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Maodeling Blue-Y ellow Opponency ®*

Linear models of yellow-blue opponency are gasily constructed but data suggest nan-line:
grities, Some requirements which a non-linesr model should fulfill are discussed and publish-
ed models are evaluated. It s noted that it is inappropriate to model the valence curve with
a non-linear combination of pigment sensitivities,

|| ri'est pas difficile de construire un madéle lintaire de |'opposition jaune-bleu, mais les re-
sultats soubaitant un moddle non-lindaire. On discute quelques exigences d'un tel modéle qui
daivent #tre accomplies et on regarde des modéles detjd publits. On a trauvé, qu'il n'est pas
approprié de présenter \a courbe des valences par une combination non-lindaire des sensibili-
tis des pigmants.

Lineare Modelle fir den Gelb-Blau-Gegensatz lassen sich leicht konstrulesen, aber die Ver-
suchsergebnisse legen eine Nicht-Linearitat nahe, Es werden hier ginige Erfordernisse bespro-
chen, die ein nicht-lineares Medell erfillen mull, und schon verdffentlichte Modelle werden
kritisch untersucht, Dabei zeigt sich, dal es unangebracht ist, die Valenzkurven durch eine
nichtlineare Kombination der Pigmentempfindlichkeiten darzustellen.
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Many modern color theories Postulate that signals arlsing from
cone excitatfon in three cone types are reorganized in che NEEvous
E¥stem to Ivo opponent color channels and one addicive luminance L
rhunnel. Some theorfes, thoses Postulated for exampFe by Hurvich and =
Jamesan (1955}, by Judd and Yonemura (19693 and by Guth, Missof snd
Bonzschawel (1980) use linear modeling. The chromatic component {g
assumed to reflect a linear combination of cone sensitivities. For
this paper we use estimates of the cone sensitivicies (Smith and
Pokaray, 1975) expressaed in terms of a set of CIE (Judd, 1951) revised
coler matehing functions:

WS 51 -z . (1)
s M, = -n.liEIﬁEl - ﬂ.ﬁﬁﬁ&&ﬁ; - u.u;zaﬁzJL 3
LWS: L, = 0.15514%, + 0.56314% - 1032865 )

The blue-yel low opponent Is then derived by linear subtraction of 5
"blusneas" component given by the SWs turve with a "yellowness" com—
ponent; for lincar models Iy,ha valence curves are direetly expressed
in equations involving CIE calor matehing funceions, According to phe
Precise theoret fesl standpoine, che "vellowvmoass" component may be
Fepresented os o sum of MWS and LWS (equat fog 4y 2.8. Hurvich and Jam=
eson {1959); Mug fequation 5, e.p. Judd and Yonemurn, 1969); or

LWS fequation G, e.g. Guth, Masgof and Benzschawel, 19803, Since
“white” is rercedved by young observers for spoctral discributions nesr
®ual energy (Priest, 1921; Hurvich and Jameson, 1951 Valberg, 1971,
Burns et ul, 1979), we conatrain all linesr models to have zero {¥,b)
valence st equul enerpy white (k= y = 7). ¢y accompllsh this, we
adjust the coefficient of 3 go that the sum of coefficiencs is zern,
The maxisgl helghes of the valence Curves are arbitrary and depend  an
the exhet frature of the model, gy tonventlon, the blue valence Ig
Meguative, For shise of compartson, in equat lons (4) - (&) constant mul-
tipliers are used B0 Lhat the blue=valence (= M 4089 we 470 nm.

[y.hlA = 0.4 {yJ| g T, (a)

(¥.b), = 1.27 (- 155045, + 436847 - -30172,) {5)

(y,b), = 0.583 r.|551-'..;1 + 0.583147 = n.&ﬁBEB;l} (6)
When the QUERpLE of the (yv,b) ehsonel I® set to Zero, a met of pull co-

ordinates for tle yellow-hlue opponent ma Y b derived und plocted in
the C1E {Judd, 1951 o ¥ dlagram. For rhis Purpose, equatlons (4) =
(h) muy hy rewrltten as functlons of » frd w3

Y= 0,5 = . 5x {4a)
¥yo= L3977 = (19324 (5a)
¥ = 5625 - _6875% (Ba)




In the CIE %, ¥ diagram, linear models predict a 1ine passing through
the equal energy white, intersecting the spectrum locis at or near 500
am, the locus of equilibrius green far each theorv. Each line also in-
cersects the locus of extra-spectral purples predicting that some short
wavelength light must be added to long wavelengeh lights to give the
pppearance of equilibrium red. According to linear models, equilibrium
red I8 complementary Lo equilibrium green.

