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Abstract 

This paper’s main result is to show that under the 
conditions imposed b y  the Maloney- Wandell color con- 
stancy algorithm, color constancy can in fact he ex- 
pressed in terms of a simple independent adjustment 
of the sensor responses-in other words as a uon Kries 
adaptation t ype  of coeficient rule algorithm-so long 
as  the sensor space is first transformed to a new ha- 
sis. Our overall goal is to present a theoretical analy- 
sis connecting many established theories of color con- 
stancy. For the case where surface refiectances are 
2-dimensional and illuminants are $dimensional, we 
prove that perfect color constancy can always be solved 
for b y  an independent adjustment of sensor responses, 
which means that the color constancy transform can 
he expressed as a diagonal matrix. This result re- 
quires a prior transformation of the sensor basis and 
t o  support it we show in particular that there exists 
n transformation of the original sensor basis under 
which the non-diagonal meth,ods of Maloney- Wandell, 
Forsyth’s MWEXT and Funt and Drew’s lightness al- 
gorithm all reduce to simpler, diagonal-matrix theones 
of color constancy. Our results are strong in the sense 
that no constraint is placed on the initial sensor spec- 
tral sensitzuities. In  addition to purely theoretical ar- 
guments, the paper contains results from simulations 
of diagonal-matrix-based color constancy in which the 
spectra of real illuminants and refiectances along with 
the human cone sensitivity functions are used. The 
simulations demonstrate that when the cone sensor 
space is transformed t o  its new basis in the appropriate 
manner, a diagonal matrix supports close t o  optimal 
color constancy. 

1 Introduction 

We present a theoretical analysis connecting sev- 
c.ral color constancy theories-von Kries adapta- 
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tion (151, Land’s retinex [lo], the Maloney-Wandell al- 
gorithm [12], Funt and Drew’s lightness algorithm [6], 
Forsyth’s MWEXT and CRULE [5]--in which we 
prove that under an appropriate change of basis for 
the sensor space, every one of these methods results in 
a simple independent adjustment of coefficients in this 
new space, as long as the illuminants and reflectances 
are well-approximated by finite-dimensional models of 
low dimension. 

Generally color cameras, like the human eye, are 
trichromatic; hence in a color image each pixel is a 3- 
vector, one component per sensor channel. A color 
constancy algorithm maps each color vector p to  a 
descriptor vector 4 which is independent of the illu- 
minant. This mapping is usually considered linear-a 
matrix transform is applied to  color vectors. Indeed, 
under Forsyth’s formulation [5] of the color constancy 
problem, the transform must be linear. 

The various computational schemes for simulating 
color constancy apply different structural constraints 
to the formof the matrix transform. Many authors as- 
sume that the transform is a diagonal matrix, and in 
the model of Maloney and Wandell [12] the transform 
is a 2 x 3 projection. Only Forsyth’s MWEXT [5] 
algorithm places no constraints on the form of the 
transform. In studying color constancy algorithms, 
therefore, we must ask two questions: 

1 .  Independent of the computational scheme for 
computing the matrix, how well in principle can 
a particular matrix form discount the effect of the 
illuminant? 

2. How successful is a given color constancy a l g e  
rithm in solving for the correct (or best) trans- 
form? 

Our main focus in  this paper is on the first of these 
questions. 

From the von Kries adaptation model (see [IS]) 
through Land’s retinex scheme [lo] to Forsyth’s re- 
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cent CRULE theory, the diagonal matrix transform 
has long been proposed as a viable mechanism for color 
constancy. However, West and Brill [15] cast doubt on 
the suitability of diagonal matrix theories by demon- 
(strating that, for a given set of sensor sensitivities (in 
a fixed basis), a diagonal matrix supports color con- 
stancy only for a restricted set of reflectance and il- 
luminant spectra. With respect to the human cone 
sensors the restricted set of reflectance and illuminant 
spectra are statistically very different from actual mea- 
sured illuminants and reflectances. Consequently the 
majority of recent color constancy theories discard the 
computational simplicity of the diagonal matrix trans- 
form for more complex matrix forms which supposedly 
can model illuminant change better. 

