
Vol. 34 (2003) ACTA PHYSICA POLONICA B No 1
WHAT COLOUR ISKinga BohenekMarian Smoluhowski Institute of Physis, Jagellonian UniversityReymonta 4, 30-059 Kraków, Poland(Reeived July 31, 2002; revised version reeived Otober 23, 2002)A de�nition of olour as ratios of ones' stimulation funtions is pro-posed. Gauss funtions are hosen as model for these funtions. The def-inition explains features of human olour vision without any additionalassumptions. The opponent pairs of olours: red-green and yellow-blue arethe result, not the priniple of olour vision.PACS numbers: 42.66.Ne 1. IntrodutionIt is not very di�ult to take a nie olour photography but to take agood blak&white piture is art. People are less partiular about olourfulpitures. The world without olours seems to be boring and sad. Colours arealso a part of speial language in Nature � one an learn it from behaviourof animals.The above reasons, and probably many more, ause that olours aresubjet of physiists', biologists', psyhologists' and artists' investigations.Eah of these groups has their own questions: how one an opy partiularolour, what is human psyhologial reation to hues, whih neurons/partsof brain take part in olour detetion.The question this artile is foused onis what olour is.When light reahs an eye it goes through opti system of the eye andmay be absorbed in the retina. Vertebrates' retina ontains �ve main groupsof ells: photoreeptors, horizontal ells, bipolar ells, amarine ells andganglion ells [1�4℄. Human retina, on whih this artile is foused, has fourtypes of photoreeptors: very sensitive rods and three types of less sensitiveones. Photoreeptors absorb light, onvert the energy of a stimulus intoneural impulses and send signal farther. Bipolar and next ganglion ellstransmit ones' signals in the diretion perpendiular to the surfae of theretina. Amarine and horizontal ells onnet and in�uene these paths(213)



214 K. Boheneksending information parallel to the retina's surfae. These parallel pathwaysare a way for enoding information in the retina. One of the results isthat only part of ganglion ells are olour sensitive. Axons of ganglion ellsompose opti nerve and the retina's output.2. Short history of olour vision researhIn 1665 Isaa Newton proved that white light (sunlight) is omposed ofolours of rainbow. On the turn of the eighteen entury the idea of olourtrihromany in human vision was postulated [5,6℄ and veri�ed [7℄. Humanolour vision may be desribed with three independent variables. In parallelthe onept that trihromany results from physiology of the eye and notfrom physial properties of light was being developed [8�10℄. Three responsesystems were identi�ed as three photoreeptor ells: the short-, middle-, andlong-wave sensitive ones (S-, M-, L-ones respetively). Their absorptionspetra were measured [11�13℄ (for referenes see also [4℄).More than one type of photoreeptor is one of the olour vision neessi-ties. The mehanism for omparing outputs of di�erent types of ones' is theseond requirement. In 1878 Ewald Hering [14℄ proposed that two opponentproesses: red-green and yellow-blue take plae after light detetion. Thisidea exists up to this day.3. Cones' stimulation funtionsNowadays it is known that olour exists only in our minds. It is themap we put on the outer world to haraterize di�erent objets. It is alsoknown that one type of photoreeptor is able to distinguish between lightand dark areas only [1℄. Primates olour vision is based on three types ofphotoreeptors: L-, M- and S-ones [1, 4, 12, 15℄. Now their ativity spetraare well-known [4, 12, 13℄ as well as their distribution in the retina [15, 16℄.Let us omit the problem of edges and movement detetion and fous ona surfae that is projeted on a one layer in the retina. All information thebrain gets is oded as the set of three quantities, three one stimulations.Let us denote them by (PL ; PM ; PS) : (1)These three quantities, together with size and shape, are all the informationthe brain an get about any objet and it is these three numbers that wename a olour.We an �nd a model funtion for one spetral sensitivity from an ex-periment. Using published data [12℄ we have hosen as the model Gaussianfuntions Px(�) = xe� 2(���x)2�x2 ; x = L,M,S , (2)



