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A New Method for RGB to XYZ Transformation
Based on Pattern Search Optimization

Simone Bianco, Francesca Gasparini, Alessandro Russo, and Raimondo Schettini

Abstract — In this paper we present an RGB to XYZ
transformation method based on a pattern search optimization
algorithm. Whatever strategy is adopted to initialize the color
transformation, our method is able to optimize it in order to
minimize the color error on a given training set, also taking
into account a color mapping constraint. We report
experimental results on simulated and real data sets showing
that our method significantly outperforms existing ones.

Index Terms — Color space transformation, pattern search
optimization, linear regression, RGB to XYZ color
transformation.

I. INTRODUCTION

Very often color sensors in input devices are not
colorimetric, in the sense that the RGB device values are not a
linear transformation of the XYZ tristimulus values [1]. In
order to develop a device-independent description of color for
these devices, one needs to build a transformation from device
RGB to the CIE XYZ tristimulus values. Several different
methods exist, spacing from interpolation-based methods
[2,3,4] to best fitting methods. Often for computational
reasons the mapping from RGB to XYZ has to be defined by a
3%3 matrix transformation (especially for low computational
devices such as digital still cameras). This transformation,
called matrixing, is often defined as the best linear least
squares mapping for the particular calibration set of surface
reflectances under a given illuminant. The least-squares
regression optimally maps RGB values to XYZ values so that
the residual squared error for the calibration data set is
minimized [5]. Given the importance of white (and also the
gray-scale) in color reproduction, Finlayson and Drew have
developed the White Point Preserving Least Squares fit
(WPPLS) procedure [6]. As the name suggests, WPPLS is a
method for determining the best least-squares transformation
that maps the RGB values to the XYZ values subject to the
constraint that the RGB corresponding to the white point is
mapped without error. We underline that any constrained
mapping is no longer optimal in the usual sense, since it
produces larger errors (in terms of residual error) for any set
of calibration reflectances used.
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The Least Squares method (LS) uses a full rank matrix
(rank-3), while a constrained LS method only uses a rank-2
matrix in order not to affect the exact mapping of the white.
We could extend the constrained regression method and
preserve two different colors. In this case the transformation
matrix would be restricted to account for the best least-squares
fit in a single direction. This direction is orthogonal to the
plane spanned by the two vectors defining the color
constraints. As expected, in this case the color transformation
result is worse than in the case of a single color constraint. We
could try to exactly map three colors, but as we are working
with a 3x3 transformation matrix, we would not have any free
dimension to apply LS fitting. In order to satisfy three
constraints, we have to define them as the principal
components of the reflectances under consideration [7,8].
With the intent of adding more information in the mapping,
Vrhel and Trussel have developed the Non-Maximum
Ignorance method (NonMaxIg). This method exploits not only
the spectral sensitivities of the device, but also the specific
nature of a real reflectance set [9].

In this paper we focus on digital still cameras and present a
3x3 RGB to XYZ transformation method exploiting a pattern
search optimization algorithm [10,11,12,13,14]. This method
is articulated in two steps: first, the color transformation
matrix is initialized using any of the commonly used methods
(Least Squares, White Point Preserving Least Squares, Non
Maximum Ignorance, etc.); then this matrix is optimized in
order to minimize the color transformation error on a given
training set, eventually taking into account white color
mapping constraints. Our optimization procedure is extremely
robust as it returns the same transformation matrix whatever
the initial approximation is (the coarser the approximation, the
greater the number of iterations required).

In Section II we briefly introduce the color transformation
methods available in the literature, while our optimization
procedure is described in Section III. Section IV reports
experimental results on simulated and real data sets. Finally in
Section V we report our conclusions and outline future
research.

II. COLOR SPACE TRANSFORMATIONS

In this section we consider how input device RGB values
can be mapped to XYZ tristimulus values. For concreteness,
we shall focus the discussion on digital cameras, although the
methods shown apply equally well to other input devices and
other color transformations.
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A. Color and Image Formation Model

We denote the surface reflectance s with a qx1 vector,
where q is the number of sampling points within the visible
spectrum. Similarly, illuminant spectral power distribution
and the spectral sensitivities of the filters of digital cameras
can be represented respectively with a qx1 vector i and qx3
matrix X = [X;, X,, X3], where X;, i=1,...,3 are the three
spectral sensitivities of the device used.