In contrast to this trend Finlayson et al. [4] have 
recently proved that diagonal matrix transforms can 
support perfect color constancy under weak model 
constraints--the illuminant space linearly spanned by 
a 2-dimensional basis and the reflectance space by a 
.%dimensional basis. We term this set of constraints 
a 2-3 model. That  analysis employs a generalization, 
which we will use here, of the concept of a diagonal 
matrix transform in which a sensor transformation ';r 
is allowed prior to the application of a diagonal matrix: 

- d = Dp - (1: Simple diagonal constancy) 

74 = V ' T p  - (2: Generalized diagonal constancy) 
In the 2-3 case, given a known reference patch in 
each scene, the correct diagonal matrix transform can 
be computed to yield perfect color constancy. The 
elegant color constancy algorithm of Maloney et al. 
does not require a reference patch, but it operates un- 
der a different set of restrictions. These restrictions, 
which we will call the 3-2 restrictions, require a 3- 
dimensional illuminant space and a 2-dimensional re- 
flectance space'. 

The main result of this paper is to show that, in a 
world in which illuminants and reflectances are gov- 
erned by Maloney's 3-2 restrictions, color constancy 
can always be formulated as a dzagonal matrix trans- 
form independent of the spectral characterzstics of the 
sensors. 

2 The Model 

We develop our theory for the simplified Mondrian 
world; a Mondrian is a planar surface composed of sev- 
eral, overlapping, matte (Lambertian) patches. Light 

These restrictions are necessary assuming a trichromatic vi- 
sual sytem. 

striking the Mondrian is assumed to be of uniform in- 
tensity arid spectrally unchanging. In this world the 
only factor confounding the retrieval of surface de- 
scriptors is illumination. 

Light reflected from a Mondrian falls onto a planar 
array of sensors and at each location X in the sensor 
array there are three different classes of sensors. The 
value registered by the kth sensor, p f  (a scalar), is 
equal to  the integral of its response function multi- 
plied by the incoming color signal. For convenience, 
we arrange the index X such that each p f  corresponds 
to a unique surface reflectance: 

p t  = Cx(X) &(A) dX (3 Color observation) 

where X lis wavelength, &(A) is the response func- 
tion of the kth sensor, Cx(X) is the color signal at 
X and the integral is taken over the visible spectrum 
w .  The color signal is the product of a single surface 
reflectance S(X) multiplied by the ambient illumina- 
tion E(X): C(X) = E(X)S(X). Henceforth we drop the 
index X .  

.U 

2.1 Finite-Dimensional Models 

Illuminant spectral power distribution functions 
and surface spectral reflectance functions are well de- 
scribed b,y finite-dimensional models. A surface re- 
flectance vector S(X) can be approximated as: 

d s  

S(X) x Si(X).l (4) 
i= l  

where Si(>) is a basis function and a is a ds- 
component column vector of weights. Maloney [ll] 
presents evidence which suggests surface reflectances 
can be well modelled by a set of between 3 and 6 ba- 
sis vectors. Similarly we can model illuminants with a 
low-dimension basis set: 

dT: 

E(X) x CEj (X )C j  (5) 
j = 1  

Ej(X) is .a basis function and I is a d E  dimensional 
vector of weights. Judd [SI measured 605 daylight il- 
luminants and showed they are well modelled by a set 
of 3 basis functions. 

Given -finite-dimensional approximations to surface 
reflectance, a color observation eqn. (3) can be rewrit- 
ten as a matrix transform. A lighting matrix &) 
maps reflectances, defined by the a vector, onto a cor- 
responding color vector: 

165 



where h(g);j = s, &(X)E(A)Sj(X)dX. The lighting 
matrix is dependent on the illuminant weighting vec- 
tor 5 ,  with E(X) given by eqn. (5). The roles of illumi- 
nation and reflectance are symmetric; we can write a 
color observation as a surface matrix transforming an 
epsilon vector: 

where Q(g),j = s, R,(X)Ej(X)S(X)dX, with S(X) de- 
fined in eqn. (4). This symmetry is a key part of the 
analysis presented in section 3. 

p = Q ( d 5  (7) 

2.2 The Color Constancy Problem 

The aim of any color constancy algorithm is to 
transform the color observation vector p to its cor- 
responding illuminant-independent descriptor d. 

d = QP - (8) 
where Q is a linear transform. However, there is no 
consistent definition for a descriptor. For example 
Maloney [I21 uses the surface weight vector a for the 
descriptor (eqn. (9)); in contrast Forsyth defines a de- 
scriptor to be the observation of a surface seen under 
a canonical illuminant, defined by the weight vector c 

dM = [h(g)]- 'A(c)g (9 : Maloney descriptor) 

_dF = A(c)[A(c)]-'A(g)g (10 : Forsyth descriptor) 
Because each color constancy algorithm applies a 

linear transform to  color vectors, different descriptor 
definitions differ only by a fixed linear transform, for 
example _dF = A(g)dM. Therefore, demonstrating the 
adequacy of a diagonal matrix for one descriptor form 
demonstrates its adequacy for color constancy in gen- 
eral. In the analysis of section 3 we use Forsyth's de- 
scriptor form. 