Linear models have two imporcant properties: Firser the valence of
4 mixture of two lights equals the sums of thedlr valences:

i.:r.iﬂh s {?.b}lh + {y,hjh (7

gecond, the null coordinates are luminance invacisnc. In a linear
model, it is usual to give vulence curves for an equal energy apectrus,
A change in radliance level changes the heights of the valance curves

hut does not change the posicion of che null voordipates in che ClE
diaggram. For sxsmple, suppose there Is & ten-fold Increase in radiance.
Ehe (v,b), wvalence curves {equations 4-8) are miltiplied by 10; this
factor of course drops out in (4n) = (6u). It is irrelevant whecher
the %,v coordinates are coleulated for equal luminance of equal radiance
spectta, the null ecoordinates will be identlcal. 1t follows from these
propereies that :Iy.hji L units of Az will cancel | (y.hh_J units of 4
{f the valences for Ay and A;are of epposite sign: therefore a linear
chromat ic valence funceion is independent of the cholce of cancellation
af light except for changes of unit. This discussion applies equally

to chromstic response funcrions expressed In terms of cone sensitivi-
ties. Both properties will also hold for those non=linear functions
whlch can be trested as linear at equilibrium i.e. for the set of null
coordlnates.

Although 1incar models are attractlve for their sieplieity chere
wre pecumulating daca indicacing that the blue-vellow opponent ls mot
linesr. For example (1), unigue red i3 not complementary to unique
groen (Dimmick and Hubbard, 19393. (2}, Valbergm (1971) showed that the
loel of null polnts for blue-yeilow perception are not callinear. We
{Burns et al, 1979) have axtensive date confirming valberg (1971) for &
larger region of chromaticity space. In chese twa srudies, null coordi=
nutes for blue-vellow perception were determined for various color nix-
rurcs snd plotted in the CIE diagram. There ls & kink near equal energy
whice and diete polats connect from unique green tu Che squal energy
white and chen turn coward the red corner of the diagram. (3}, Tkeds
and Avama (1980) have ohserved addicivity fallures af the yellowness
component of mixtures or orange and vellow-green lights, o regult which
{mplies that twoe cone Cypes contribute to vellowness and Lhe responses
of rhose cone tvpes do not add linearly to produce the yellow section.
(4}, Larimer, Erantz and Clcerone {1975) have presenced evidence that

vollow-blue equilibria are not luminance {nvariant For o 100=-fold
chunge in luminance. They measured changes {n unigue green and unlgue
eed. Thev derlved the following non=1inear model from thelr datas
- n 1
L - (8
4 5, +k M ¥k |le, = # 1 )

in equatlon (B}, 5; o and Moo and L, sre pipment sengicivitlies such an
thase given in equations (1Y = () 'k, wnd k. are waleghring constants;
and n allows compression of the 1.=M pone difference sl gnal .
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The slgn of the nen-linear porcion 18 positive whe

