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Tetrachromacy of Human Vision: Spectral Channels and Primary Colors

Vitali V. Gavrik, Ludwig-Gies-Str. 18, 50769 Cologne, Germany

'How Thomas Young would have smiled if he had realized  the endless controversy to which his suggestion would lead!'   

W.D. Wright [1] 

The opponent arrangement of color vision discovered by E. Hering is a common knowledge in vision science after the green-red and blue-yellow processes had been apparently reduced to interactions between the L, M, and S-cones [2]. Potential responses of alternate sign within two or three opponent spectral ranges were recorded from different layers of inner retina along the neural pathways. Even if they had been first recorded from strongly illuminated single photoreceptor cells [3], the difference between the M and L-cone responses was assumed to determine the green-red opponency, and the difference between the S-cone response and a sum of L and M-responses to determine the blue-yellow opponency. Any two opponent sensations are complementary: adding one of them to another lower its saturation, or looks white or gray. In fact, the trichromatic principle by T.Young is not consistent with the opponent tetrachromacy of vision.

No anatomical differences among human cones have ever been noted and no stable visual pigment was chemically isolated from vertebrate retinas, except for rhodopsin of rods and iodopsin of cones [4]. Electrical potential responses recorded from single light-sensitive outer segments, OS, of the cells at moderate illumi​na​tion demonstrated with confidence the rhodopsin sensitivity (~500 nm max.) of rods [5] and the iodopsin sensi​tivity (~560 nm) of L-cones [6]. No S-cone was found and the M-cone curve appears rather to be an artifact: it had the same maximum and was recorded for only one OS. No spectral sensitivity explained the 600-nm sensitivity hump of human fovea [1].

The differential spectral reflection of living retinas also cannot be explained with the three cones and implies some intermediate photoproducts accumulated at photopic illumination [7]. They are light-sensitive [8] and live for minutes at the physiological conditions and their significant presence ‘in vivo suggests a functional role, since otherwise their formation would operationally interfere with biochemical regeneration' of photopig​ment [9]. Chromatography easily extracted and stabilized the extra pigments from illuminated retinal suspen​si​ons. The spectral absorption curves of cone OS were mainly those of iodopsin (~560 nm) [10,11]. Rare S-co​nes (420-460 nm) had been mainly found until after-surgery keeping of retinas improved [12]. They may be assigned [8] to some products of non-photochemical decay of iodopsin. The portion of ‘M-cones’ (530 nm) grew with surgical illumination. G.Wald did not succeed to disprove his suggestion that an intermediate of iod​opsin is responsible for the absorption: M-pigment 'bleached' even if the 'bleaching' light used was out of its sensitivity range. The spectral absorption of single OS not seldom implied a two-pigment mixture [13,14]. The averaged spectrum of M-cones had an extra hump at 560 nm even if 15% cells ‘were rejected from precise computations of absorbance spectra’ through fitting a single-pigment template [15]. Genetics variations of co​lor deficiencies were a priory treated as ‘photopigment genes’ and could not give independent evidence for three cones. M-pigment, biochemically produced in a mixture with L-pigment [16,17], can be its photochemical intermediate. No successful synthesis is known of M-pigment with using the genetic material of protanope.

A tritanope or a normal central fovea sees the primary red (over 650 nm) and its complementary blue-yel​low (~495 nm) that have no correspondences to sensitivity maxima of the L and M-cones. A protanope or de​u​teranope supposedly has no L or M-cones and sees solely the two complementary blue (460 nm) and yellow (575 nm) hues as to the unilaterally dichromatic subjects [18]. The green-red pair is absent although elimination of red component from a neutral sensation always leads to a blue-green sensation, and vice versa, in the normal and tritanopic colorimetry. A normal external retinal periphery contains solely the rods but produ​ces the blue and yellow sensations [19]. A kind of protanopes [20] and a 'S-cone monochromate' has neither L nor M-cones but sees the opponent blue and yellow. Absence of the green and red responses from cones at a mesopic illumination does not prevent from seeing the yellow and blue. The primary yellow is seen below 650 nm within the rhodopsin (not L-cone's) sensitivity range. Even is the rod responses saturate at high photopic illumination [21], it ‘may continue to function over a greater range of intensities than is generally accepted’ [22]. The Purkinje transition from the scotopic rod vision to the 'cone vision', requires ‘surprisingly high inten​si​ties before the photopic curve was approached.’ The spectral shift, frequently deduced from accumulation of rhodopsin intermediates within the rod, is absent in tritanopes, which have no blue-yellow sensations, and in rod-monochromates. The photopic activity of rod was repeatedly suggested to participate in producing the blue and yellow sensations [21] and ‘constitute the basis for the blue mechanism’ [19,23].