Color constancy seeks illuminant-invariant color 
descriptors. A closely related problem is to find 
illuminant-invariant relatzonshrps between color vec- 
tors instead. One candidate relationship is the diago- 
nal matrix mapping between the color vectors of the 
two surfaces: 

(eqn. (10)). 

. .  . 
Z ) ' l p V  = $'!e - , (11) 

Here i and j index two different surface reflectances, 
e indexes an illuminant, and 'D'j is a diagonal matrix. 
'. We refer to  eqn. (11 )  as diagonal invariance. 

2Note that V'J means the entire 3 x 3 diagonal matrix relat- 
ing p''e and _p't",  not the i j  component of a matrix V. 

3%iagonal invariance is sometimes referred to as ratio inuari- 
ance, because the diagonal elements of V'J equal the ratios of 
the components of plve over p ' ~ ~ .  - - 

3 Diagonal Transforms and the 3-2 
Case 

Finlayson et al. [4] proved that assuming illumi- 
nation is 2-dimensional and reflectance 3-dimensional 
(the 2-3 case), there exists a transformed sensor basis 
in which a diagonal matrix supports perfect color con- 
stancy. In this section we prove the equivalent result 
for the 3-2 case. 

Theorem 1 If illumination is %dimensional and sur- 
face reflectance &dimensional then there exists a sen- 
sor transform T f o r  which a diagonal matrix supports 
perfect color constancy. 

We prove Theorem 1 in two stages. First we demon- 
strate a symmetry between diagonal invariance and 
diagonal matrix color constancy. Then we prove the 
existence of a sensor transform which supports diago- 
nal invariance. 

Lemma 1 A diagonal matrix supports perfect color 
constancy if and only if there is diagonal invariance. 

Proof. When a diagonal matrix supports perfect color 
constancy, illumination change is exactly modelled by 
a diagonal matrix. 

p"f - = v p ; - $ p c  = ~ ~ ~ $ 1 ~  - (12 : Same surfaces) 

where i ,  j index surface reflectance and the diagonal 
matrix De' maps the observation of surfaces under an 
arbitrary illuminant e to  their observation with respect 
to the canonical illuminant c .  Clearly we can map $ l e  

to @ l e  by applying a diagonal matrix. - 

(13) p',e - Dij$',e 

Applying the color constancy transform De' to  both 
sides of equation (13) we see that: 

- - - 

(14) 
Z) ee i , e  - - Z ) e c v i j p i ! e  

- 

Because transformation by diagonal matrices is com- 
mutative we can rewrite equation (14) a,~ 

v e c p i t e  = DijDeepi,e - (15) 

Substituting equations (12) into equation (15) we see 
that 

$ , c  = Dijp',c 

Equation (16) is a statement of diagonal invariance. 
The above argument is clearly symmetric-given diag- 
onal invariance, diagonal matrix color constancy must 

(16) - 
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follow. For the proof, we need only change the mean- 
ing of the superscripts in equations (12)-(16) so the 
first indexes the illuminant and the second reflectance 
('De' becomes a diagonal invariant and Dij a color con- 
stancy transform). 

Lemma 2 Given 3-2 restrictions, there ezists a trans- 
formation of the sensor response functions for  which, 
independent of the illuminant, color vectors are diag- 
onally invariant. 

Pro05 Under the 9-2 restrictions the color observation 
of a reflectance g under an illuminant 5 can be written 
in terms of two surface matrices. To see this, first note 
that matrix R(g) in eqn. (7) can be decomposed into 
two parts. If the 2-vector a has components ('TI u ~ ) ~ ,  
then defining two special R matrices associated with 
the two basis directions in ospace ,  

we have 
R(L7) = UlS1(1) + o261(2). 