Given this representation of illuminant, reflectance, and
spectral sensitivities, we can write the equation of color
formation as:

p=XTD(i)s , (1)

where T denotes the vector transpose, D(-) is an operator
transforming a gx1 vector into a diagonal gxq matrix so
that each diagonal element at [i,i] corresponds to the i-th
element of the vector and the off-diagonal terms are all
zeros, and p is the 3x1 vector of the device RGB values
measured in the considered pixel [1].

B. Color space transformation using Least-Squares

Regression
Below, we give a formal derivation of the least-squares
regression method [5]. In this method X=[%,9,7is a qx3
matrix that can be made up both of sampled CIE standard
observer functions or of a set of theoretical XYZ values for
a given set of patches. X=[x,y,z] is another qx3 matrix that
can be respectively made up of the spectral sensitivities of
the device used or the RGB-device-dependent values for
the given set of patches. In both cases, roughly speaking, X
represents the values of the device we have and X the
theoretical values we would like to obtain. Assuming linear
mapping, we have to find the 3x3 matrix M that minimizes
the sum of the squared residuals:

F=|X-XM|3. (2)
The problem is then to minimize the residual:

3
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where X% is the i-th column of X, analogously for X and
m; is the element of the matrix M in the position i,k. In
order to minimize equation (3) we consider the square
system:
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=0, k=1,2,3.

We show how it is possible to find a column of M; the
others can be found in the same way.
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Equations (4) are also called normal equations of the problem.
Let us consider again the whole problem of finding M; then
the three particular equations (4) for k=1,2,3 can be written in
the compact form B M=d. A careful consideration of the first
member on the left-hand side of equation (4) leads to:

X{l) XfQ) Xl(S)
B=X"X, X= : : (5)
Xél) X§2) Xég)

Furthermore, the right-hand side of equation (4) can be
written as:

X;l) X§2) X{S)
d=X"X, X=| : ; (6)
Xq(,l) XéQ) Xéi%)
Using equations (5) and (6), equation (4) becomes:
XTXM = XTX (7)
that can be solved in M to give:
M = (XTX)7!XTX (8)

which is the solution we are looking for.

The LS transform makes no assumptions about the surfaces
that will be mapped with a low error and those that will be
mapped with a high error. In particular, we do not expect the
white point to be preserved, despite the importance of white
for color reproduction. To ensure the correct mapping of
white (or any other color we would like to constrain) we need
to use the constrained least-squares regression developed by
Finlayson and Drew [6].

C. Color space transformation using Constrained Least-
Squares Regression
In this section we use the same notation used in section II.B,
so X is a qx3 matrix that can be made up both of sampled CIE
standard observer functions or a set of theoretical XYZ values
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for a given set of patches. X is another qx3 matrix that can be
respectively made up of the spectral sensitivities of the device
used or the RGB-device-dependent values for the given set of
patches. According to [6], let x© denotes the device RGB
vector for a constraint color (a color we want to map without
error). Let ¢ denotes the corresponding constraint XYZ
tristimulus vector. We can ensure that the constraint color is
mapped without error by augmenting equation (2) with a
Lagrange multiplier term:

3 3
3 e, ©
.7:=||X—XM||§+AZ zy; —ijmjk . (9
k=1 j=1
Here, A is a Lagrange multiplier that captures the idea that
the constraint color in RGB coordinates x© must go over to
the correct XYZ vector 2. Taking partial derivatives with
respect to the Lagrange multiplier yields the constraint
condition:

1z9)" = ()™M =0 (10)
and taking derivatives with respect to the elements mj, of M,
we obtain:

q 3 3 3
Z Tij <$ik - Z xihmhk> +A Z x]C<ka — Z Igmhk> ]
o=l h=1 k=1 h=1
(11)

Clearly, the solution of equations (9) and (10) is that the
constraint color is correctly mapped,

(12)

and M satisfies equation (7).
However, now M must be of a form that obeys the constraint
(12). Any such matrix M must be of the form:

M=D+E (13)
with
i 0 0
D=| 0 §/z5 0 ,
0 0 i S

and E any matrix that satisfies (z¢)" E=0. Every such matrix
E can be written as:

E =7ZN (14)
where Z is a 3 X2 matrix composed of any two vectors o; and
o, orthogonal to #¢ and N is an arbitrary 2x3 matrix, so that
E results as a 3 X3 matrix.