Trichromatic imaging also cannot accurately render all the subject colors of a scene: a monochromatic spectral hue strongly differs from its wide-band metameric analogues [24,25]. Also the lowered saturation es​pecially of the 'difficult-to-create' complementary blue-greens (~500 nm) and purple-reds cannot be improved without desaturation of imaging primaries until a fourth spectral channel is involved even in part [26,27]. In co​lo​rimetry, whatever triad of real primaries is used, there exist saturated colors which cannot be matched with their arithmetic sum. For instance, the some saturated colors above require adding to an RGB matching field a fourth primary, complementary to R. The desaturation seems a residue of that in the two-channel 'lovely' multicolor images by E. Land. Colors of low-illuminated scenes are also highly problematic to render [27].

The intra-receptor optical mechanism of opponent color separation [28-30] obviates all the inconsistencies. Two structural parts in the OS of rod or cone differ in their growth mechanism, design and electrical contact to the cell membrane. 'In the basal third of cone OS and in the basal twentieth of rod OS, the membrane of the <light-sensitive> sacs was frequently seen to be continuous with the cell membrane, but the points of continu​ance fell off sharply above these levels' [31]. Mathematical simulation [29] detected two dichromatic opponen​cies, a green-red iodopsin-based process in the cone and a yellow-blue rhodopsin-based one in the rod after long-living intermediates had accumulated enough at photopic illumination. The spectral sensitivity difference in the rod OS changes its sign at 495 nm, the neutral point of protanope, and the difference in the cone OS di​vides the visible spectrum at 575 and 460 nm, the neutral points of tritanope. The two differential receptors in the rod and two in the cone produce four primary color sensations (unmixed in the neutral points and after the 650-nm rod sensitivity limit) within four spectral regions [32]. The curves do not vary with the length and diameter of OS at a constant length ratio of its basal and distal parts. Orders of magnitude photodecay of visu​al pigments, as well as 20% shedding of distal part in a renewing OS also has almost no effect [29]. 

Ideal imaging of scene colors requires the spectral absorption of every image detail to affect the four vision receptors like that of respective scene detail did. Imaging channels have to simulate the vision receptors, re​cording four spectral ranges of every subject [32] and representing them with the four primary vision sensati​ons [29]. Even if a single hue (say that of especial psychological or psychophysical importance such as flesh or diffuse-white [33]) is matched with a combination of three imaging primaries, other subject colors remain more or less distorted. A recently pictured image frequently dissatisfies as scene colors are still in memory or can be immediately compared with the original (in the mass video or digital photography, or in the high-fidelity art reproduction [25]), or are of especial personal importance, e.g., the dressing colors in a woman portrait. In an additive system (TV, virtual reality) a partial positive image should give rise one of the primary sensations: 460, 495, 575, or 650 nm. A partial image should have been pictured within the spectral sensitivity range of a differential vision receptor. In particular, that to control the red primary sensation must possess another sensitivity range in the short-wave region of spectrum. Four-channel subtractive reproduction in photography, polygraphy, reprography, or digital printing should simulate the same sensitivities: below 495 nm (blue), 495-650 nm (yellow), 460-575 nm (blue-yellow), as well as below 460 and 575-700 nm (red), where the ranges of an opponent pair cannot overlap each other. A dye should give rise a primary vision sensation on a saturation scale, as well as an even three-dye combination should control the same sensation on a lightness scale.

After a century of technological development under mass practical testing, the absorption maxima of dyes in modern trichromatic photographic papers and reversal films are at 445, 545 and 655 (10 nm. Two of them practically coincide with the primary hues of vision. To diminish distortions caused by the absent 495-nm dye for the fourth, blue-green primary, the 575-nm primary is shifted to the 545-nm yellowish-green. The inaccu​racy violates the necessary correspondence between saturation and lightness scales of the yellow primary but compensates in part the absent blue-green: light-green colors are rendered bluish, whereas dark-greens yello​wish. The spectral sensitivity ranges of three channels in color negative and reversal films do not overlap each other and abruptly decrease down to a tenth of maximum in the vicinity of 495-nm and 575-nm neutral points of the rod and cone. The blue-controlling channel and the sum of two other channels that controls the yellow sensation are delimited at 490 (10 nm. The boundary between the red- and green-controlling layer lies at 580 (15 nm. Lacking in its short-wave sensitivity range, the red imaging channel cannot provide a violet with its red-hue component and the 'minus-blue' positive dye is shifted to improve them in part. The middle-wave ima​ging channel is a hybrid of both the bluish-green and yellow vision channels retaining their sensitivity separa​tion from opponent channels. The absence of fourth channel prevents from the necessary overlap of sensitivi​ties of non-opponent channels.
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