Therefore eqn. (7) becomes 

Let us define a canonical surface reflectance, s, and 
examine its relationship to the color observation of 
other surfaces. Without loss of generality we choose 
the first surface basis function as the canonical surface. 
The observation of the second surface basis function is 
an illuminant-independent, linear transform from the 
color observation of the canonical surface: 

M = 52(2)[R(l)]-' 

Now we can rewrite eqn. (17), the general observation 
of arbitrary surfaces, as a fixed transform from the 
observation of the canonical surface. 

where Z is the identity matrix. Therefore we have 
shown that the observation of the canonical surface 
can be mapped to the observation of any other sur- 
face reflectance by applying a linear combination of 
the identity matrix Z and the matrix M .  We define a 
generalized diagonal transform as a basis transforma- 
tion followed by a diagonal matrix transform. That 
there exists a generalized diagonal transform mapping 

the observation of the canonical surface follows from 
the eigenvector decomposition of M :  

M = T 1 D 7  (21) 

We can also express the identity matrix Z in terms of 
the eigenvectors of M :  

z = 7-97 (22) 

Consequently we can rewrite eqn. (17) as a generalized 
diagonal matrix transform. 

7 p  = [UlZ + u2V]IR( 1)g 

Equation (23) states that diagonal invariance holds 
between the canonical surface and all other surfaces 
given the sensor transformation 7. In fact eqn. (23) 
implies that diagonal invariance holds between any 
two surfaces. Let i and j index two arbitrary surfaces 
described by 2-vectors gi and $. From eqn. (23), 
under an,y illuminant, we can write 7 p '  and 7@ as 
fixed diagonal transforms of 'Tp" (the observation of 
the canonical surface): 

- 

'Tp' = [a$+ u;v]'Tp3 - (24) 

Clearly we can write 7 p '  as a diagonal matrix times 
7 p l :  

where 

- 
- 

'Tp' - = V'j7.p' - ( 2 6 )  

Vaj = [ufZ + 4DD][4Z + 4D]-' (27) 

This completes the proof of Lemma (2). In the 3-2 
case there exists a sensor transformation 7 with re- 
spect to which there is diagonal invariance and this in- 
variance implies that a diagonal matrix is sufficient to 
support perfect color constancy (Lemma (1)). There- 
fore, this also completes the proof of Theorem (1). 

The crucial step in the above derivation is the eigen- 
vector decomposition of the transform matrix M .  To 
relate thils analysis to traditional theories of diagonal 
matrix color constancy we would like the eigenvalues 
of M to be real-valued. However, whether or not 
they are depends on the form of the surface matrices 
(and hence the initial sensor spectral sensitivities). We 
prove elsewhere[3] that complex eigenvalues fit seam- 
lessly into our generalized theory of diagonal matrix 
color constancy. 
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4 Implications for Other Theories of 
Color Constancy 

Under the 3-2 conditions the lighting matrices A(g) 
are 3 x 2 surjective maps-color vectors are linear com- 
binations of the two column vectors of A(g)-and sur- 
faces seen under a single illuminant span a plane in 
the 3-dimensional receptor space. Maloney and Wan- 
dell [12] exploit this plane constraint in their algo- 
rithm for color constancy. Maloney [ll] proves that 
each illuminant corresponds to  a unique plane of re- 
sponse vectors. This uniqueness condition is sufficient 
to  solve for the 3-parameter illuminant weight vector g 
and hence the pseudo-inverse [A(g)]-l. Consequently 
the surface weight vector (or Maloney descriptor) can 
be recovered via equation (9). 

We present an alternative diagonal color constancy 
algorithm for the 3-2 world. Our algorithm solves for 
the 3-parameter diagonal matrix mapping the gamut 
of observed responses into the gamut of canonical re- 
sponses. 

4.1 Diagonal Color Constancy 

In the 3-2 world the response vectors for surface 
reflectances under the canonical illuminant lie on the 
'canonical plane' P c .  The span of the canonical plane 
is defined by the column vectors, g1 and of the 
3 x 2 spanning matrix V ,  and are calculated prior to 
the color constancy computation. 

Under each other illuminant, response vectors for 
surfaces lie on the observed (or image) plane P o .  As- 
suming that there are a t  least two linearly independent 
surfaces in our image we can solve for the spanning 
matrix W -the columns of W ,  tu, and E, are simply 
the response vectors of any two distinct surfaces. 

Theorem 2 The diagonal transform mapping Po 
onto P c  is  unique. 

