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On the Spectral Dimensionality
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Annotation from those of standard colorimetric observsgme arbit-
rarily choseh vector rotations of spectral sensitivities of
Three dimensions of aperture color do not suffice some prdiuman vision at different conditions.
fessional applications of color imaging. To improve meta- "Among intermediate colors, blue-green, purple and
meric and low-illumination subject colors, a fourth spectralmagenta-red colors are very important for professional port-
channel in color films and the multi-spectral systems in theait because those colors are very common in European and
electronic imaging are designed. To evaluate the dimentapanese clothes... The reproduction of these colors is diffi-
sionality, a mathematical simulation has been performed ocult to achieve in silver halide photograplyNeither spec-
the base of the optical mechanism for single-pigment intraral sensitivity shifts nor interimage effects improve the
receptor color opponency, which explained color phenomenaplors without worsening the reproduction of the primary
inconsistent with the common RGB-cones opponency maoeolors. "In many current commercial films: (1) violet: shif-
dels. Recent data on the two anatomical parts of outer setgd to red direction; (2) teal-green: shifted to blue direction;
ment of rod or cone and the spectra of long-living photopro¢3) crimson and wine-red: reproduced as red color, and (4)
ducts at the human body temperature allowed to detect fivedear and dark spheres of red rose or red dress reproduced as
spectral ranges independently affecting color hues within the same chroma... Shift to shorter wavelengths of red sensi-
wide illumination range. The rhodopsin partial receptordive layer led to decrease in chroma of red color. Usually,
(505 and 535 nm) in the rod perform the yellow-blueenhancement of interimage effect makes up for the decrease
separation in the two differential sensitivity ranges partedn chroma. This technology solved the decrease in chroma
by the neutral point of protanope or deuteranope at 495 nrof primary colors, but it caused damages of correct interme-
The partial receptors (560 and 610 nm), based by the cowkate color reproduction.”
photopigment, did the green-red separation in the three Only with using "the new design concept of 'depen-
ranges of visible spectrum parted by the neutral points afency of spectral sensitivity shift on different exposure
tritanope at 460 and 575 nm. At least a fourth independemange’, ...it became possible to reproduce correct intermedia-
channel has been shown to be required to provide colors which were difficult to reproduce in silver halide
simultaneously all of the colors in a scene for the spectrallyphotography without decrease in chroma of primary
correct reproduction. colors.” The approachinvolves a fourth spectral channel at
low exposures where the inefficiency of three-channel ren-
Introduction dering is most obvious. It is the exposure dependency that
appears to hinder to use the extra channel most efficiently.
No imaging system perfectly reproduces for the present all Multispectral approach’, which uses much more chan-
of the subject colors in the same image. The three dimensiels to record the subject spectra, is another reaction on the
ons of aperture color do not suffice color imaging, especialproblems of metamerisni"jnsoluble within the scope of
ly in rendering low-illumination and metameric subject col-the three-channel paradigm.
ors’® An issue is the increased color saturation that is pre- The mechanism for single-pigment two-color opponen-
ferred in the three-dimensional imaging but cannot actuallgy in a human photoreceptof,which successfully expla-
solve the problehEven two spectral ranges independentlyined the principal inconsistencies of current theories of col-
recorded could render most of the main color hues in aar perceptiort; is used below to estimate the actual spectral
image low-saturatedTo substantially improve the subject dimensionality of subject colors and the spectral sensitiviti-
colors, a fourth independent spectral channel in modern coés of the partial photoreceptors of human color vision that
or photographic films and the multi-spectral recording in produce the basic color impressions.
the electronic imaging systems are desigfiied.
To render the metamery, an imaging system has to ac-  Spectra of Opponent Color Receptors
curately record and represent their spectra as they are perce-
ived by human photoreceptors. The channel sensitivities dluman color vision separates colors in two basic comple-
imaging system should close to that of vision receptors. Evmentary pairs: blue-yellow and green-téiThe three-dim-
en if the color reproduction of photographic films is one ofensionality of aperture color corresponds to four indepen-
the most sophisticated, their spectral sensitivitiese far  dent basic spectral channels of the four basic color respon-
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ses. The basic yellow color impression is independent of th@euteranope at 495 nm. The partial receptors on the base of
basic green and red impressions: it is seen by protanopieglopsin-like cone photopigment have their spectral sensiti-
and deuteranopes lacking the two latter basic colors and vty maxima at 560 and 610 nm. They perform the green-
not seen by tritanopes that see only the green-red opponegtl separation in the three ranges of visible spectrum parted
pair’®*’ The yellow is not seen by the normal central foveaby the neutral points of tritanope at 460 and 575 nm.

