor level of the visual
possibility of poorer colour constancy. process, the spectral breadth ahgax position of the
photoreceptors will influence the character of a visual system.
Spectrally broad photoreceptors may reduce the effectiveness
Discussion of von Kries colour constancy because for a given receptor
Without any mechanism of colour constancy, reliable colouclass there can be different visual stimuli that can produce the
vision in spectrally variable illumination would be impossible.same receptor stimulation (brightness metamerism), which can
This is because, without colour constancy, a stimulus careduce independent adaptation or lightness constancy
occupy a very large number of positions in colour space (Dye(Worthey and Brill, 1986). Overlapping photoreceptors reduce
1998). When a visual system is able to partially correct fothe effectiveness of colour constancy because changes in
changes in illumination colour then colour constancy isllumination magnitude at a given wavelength can affect
described as approximate. The value of approximate colounultiple receptor classes, preventing independent lightness
constancy (i.e. the colour of a given stimulus does not appeaonstancy (Worthey and Brill, 1986). For photoreceptors with
identical in different illumination conditions) may be of greatincreased spectral overlap, there is also increased spectral
value to animals. For example, if the perceived colour of &readth, and this may partially (or substantially) limit colour
stimulus changes under different illumination conditions, butonstancy in visual systems (Dyer, 1999). In the case of
to such a small extent that it can still be reliably identified frontrichromatic  visual systems with broad overlapping
alternative stimuli, then approximate colour constancy iphotoreceptors, approximate colour constancy may be a result
sufficient to meet the demands on that visual system. of compromise with other constraints on the visual system. For
Colour constancy, or approximate colour constancy, is likelyyxample, if a visual system is to sample a given section of the
to be achieved in the visual systems of animals through @ectromagnetic spectrum, say from 400 nm to 700 nm, then the
variety of mechanisms. There is evidence that the problem ofe of spectrally narrower receptors may require an increase in
identifying stimuli by their reflectance properties in spectrallythe number of receptor classes in order to retain sufficient
variable illumination may be partially solved at both theoverlap to ensure good colour discrimination. A reduction in
receptor and neural levels of visual processing. Zeki (Zekthe spectral breadth of photoreceptors can also adversely affect
1983) demonstrated that the V4 region of the cerebral cortéboth colour discrimination and receptor signal-to-noise ratio
in monkeys appears to be important for constant colou{Osorio et al., 1997; Vorobyev et al., 1998). Improved colour
recognition. However, colour constancy has also beenonstancy has been suggested as one possible explanation for
demonstrated in goldfishCarassius auratys(Ingle, 1985; the large number of ten or more classes of spectrally narrow
Dorr and Neumeyer, 1996; Dorr and Neumeyer, 2000), anphotoreceptors in stomatopod crustaceans (Osorio and
these animals have virtually no cerebral cortex (Hubel, 1995)orobyev, 1997; Osorio et al., 1997). In these animals the
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necessity for accurate colour constancy may be highly criticaldd, D. B., MacAdam, D. L. and Wyszecki, G(1964). Spectral distribution

in situations where reliable identification is necessary to avoid °f typical daylight as a function of correlated color temperatur®pt. Soc.
Al fatal fi ith oth b ¢ th .~ Am.34, 1031-1040.
potentially fatal conflicts with other members of the Spec'eﬁaiser, P. K. and Boynton R. M.(1996).Human Color VisionWashington

(Osorio et al., 1997). However, an increase in the number of DC: Optical Society of America.

receptor classes is likely to result in additional neuralevan. P.G., Chittka. L. and Dyer. A. G.(2001). Limits to the salience of
ultraviolet: lessons from colour vision in bees and bidd€xp. Biol.204,

processing complexity. Hence, for many animals it may be 5571 _o5g0.
sufficient to have visual systems with fewer colour receptors,ythgoe, J. N.(1979).The Ecology of VisiarOxford: Clarendon Press.

and to tune receptor breadth in order to achieve the be¥dpcAdam, D. L. (1942). Visual sensitivities to colour differences of daylight
J. Opt. Soc. AnB2, 247-274.

p.OSSIb|F..‘ approximate .CO|Our C_O"]ISt.anCy' As fh.peaks .Of MacAdam, D. L. (1970).Sources of Color Scienc€ambridge, MA, USA:
visual pigments are unlikely to significantly benefit an animal’'s MIT Press.
discrimination of coloured stimuli, the use of ocular filters toMacAdam, D. L. (1985).Color Measurement. Theme and Variatioerlin:

bsorb Ul iol diati d h Springer-Verlag.
absorb ultraviolet radiation and, hence, narrow reCept(—'mollon, J. D. (1989). ‘Tho she kneel'd in that Place where they grewd..’.

breadth appears to be a realistic method of improving colour Exp. Biol. 146 21-38.
constancy at little cost to the visual system. Muntz, W. R. A. (1972). Inert absorbing and reflecting pigments. In
Handbook of Sensory Physiologyol. 7 (ed. H. Dartnall), pp. 529-565.
) . . Berlin: Springer-Verlag.
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