Lemma 3 The only diagonal matnces  mappzng a 
plane onto itself are the identity matrix Z and scalar 
multiples of the identity matrix yZ. 

Proof of Lemma 9. If S is a 3 x 2 matrix defining the 
span of a plane, denotes the plane normal, and V is 
a diagonal matrix then [VzItS = 0. This is true only 
when V = yr. 

Proof of Theorem 2. Let us assume that there are two 
diagonal matrices, VI and V2, which differ by more 

than a simple scaling, mapping Po onto P c :  

V1W = VA1 (28) 

V2W = VA2 (29) 
where A1 and A2 are 2 x 2 matrices transforming the 
span V .  Solving for W in eqn. (28) and substituting 
into eqn. (29) we see that 

V2[V1]-1VA1 = VA2 (30) 

By Lemma 3,  only the identity matrix maps a plane 
onto itself (eqn. (30)). Hence V I  = yV2 (where y is a 
scalar), which contradicts our initial assumption; thus 
Theorem 2 follows. 

The first spanning vector of W ,  E,, can be mapped 
onto P c  by applying a linear combination of two diag- 
onal matrices 

[CUV" + m 2 ] ! g l  = ag, + PE2 (31) 

Similarly E, can be mapped onto P e  by applying lin- 
ear combinations of the diagonal matrices 'D21 and 
V Z 2 .  Because the diagonal matrix mapping Po to  P c  
is unique, the set of diagonal matrices defined by V" 
and V12 must intersect those defined by VZ1 and V2' 
in a unique diagonal matrix. 

We can use this property to  develop a simple algo- 
rithm, called S-CRULE (simplified CRULE), for color 
constancy. The algorithm requires two distinct colors 
in the image. It proceeds in 3 stages: 

Find the, set D1 of diagonal matrices mapping the 
first image color to the set of all canonical colors. 

Find the set 0 2  of diagonal matrices mapping a 
second image color to  the set of all canonical col- 
ors. 

The unique diagonal matrix mapping all image 
colors to their observation under the canonical il- 
luminant is equal to D1 n &. 

S-CRULE depends upon the 9-2 constraints; solv- 
ing color constancy in less restricted worlds requires 
Forsyth's more general (and more computationally ex- 
pensive) CRULE. Previously, Forsyth had cast the 
problem of color constancy under the 3-2 conditions 
as a subtheory of his complex MWEXT theory. 

The color constancy problem is made more diffi- 
cult if the illuminant intensity varies across the image. 
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Horn [7] and Blake [ I ]  have presented algorithms for 
removing intensity gradients from images of a Mon- 
drian world. Key to these algorithms is diagonal in- 
variance, and hence diagonal matrix color constancy. 
Therefore lightness recovery can be improved by the 
addition of a sensor transformation. 

Funt and Drew [6] presented a non-diagonal light- 
ness algorithm for the %% world; lightness is retrieved 
independent of sensor spectral sensitivities. However 
through our analysis that method must reduce to 
Blake's diagonal algorithm under a sensor transfor- 
mation. 

Land's Retinex theory [9] and its precursor, von 
Kries adaptation [15], assume that color constancy 
is achieved if each image contains a known reference 
patch. By assuming diagonal invariance between the 
observations of arbitrary surfaces with the observation 
of the reference patch, implies that a diagonal matrix 
supports color constancy. Our analysis demonstrates 
that diagonal invariance holds for all sensor sets given 
only weak constraints. 

5 Experimental Results 

Removing the 3-2 restrictions we performed simula- 
tions, using actual measured surface reflectances and 
measured illuminants, comparing the performance of 
diagonal matrix and generalized diagonal matrix color 
constancy. 

The color observations of surfaces viewed under dif- 
ferent illuminants are generated using eqn. (3). The 
human cone responses measured by Vos and Wal- 
raven [14] are used as our sensors, the 462 Munsell 
Spectra [13] for surfaces and the 5 Judd Daylight 
phases [8](D48, D55, D65, D75 and D100) and CIE 
A [16] for illuminants. All spectra are sampled at 
lOnm intervals from 400 to 650nm. Consequently the 
integral of eqn. (3) is approximated as a summation. 