Substituting equations (13) and (14) into (7), we can solve for
N by premultiplying for Z'; then we have:

ZTXTX - ZTXTXD = [ZTXTXZ]N . (15)
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This is exactly the normal equation one obtains, by
starting from the minimization of equation (4) considering
M as it is defined in equations (13) and (14). The matrix
M is made up of the diagonal matrix D augmented by a
rank-2 matrix that does not affect the mapping of the
constraint color.

D. Color space transformation using Non-Maximum
Ignorance

Vrhel and Trussel, in [9], showed that the LS solution given in
equation (8) can be written in terms of the non-mean
subtracted covariance matrix (K, the qxq matrix of products,
called cross-product matrix) of a set of reflectance data, most
likely present in real scenes. If S is an nxq matrix, where each
row represents a given reflectance spectrum, then K is defined
as K=S" S. Thus this method exploits not only the spectral
sensitivities of the device, but also the specific nature of a real
reflectance set through the cross-product matrix. It is evident
that a least-squares regression between camera responses and
tristimulus values depends only on K. To show this, let us
rewrite equation (8) making the role of the reflectance S
explicit:

M = (XTSTSX)'X"TSTSX , (16)
by substituting K=S" S, it becomes:
M = (XTKX)'XTKX . (17)

We can then say that for any particular LS transform M, any
data set will share the same M if it has the same product
matrix K.

The validity of this idea turns out to persist in the WPPLS
calculation as well. Rewriting equation (15) and solving for N,
we have:

N = [2TXTKXZ] ' [Z"XTKX — Z"XTKXD] . (18)

III. COLOR SPACE TRANSFORMATION OPTIMIZATION USING
PATTERN SEARCH

In this section we report our Pattern Search Optimization
method for color transformations. It has been developed to
improve the results of both LS and WPPLS methods.

Let X be the px3 matrix containing the XYZ values calculated
from the reflectances of the colors we would like to map with
smaller errors, X the px3 matrix containing the simulated
RGB values calculated from the same reflectances, and M the
color transformation matrix we want to find.

The function we want to minimize is no longer constituted by
the norm | - ||, of || X— X M ||, %, as in equation (2) or (9), but
is replaced by the norm |- [|;, || X~ X M ||, where we
experimentally found that it conveys only slightly better
results. In order to also minimize the minimum and the
maximum errors which we have in color transformation (not
possible with the LS and WPPLS methods), we have to add
two more terms in the function we want to minimize:



S. Bianco et al.: A New Method for RGB to XYZ Transformation Based on Pattern Search Optimization

min(| X-XM |) and || X—XM]|,.. The LS and WPPLS methods
can not handle the noise amplification that may occur due to
the matrixing process. In order to keep this amplification low
we add in the function to minimize stdev (X—XM) as the
fourth term.

Thus the function we want to minimize is:

F=ao|X=XM|+8 | X-XM| e+ min(|X-XM|)+
+4 stdev(X — XM) , (19)

where a,f3,y,0 are weights that capture the relative importance
of the terms to minimize.

We have chosen to use oo = 3 =y =0 = 1 as we do not have
any ranking of the importance of the members in equation
(19), but these can be changed as one prefers.

The problem is now to find a method to minimize the equation
(19), subject to the additional constraint of exactly mapping
the white point (i.e., the matrix M has to solve the constraint
[1 1 1]M=[1 1 1]). As the first term of equation (19) is not
differentiable, it is not possible to use methods that make
explicit use of the Jacobian or the Hessian, such as the Quasi-
Newton Line Search [15] or the Nonlinear Least Squares [16].
Furthermore the fourth term is not linear, and thus it is not
possible to use methods as the Simplex or its variations [17]
that work only for linear problems.