What Colour Is 215where � is the wavelength. Wald in [12℄ put up two sets of data. First ofall he measured spetral sensitivities at the orneal level. This data werefurther modi�ed by regarding oular and maular absorbanies. It resultedin spetral sensitivities at the level of the ones. The oular and maularabsorbanies are meaningful only for the short-wavelength part of the visiblespetrum, so the urves beome asymmetrial. Sine we are interested in ane�etive sensitivity of reeptors, related to a beam of light that reahes aneye, we have used the diretly measured sensitivity of ones at the orneallevel. The Gauss funtion as a model for these dependenes seems goodenough (�2 test gave values no bigger than 0.001 in all ases).We also assume that the response of a one to a stimulus is proportionalto the intensity of the light. Finally we getPx = x Zvs I(�)e� 2(���x)2�x2 d�; x = L,M,S , (3)where the integration is over the visible spetrum (vs) and I(�) is the inten-sity of light that reahed the eye.4. Brightness and hueWhen level of luminosity is low enough only one type of the reeptors(rods) work [1,4℄ and we an see darker and lighter objets. One an say thatwe an see only one olour or that we annot see any olours at all. Sineblak and white world is familiar for people it seems natural to divide theabove general notion of olour into brightness and hue. So, at this moment,we introdue the di�erene in meaning between words olour and hue. Eaholour has two features, brightness and hue.Brightness should depend on all three Px (even if S-ones are meaning-fully less sensitive than L- and M-ones). The simplest hoie is a sum ofthree Px b = XL;M;SPx; (4)where oe�ients x (Eq. (3)) determine how muh eah type of the onespartiipate in the brightness detetion.There still are two numbers for hue. First, one an notie that if thereis only one type of reeptor, it is possible to hek whether the reeptorwas more or less stimulated. If there are two kinds of reeptors, it is alsopossible to hek their relative stimulations. Seond, we assume that thebrain is interested in emphasising small di�erenes. Finally we de�ne hue ash = �ln� PLPM� ; ln� PSPM�� : (5)



216 K. BohenekFirst of all one an notie that if PL = PM = PS, we do not have anyinformation apart from brightness.Following Wald's spetra [12℄ one an �nd for monohromati stimulusPR > 0 PS; PM � 0 redPL > PM PS � 0 orangePL � PM PS � 0 yellowPL < PM PS < PM greenPL < PM PS � PM bluePL; PM � 0 PS > 0 violetThis explains why red-green or yellow-blue olours are impossible: sensingred needs PL > PM whereas green needs PL < PM (blue needs PS > PMand yellow PS < PM). This de�nition generates opponent olour proessesbut the pairs of opponent olours: red-green and yellow-blue are not thepriniple, but the result of the way a human brain gets information.Using this de�nition one may simulate a olour mathing experiment.The experiment onsists of mixing three monohromati lights (red, green,and blue) to get the same olour sensation as for �-monohromati light.Although for some �s the ondition takes the form: blue + green = � + red.To alulate olour mathing funtions three quantities have been om-puted for eah �: r(�), g(�), b(�) following this formular(�)Px(645) + g(�)Px(526) + b(�)Px(444)) = Px(�); x = L, M, S . (6)Numbers 645, 526, 444 nm have been hosen as wavelengths of red, green andblue light respetively. The results are shown in the Fig. 1. The obtainedurves agree very well with experimental results.The de�nition (5) is based only on three ones' stimulation funtions anddoes not favour any hue but makes possible to simulate an experiment inwhih the hromati response for a given hue was measured. The Jameson'sand Hurvih's experiment [17℄ was aimed at two pairs of opponent hues: red-green and yellow-blue. The yellow (red) hromati response was assumedto be proportional to the amount of blue (green) light whih is neessary toanel yellow (red) sensation. Details of the results of suh an experimentdepend on individual sensations of the observer, what was shown in theexperiment.To simulate the experiment we have set one ondition for eah urve:�-light plus opposite-to-examined hue light should give neutral sensation. Itis enough only for red hromati response. For the right (left) red urve theamount of green light plus �-light should give a yellow (blue) hue.
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Fig. 1. Computed olour mathing funtions (see text for details). Values of pa-rameters for Pxs have been obtained on the ground of the results of Wald's exper-iment [12℄.For other urves we should take into aount that in the experiment theobserver ould have seen di�erent �nal hues in di�erent part of the spetrumwhen partiular hromati response was measured. It is obvious that in suhases the hue hanged smoothly from one to another.Following the experiment we have hosen green as the �nal hue for theright part of the yellow urve and white for its left part. In ase of greenhromati response funtion the hues were blue (right) and yellow (left partof the urve). For the blue urve as for the yellow one white and green werethe hues but the former for the right end and the latter for the left end ofthe urve. In eah ase the ondition has been put on the more hangeable(in partiular wavelength range) ratio of the de�nition (5).The results are shown in the Fig. 2. In this modelling we are able toreate only parts of the hromati response funtions, if we know or ouldguess the �nal hue. We an imagine that the appropriate partial urvesshould be onneted to reate the whole funtions.Another problem is the loation of these urves related to the Y axis. Theexperiment was performed for hosen eye adaptation onditions. Adaptationof an eye needs extra modelling and is not inluded here.The omputed urves are similar to the experimental ones (in the asesfor whih enough experimental data are known), although the de�nition (5)generates hues after light detetion (there is no olour before omparingones' outputs) so it does not need anything like response of the visualsystem for a partiular hue. In partiular this �simulation� rereates the leftbranh of the red urve.
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Fig. 2. Computed hromati valenes (r-red, b-blue, g-green, y-yellow); simulationof Jameson's and Hurvih's experiment [17℄. Following the experiment 700, 588,490, 467 nm was used as pure red, yellow, green and blue hues respetively. Valuesof parameters for Pxs have been obtained on the ground of the results of Wald'sexperiment [12℄.