The sensor transformation 7 was calculated via the 
technique outlined in section 3. Singular value de- 
compositions of the Munsell and illuminant spectra 
were performed to derive the required surface and il- 
luminant basis functions. Figure l displays the cone 
functions before and after the sensor transformation 
7. Notice that the transformed sensors appear more 
narrowband-this is consistent with the pragmatic ob- 
servation that narrowband sensors afford better diag- 
onal matrix color constancy. A similar narrowing has 
been observed in various psychophysical experiments 
(for a review see Finlayson et a1.[2]) involving the hu- 
man visual system. 

There are many algorithms for diagonal matrix 
color constancy; each differs in its strategy for de- 
termining the diagonal matrix. Here we present 
simulation results for the simplest diagonal matrix 
algorithm-the white patch normalization. The start- 
ing point for that algorithm is diagonal invariance. A 
color vector p .  is assumed to be diagonally invariant 
to the observ;tion of a white patch p,. 

Hence it is the diagonal matrix Diw which is inde- 
pendent of the illuminant, and consequently can be 
used as a descriptor. Usually V i ,  is written in vector 
(or descriptor) form 4" where di" = p : / p r .  By the 
symmetry between diagonal matrix color constancy 
and diagonal invariance we can rewrite eqn. (32) as 
a color constancy transform. 

- s'" = [diag(p")]-'p' - - (33) 
where the function diag converts the vector p" to a 
diagonal matrix (diagonal elements correspond to the 
rows of p " ) .  Arbitrarily we chose the white patch de- 
scriptorvectors calculated for D55 as the canonical 
descriptor vectors-these provide a reference for de- 
termining color constancy performance. Under each 
of the other five illuminants we calculate white patch 
descriptors. Variance from the canonical descriptors 
is described by the percent normalized distance (ND) 
metric which is defined as: 

where denotes a canonical descriptor and @ " 9 e  
a descriptor for some other illuminant e .  For each 
illuminant we calculated the following 3 cumulative 
N D histo,gr ams : 

1. the ND error of white patch normalized responses 
for tlhe cone functions. 

2. the ND error of generalized white patch nor- 
ma1i:zed responses. (Generalized in the sense of 
- &"I" = 7 - ' [ d i ~ g ( 7 p ~ ) ] - l ~ p ' ~ ~ )  '. 

3.  the optimal color constancy performance for a 
general linear transform. 

We define optimal color constancy performance to 
be a least-squares fit relating the observations of all 

'The descriptors for all 3 cumulative histograms are with 
respect to ithe same sensor basis. 
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surfaces under an illuminant e to their corresponding 
observations under the canonical illuminant c .  This 
optimal case serves as a control for evaluating the color 
constancy performance afforded by a diagonal matrix. 

Figure 2 displays cumulative ND histograms for the 
test illuminants CIE A and DlOO and for the aver- 
age over five test illuminants CIE A, D48, D65, D75 
and DlOO (dashed lines for simple white patch normal- 
ization, dotted lines for generalized white patch nor- 
malization and solid lines for the optimal constancy 
performance). In all cases generalized diagonal ma- 
trix color constancy constancy outperforms, by a large 
margin, simple diagonal matrix constancy. General- 
ized diagonal matrix constancy also compares favor- 
ably with optimal color constancy. 

6 Conclusion 

A diagonal matrix is the simplest possible vehicle 
for color constancy. Indeed, it is its inherent simplicity 
which has motivated research into more complex ma- 
trix forms-if a diagonal matrix can give good color 
constancy a non-diagonal matrix, which has 9 instead 
of 3 parameters, must be able to  support better color 
constancy, or 80 the reasoning goes. The analysis pre- 
sented in this paper concludes that this is in fact not 
the case. Under the 9-2 world constraints a diagonal 
matrix, in conjunction with an appropriate transfor- 
mation of the sensor basis, has been shown to suffice 
for the support of perfect color constancy. This result 
is strong in the sense that no constraints are placed 
on the spectral sensitivities of the sensors. Our sim- 
ulation studies demonstrated that a diagonal matrix 
continues to support good color constancy even when 
the 3-2 conditions are relaxed. 
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Figure 1: Result of sensor transformation 7. Solid 
lines: Vos-Walraven cone fundamentals; dashed lines: 
transformed sensors. 
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Figure 2: Cumulative ND histogra.ms showing im- 
proved performance of generalized diagonal color con- 
stancy. Dashed lines: simple diagonal color constancy; 
dotted lines: generalized diagonal color constancy; 
solid lines: optimal (non-diagonal) color constancy. 
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