We need a method that does not explicitly make use of the
derivatives of the function to minimize, nor computes or
approximates them, and that does not make assumptions on
the shape of the function. Our choice is then to use the Pattern
Search method, which is capable of solving a great variety of
problems [10].

Pattern Search Methods (PSM) are a class of direct search
methods for nonlinear optimization [11]. Their popularity is
given by simplicity and by the fact that they work very well in
practice on a variety of problems. Furthermore, global
convergence can be established under certain regularity
assumptions of the function to be minimized [12,13,14]. PSM
are extremely simple to implement and do not require any
explicit estimate of derivatives.

The form of a general pattern search algorithm can be
described in the following way. At each step k, we have the
current iterate x, and a set Dy of vectors which identify the
search directions; usually the set Dy is the same for all
iterations. The last ingredient is the step-length parameter Ay.
For each direction di € Dy, we set X™ =x,+A.dy (the "pattern")
and we examine f(x"). If a d exists such that f(x") < f(x,), we
set Xe =X and A=oy A, with oy > 1; otherwise, we set Xy
=Xk and Ak+l:Bk Ak with Bk <1.

In other words, if we find a better point in the pattern, we go
there and increase the step; otherwise, we do not move and
reduce the step. The algorithm stops when the step Ay is small
enough.

It is clear that the algorithm works if we have a sufficiently
rich set of directions and if there is a reasonable back-tracking
strategy that avoids unnecessarily short steps. The main
difference between PSM and other minimization algorithm
based on estimations of derivatives lies in the restriction of the
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nature of the steps allowed between successive iterates. In
fact, the new iterate xy;; is either x; or one of the points
X1 TAk. In practice this feature permits useful search
strategies that are precluded by the nature of gradient-based
methods, in which the search directions are not decided by the
user.

The PSM used in this paper simply takes as Dy the
directions given by the coordinate axes and the step-length
parameter is reduced or increased by a factor 2.

IV. EXPERIMENTAL RESULTS

The experimental results reported refer to both
unconstrained and constrained methods. Least Squares (LS),
Non Maximum Ignorance (NonMaxIg) and our Pattern Search
(PS) find the best solution without respecting any constraint
on white reproduction. White Point Preserving Least Squares
(WPPLS) and our White Point Preserving Pattern Search
(WPPPS) find the best solution respecting the constraint that
the white is mapped without error. In all the experiments, to
initialize our optimization procedures for both unconstrained
and constrained cases, we have adopted the matrix estimated
by the least squares method. Our PS and WPPPS methods are
iterative. Given the initialization just described the methods
converge to the solution in about 1-2 minutes on a PC Intel
Pentium 4 2.6GHz, 760MB of RAM, with Windows XP
Professional operating system using the Pattern Search
implementation furnished in the Genetic Algorithm and Direct
Search Toolbox of Matlab 7.0. Using the identity matrix as
initialization elevates the convergence time at the order of 1.5-
2 hours. It is the case to underline that our methods are robust
and whatever is the initialization used they always converge to
the same identical results. However this computation has to
been done only once, as the digital camera only applies this
3x3 matrix to the RGB values recorded by the sensor.

The experimental results are evaluated in two different
frameworks: a simulated ideal imaging system and a real
imaging system. For both systems we have adopted the D65
CIE standard illuminant [18]. The spectral sensitivities of the
filters for the ideal imaging system are those of the real digital
camera adopted in the second experimental framework. The
results are compared in terms of the CIELAB AE4 color error
[18]; the choice of using AE error is justified by the fact that
most works on this topic have used it, and so results are easily
comparable. The AEq, color error conveys different numerical
results but leaves the rankings of the implemented methods
unchanged.