Fig. 3. Results of Jameson's and Hurvih's experiment on the hromati responseof the visual system for a given hue (red, green, yellow and blue). (omes from:D. Jameson, L.M. Hurvih J. Opt. So. Am. 45, 546 (1955)).



What Colour Is 2195. Summary and disussionOne way to distinguish between objets with di�erent I(�) is to ompareintensity for all �s but we know that it is not the way Nature has hosen.There is no unique relation between I(�) and olour. Colour detetion isloated in the retina and is based on a few (three) types of photoreeptors.There is not any database in the retina to ompare ones' outputs. Onlyrelative omparison is possible. One an notie that if relation of ones'stimulation is meaningfully di�erent (e.g. PL > PM and PL < PM), ourimpression is meaningfully di�erent too (red/orange and green/blue respe-tively). When both stimulations are omparable (PL � PM), new sensationappears: neither red nor green. If one hanges wavelength ontinuously(starting from middle to long wavelengths), olour impression hanges on-tinuously as well, from green through yellow and orange into red. Whereexatly pure yellow lies is a subjetive impression [17℄ and depends on indi-vidual preferenes.Table I ontains ranges of wavelengths for di�erent olours. The dataome from three di�erent soures from the Internet [18�20℄ and an serve asan argument that olour impression is a really subjetive sensation.TABLE IRanges of wavelengths for di�erent olours oming from di�erent soures:1 � [18℄, 2 � [19℄, 3 � [20℄.Colour Wavelength [nm℄1 2 3red 630�770 630�780 620�700orange 600�630 600�630 592�620yellow 540�600 580�600 578�592green 490�540 495�580 500�578blue 440�490 440�495 446�500violet 410�440 360�440 400�446The de�nition in the form of the Eq. (5) is based on a few assumptions.First, mehanism of omparing of ones' outputs heks ratios of ones'stimulations. Seond, the brain is interested to emphasise small di�erenes.Neither of them should be ontroversial. All parameters have lear meaningand their values depend on individual features. The de�nition has not anyextra parameters. What is the most important, the de�nition shows thatspeial features of human olour vision (e.g. olour mixing) an be explainedwithout assumption that any olour is favoured or that any speial meha-nism for detetion of any partiular olour exists, whih is onsistent withthe fat that there is no olour outside our minds.
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