that has no rods, whereas the only yellow-blue opponent pa- The receptors perceive independently four spectral ran-
ir is seen by the normal peripheral vision performed predoges (see Fig. 1) that produce the four basic color impressi-
minantly by the rod¥. The only yellow-blue pair is seen ons. Those separated in the rod (curve 1) are: 400 to 495
closer to the fovea with decreasing illuminatfbm this ca- nm, which produces the blue basic impression, and 495 to
se, the chroma of an aperture color is characterized by tf&0 nm, which produces the yellow basic impression. The
two differences of basic opponent colors, and its lightnesbklue basic hue corresponds to 460 nm and the complemen-
by their sum. Nevertheless, the number of independeniary basic yellow hue does to 575 nm as seen undistorted
spectral sensitivity ranges, producing the basic opponeminly at the neutral points of the cone. The spectral ranges
color impressions, is four. separated by cone (curve 2) are: 460 to 575 nm, which pro-

The data suggests that the basic yellow is not and caduces the basic green, and a complex spectral range consis-
not be a sum of the complementary impressions (their suting of two parts, 400 to 460 nm and 575 to 750 nm, which
has to be a gray) produced by the hypothetical 'green’ anqtoduce the basic red impression. The green basic hue cor-
'red’ cones as suggested by the after-receptor mechanismsponds to 495 nm, the neutral point of the rod, and the
for the opponent color separatiriThe spectral ranges of complementary basic red hue is seen with varying saturation
four partial receptors of human color vision may be estimaafter 650 nm where the rod is practically insensitive. The
ted on the base of computer simulation of the optical mechaurves are close to those obtained by different methods in
nism for single-pigment intra-receptor color opponency descriRef. 13,14 and to the opponent potential responses of single
bed in detail in Ref. 11. The recent data on the twghotoreceptor cells that were first measured by G. Svaeti-
anatomical parts of light-sensitive outer segment of rod ochin” in a strongly illuminated teleost retina.
coné”®and the spectra of photoproducts long-living at the  The basic opponent hues are seen at the characteristic
human body temeratut€’ has allowed to estimate the wavelengths above not with their highest saturation: they
differential spectral sensitivities of partial opponent re-are undistorted in the spectral points, such as neutral points
ceptors in the rod and cone, which independently affect thef dichromates, or within the spectral regions where another
color rendering within an extensive illumination rafge. receptor cannot contribute a chromatic impression. The
sensitivity difference curves 1 and 2 reflect the spectral de-
pendence of saturation of basic hues. If the saturation de-
pendencies are known quite accurately, every color is a
mixture of two of the four basic hues, with their saturation
at a wavelength, or averaged within a spectral range consi-
dered. Its brightness is determined by the sum of spectral
sensitivities of the rod and cofle.

A spectrally true imaging system should at least to re-
cord independently the four spectral signals and transform
them into a form, which could induce in the eye the indep-
endent basic impressions of blue or yellow, and green or
red. Land showed two spectral ranges to roughly render
700 main image color hues even if low-saturated and substanti-
ally distorted. The current imaging systems independently
record only three spectral ranges bound with the blue, green
and red basic impressions. They roughly replace the fourth
independent spectral range, bound with the yellow basic
color, with the sum of the ranges, bound with the green and
Wavelength (nm) red basic colors. That makes impossible the further im-
rovements in subject colors with only a spectral shift of the

Figure 1. The opponent differences of the relative partial spectr hree ranaes or the saturation increase by inter-imaae effects
sensitivities in the rod (1) and cone (2). The gray circles denote 9 y 9

the neutral points of the pho&geptors. The spectral absorption na CO!Or phot(_)graph|c f'lm.' .
. . . : This explains why the imaging systems need the fourth
of other eye elements is not taken into consideration.

color channel and why it is especially helpful at low illumi-

nation. The green and red spectral channels cannot efficient-
The rhodopsin partial receptors in the rod have they substitute the yellow one in usual color films or printing

spectral sensitivity maxima at 505 and 535 ‘hifhey per-  systems. The blue-yellow opponency mechanism works on

form the blue-yellow separation in the two ranges of differefficiently when the green-red one is already'dut.

ential sensitivity parted by the neutral point of protanope or

1

0.57 Yellow

Normalised opponent sensitivity difference

- 0.57

332



IS8 Ts NIP 15: 1999 International Conference on Digital Printing Technologies

To reproduce accurately metameric colors of differentl7.

spectral composition is a main challenge for current and

prospective imaging systems and their interactions. Withs.
taking into account the opponent properties of human colar9.
vision, the problem appears to have a finite solution only ir20.
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