A. Simulated ideal imaging system

The experiments reported here have been performed on some
40000 reflectances [19] with the D65 CIE standard as the
reference illuminant. This database has been randomly divided
into a training and a test set, each of 20000 reflectances. The
training set has been used for the Pattern Search optimization,
and to evaluate the cross-product matrix of the Non-
Maximum-Ignorance method. All the methods (whose
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notation is presented in Table I) have been tested on the same
data set according to the following procedure (Figure 1): the
tristimulus values obtained using the spectral sensitivities of
the filters are mapped into the CIE XYZ color space through
the transformation matrices estimated by the methods
considered. These XYZ values are then compared, in terms of
CIELAB color difference, with those obtained using the CIE
color matching functions.

TABLE I
NOTATION ADOPTED FOR THE CONSIDERED METHODS

Method Notation
Least Squares LS
White Point Preserving Least Squares WPPLS
Non Maximum Ignorance NonMaxIg

Pattern Search PS

White Point Preserving Pattern Search WPPPS
Color formation
tion
Reflectance * cqual ’ g Color space
illuminant " (w::e:;-:?m ~—] X¥Z' [»—] Matrixing [=—) X¥Z conversion =
sensivities)
Color formation
equation
Reflectance * = | | e |- xvz Colorspace | |\ .py
iluminant standard canversion
observer func.)

Fig. 1. The simulated ideal imaging system under the D65 CIE standard
illuminant: the tristimulus values obtained using the spectral sensivities of
the filters are mapped into the CIE XYZ color space through the
matrixing transformation, and then compared in terms of CIELAB color
difference, with those obtained using the CIE color matching functions.

In Tables II and III we report the statistics for the values of
AE; obtained respectively on the training and on the test sets,
both of 20000 reflectances. For both, the best method is the
proposed one (PS), which has the lowest values for all
statistics, in particular for the mean color transformation error.
Also among the constrained methods, our WPPPS shows the
best results.
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In Tables IV and V the statistics are reported using as test
sets the reflectances of the Macbeth ColorChecker DC and
those of the Macbeth ColorChecker CC (charts reported in
Figure 2) [20]. Even if the values of the statistics are
slightly changed from those of Table III, the ranking of the
methods is unchanged, and our methods still show the best
results (PS over all and WPPPS among the constrained
methods).

TABLE IV
STATISTICS FOR AE7 EVALUATED ON THE REFLECTANCES OF THE
MACBETH COLORCHECKER DC

o,
Matrix Min Max Mean  Median St.dev ;’ AE <
LS 2.57 72.12 9.78 9.43 5.41 0.55
WPPLS 2.40 179.8 20.15 17.92 15.28 1.11
NonMaxlIg 244 8737 9.62 9.31 6.47 0.55
PS 0.15 72.42 3.12 1.67 591 73.88
WPPPS 145  40.76 11.53 10.48 6.97 10.00
TABLE V

STATISTICS FOR AE7 EVALUATED ON THE REFLECTANCES OF THE
MACBETH COLORCHECKER CC

Matrix Min Max Mean  Median St.dev ;A’AE” <
LS 2.61 72.23 9.81 9.72 5.50 4.16
WPPLS 2.47 175.6 18.92 15.69 14.92 8.33
NonMaxIg 2.48 86.72 9.58 9.23 6.38 4.16
PS 0.16 71.78 3.08 1.52 5.72 83.33
WPPPS 1.49 39.22 11.05 10.03 6.85 16.66

TABLE I1
STATISTICS FOR AE7 EVALUATED ON THE TRAINING SET OF 20000
REFLECTANCES
0,
Matrix Min Max Mean  Median St.dev 7oA Eqg
LS 0.36 62.78 7.69 7.72 2.78 2.03
WPPLS 0.34 143.2 14.98 12.74 9.61 2.42
NonMaxlg 035 6845 7.57 7.49 2.94 3.87
PS 0.00 5451 1.96 1.14 2.74 83.29
WPPPS 0.11 48.17 9.54 8.77 6.21 19.67
TABLE III
STATISTICS FOR AE7 EVALUATED ON THE TEST SET OF 20000
REFLECTANCES
o,

Matrix Min Max Mean Median St.dev <A)3A Ese
LS 048  71.65 8.44 8.45 2.87 1.00
WPPLS 0.47 167.0 16.87 14.97 10.36 1.23
NonMaxlg  0.47  79.94 8.18 8.14 3.04 1.36
PS 0.02  65.72 2.20 1.25 2.83 78.09
WPPPS 0.19  51.06 10.53 9.80 6.36 9.26

For a better comprehension of how the errors are distributed,
given both the training and the test sets, we report them
graphically in Appendix by means of arrows in the a’ b plane
ofthe L"a’ b’ space.