B Ly* M (above
500 nm for the mormalizat lon they used) apd

negative otherwise, * i::n
Larimer, Krantz and Cicerone (1975) do not explicitly associace 11
equation (B) wicth a valence, buc they do ilmply that positive values “?EL
of #, wlll be associaced with "yellow" parcepts and negative valyes ;¢|
of #, wicth "blue” percepes, {5), Werner and Wooten (1979) measyrsd frgt
hue cancellation curves for an equal luminance spectrim, referring R
the data to che conventlonal equal radiance form. They then mode] ed F g
the equal radiance valence curves, using an equation of the form: whi
(b)) =~k 5, + |[k, L -k N[ (9) Eu.
In consldering methods of deriving non-linear =odels, we are faced T;u
with eertaln restrictions, In o cancellarion axperiment, the 1ig
relative helghes of the ¥and b lobes are decermined by postulating
that when two spectral stimuli, Ay and k3 , are mixed to glve an
equilibrium percept (that {3 nelther ¥ellow nor blue) them thes"yel low- Mon
ness" E, {y.b}*: of i Is equal to the "bluenass" Ey. (y.b)i; of Az, val
The amouht of "yellowness” at hjand “blueness" at iz needed to cancel yel
each other ran be used as unirs of the "blueness" and "vellowness" ok
This postulate depends on the assumption that cthe ser of equilibria ar
is closed under additive mixture and for radiance changes {Krantz, Bt
1975). 1t is Inappropriate to Fir a ann-linear model to a valence
curve because the non=linearity contradices this postulate underlying tha
the normalizatfon of heights, Therufore, two lights which will cancel sod
In the proportions predicted by the empirical valence curve, will nac dat
add to equilibrium in the non=linear model which is fit ta the valence A8¢
curve, ol
The use of exponents greater than unity lesads to conflicets with th
data when radfunce change lg introduced. Consider a ten-fold increase fu
In radlance in the Werner & Wooten model, where the empirfcally fitred AL
exponent, n, varied from 1,06-3.50. The yellowness cemponent, ba
10 (L, - Hljf] v Wil grow one-hundred fold relative to che fo
"blueneas" component, 105, Similarly with a ten-fold decrease in s
radiance the yellowness component will decrease 100-fold relacive sp
Lo the blueness eomponent, Equilibrium green would have a 70 nm e
Fange and the achromatie point would change irs chromaticity coordinates

from near the usual spectral yellow to near the usual spectral hlue.
The Larimer, Krantzr & Cicerone model also has shortcomings since

it was optimized for a restriceed data set; if values of the Vos and B

Walraven (1970) #pectral sensitivity funcrions are substituted i{n the

model, two out of four obeervers show a "yellow" percept at very short

wavelengths. Their equations do not produce chromaticley coordinaces

which Intersect the “white" reglon of the diagram. T
Non-linearities can also be introduced In other ways than expan=-

#ion or compresslon, For example, consider the possibllicy that the

blue-yellow opponent slgnal Is affected by the red=-green sfgnal
according to equation 10:

(b)) = .4 (L, s+, - 8 = k@, - 1.9 (10)

where 5 |, M i by are from equakions 1-2, and k 1% a constant. The
flrst rerm pives a conventlional linear (v.b), channel identical fo
equation 4; the second term gives a linear {reg) opponent similar

E0 that deflned by Gueh, Massof and Benzsehawal (1980). The effect of



equation L0 is that the absolute value of the (r.sa opponent is
subtracted from the (y,b) epponent. This type of equation will give
null eoordinates thar pass through equal energy white and that are not
affected by changes in radisnce. A lumipance dependent or observer-
dependent function may be obtained by varying k. An increase in k

from 0.1 to 0.5 results in a 4 nm shift to lopger vavelengths for
unique green, while the yellowness component of Yong wavelengeh reds

is reduced. Increasing k with luminance increass ¥ields predicelons
which are consistent with data reported by Larimer, Krantz, and
Cicerons (1975%) that at higher luminance, less blue cancelling scimulus
is necessary to cancel the yellowness content of long wavelengch lighes,
The absolute value function will nor be linear for all mixtures of
lights. The non=linearity results from the inequality:

lem); |+ [, | 2 [Cem)y + (eam), |

Woen-linearity occurs For mixture wavelengths of opposite Fed=green
valence ({.e. 4y *>57g nm, Az < 370 nm)}. The mixture color will appear
yellower than predicted by a linear model. This type of finding was
noted by Tkeda and Ayama (1980). The absolure value function provides
a restriceed type of non=1inearity and maintains linear propertiss for
many other conditions.

In summary, we have Pointed out that many theoriscs have coneluded
that the (y,b) chromatie valence 18 non-l1inear. Some non-1lnear
models uaing exponencs have been propesed and optimized on restricred
data secs. However, at least one model''s derivacion violares basic
assumptlons eoncerning the nature of equal energy valence curves,

Ocher types of non=1inearity may avoid some difficulcies aggociated with
the use of expononts, As an example we have usad an absolute walue
funcedon to introduce a non=linearity, but other types of non-linearicy
cauld presumably ba used. The consequences of the non=linearity must

be reviewed both for itas effect on the chromaticity coordinates and

for dta effect under scalar mulciplication and mixture addicivity., We
emphasize that non=linear models may be expressed In chromaticicy

Space but it is inappropriate to model a valence curve using non-linear
combinations of plgmene senaitivicies.
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