Fig. 2. Left: Macbeth ColorChecker CC; right: Macbeth ColorChecker
DC.

We have also investigated the stability of the PS solution
decreasing the cardinality of the training set. In Figure 3 we
report the box-plots of the AE,, randomly halving the training
set till it reaches 39 elements. The PS method performs almost
identically from 20000 to 156 elements, as indicated by the
mean values of AE; reported in Table VI. Only at about 39
elements performance is significantly reduced.
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Fig. 3. Box-plots of AE;; values for the PS method, as the number of
elements in the training set decreases.

TABLE VI
MEAN VALUES OF AE+; FOR THE PS METHOD, AS THE NUMBER OF
ELEMENTS IN THE TRAINING SET DECREASES

Patches 20000 10000 5000 2500 1250 625 312
AE 2.15 2.16 2.15 2.17 2.19 2.18  2.17
Patches 156 78 39

AE 2.21 2.73 4.11

Starting from these considerations, we have compared (Tables
VII and VIII) the performance of all the methods, using as the
training set the Macbeth ColorChecker DC, and as the test set
the Macbeth ColorChecker CC. Note that the LS and WPPLS
do not depend on a training set as they do not need to be
trained. The proposed methods still perform better than the
others (PS over all and WPPPS among the constrained

methods).
TABLE VII
STATISTICS FOR AE;s EVALUATED ON THE REFLECTANCES OF THE
MACBETH COLORCHECKER DC USED BOTH AS TRAINING AND TEST SET

o,
Matrix Min Max Mean Median St.dev <A'3A Ese
LS 2.57 7212 9.78 943 541 0.55
WPPLS 2.40 179.8  20.15 17.92 15.28 1.11
NonMaxIg  2.41 80.23 9.52 9.20 6.22 1.11
PS 0.09  69.31 2.57 2.04 4.96 72.77
WPPPS 1.32  38.52 9.82 8.72 5.81 12.22
TABLE VIII

STATISTICS FOR AE ;4 EVALUATED ON THE REFLECTANCES OF THE
MACBETH COLORCHECKER CC USING THE MACBETH COLORCHECKER

DC AS TRAINING SET
0,

Matrix Min Max Mean Median St.dev <A'3A Ese
LS 2.61 72.23 9.81 9.72 5.50 4.16
WPPLS 2.47 175.6 18.92 15.69 14.92 8.33
NonMaxIg 252 81.37 10.73 10.21 6.59 4.16
PS 0.14  72.11 3.02 2.95 5.43 66.66
WPPPS 1.59 3943 9.86 9.69 5.94 12.50

B. The real digital camera

The experiments reported here have been performed using a
prototype digital still camera provided by a private client. The
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data set used are the Macbeth ColorChecker DC and the
Macbeth ColorChecker CC. The images of color charts were
acquired by the camera in a standardized light-box, under
the CIE D65 standard illuminant. We have used the Macbeth
ColorChecker DC as the training set for the Pattern Search
optimization, and to evaluate the cross-product matrix of the
Non-Maximum-Ignorance method. All the methods have
been evaluated, as shown in Figure 4, in terms of CIELAB
color difference, on both the Macbeth ColorChecker DC and
on the Macbeth ColorChecker CC. The results also include a
comparison with the proprietary transformation matrix
(PM), that has been provided to us by the camera
manufacturer.

RAW data
Macbeth 180 * Real N N Color space
illuminant " digital camera de‘;:r:/cllceent) | Matrixing b X¥Z =+ conversion | L)
Color formation
= equation
Mal(betr'l 180 (with CIE . xrz . Color space | Lab
iluminant standard conversion
observer func.)

Fig. 4. The real digital camera in the light-box under the D65 CIE
standard illuminant: the RAW values acquired by the sensor of the
camera are mapped into the CIE XYZ color space through the matrixing
transformation, and then compared in terms of CIELAB color difference,
with those obtained using the CIE color matching functions.

Macbeth ColorChecker 24

ot

“allll
LA
0 5

ﬂdd@ﬂ“ﬂd@ (IIIETS

number of the patch
Fig. 5. Top: the Macbeth ColorChecker CC; middle: comparison of the
mean errors patch by patch of the WPPPS method (blank bars) and of
the PM matrix (black bars); bottom: comparison of the standard
deviation of the WPPPS method (blank bars), and of the PM matrix
(black bars).

4By ermor
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JJJ@HWWJJ 1

number of the patch
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In Table IX, the statistics for the AE;s using the Macbeth
ColorChecker DC for both training and test set are reported; in
Table X the same statistics are shown, using the Macbeth
ColorChecker CC for test set. In both cases the PS method
performs better that the others.

Applying the matrix transformation to the RAW data of a real
digital camera, what we are interested in is to preserve the
white. Among the constrained methods (which include the
proprietary matrix PM), our WPPPS still gives the best
results, even better than the unconstrained LS method.
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TABLE IX
STATISTICS FOR AE; VALUES USING AS BOTH TRAINING AND TEST SET THE
MACBETH COLORCHECKER DC ACQUIRED BY THE REAL CAMERA UNDER
THE STANDARD ILLUMINANT D65

0,
Matrix Min Max Mean  Median St.dev <A'3A Ee
LS 1.05  25.19 7.60 6.84 4.57 7.78
WPPLS 0 30.74 12.76 12.16 7.25 444
NonMaxIg  0.01 64.65 37.16 38.07 12.03 2.78
PS 0.35 17.49 5.34 4.30 3.93 33.89
WPPPS 0 27.19 6.74 5.62 4.71 25.56
PM 0 61.22 28383 26.66 12.27 4.44
TABLE X

STATISTICS FOR AE75 VALUES USING AS TRAINING THE MACBETH
COLORCHECKER DC AND AS TEST SET THE MACBETH COLORCHECKER
CC BOTH ACQUIRED BY THE REAL CAMERA UNDER THE STANDARD

ILLUMINANT D65
o,

Matrix Min Max Mean  Median St.dev <A'3A Es
LS 1.44 2753 7.61 7.72 5.13 12.5
WPPLS 0 29.08 13.13 10.57 7.58 4.16
NonMaxIg 0.01 53.20 34.38 34.78 11.05 4.16
PS 1.05 20.30 5.28 4.05 4.08 33.33
WPPPS 0 18.33 7.28 6.18 4.61 16.66
PM 0 48.56 26.06 24.00 12.08 4.16

In Figure 5 we report the comparison of the WPPPS method
with the PM matrix in terms of the mean color error of each of
the patches of the Macbeth ColorChecker CC (middle row),
together with the color chart itself (top row) for a better
understanding. The mean errors of the WPPPS method (blank
bars) are always smaller than the corresponding ones of the
PM matrix (black bars).

In the case of images acquired by real digital cameras, the
noise is naturally present. The color transformation matrix
may amplify this noise. Thus, for a more accurate comparison
between the two methods, we also report in Figure 5 (bottom
row) the standard deviation of the RGB values of each patch
after transforming the RAW data applying the matrix
estimated by the WPPPS method (blank bars), and the PM
matrix (black bars). For all the 24 patches, the WPPPS shows
a lower standard deviation.

V. CONCLUSION

In this paper we have considered the color transformation
methods available in the literature, and proposed a new one
exploiting the pattern search minimization. The experimental
results for both simulated and real imaging systems support
the feasibility of our approach for both constrained and
unconstrained color transformations. The proposed approach
is quite robust and does not require that the objective function
which is to be minimized is linear or differentiable. This will
therefore allow us to freely design new objective functions.
As further work we plan to investigate if better error functions
can be defined, taking into account more color constraints,
such as sets of colors that should be better reproduced than
others. The Pattern Search method employed in this paper can
also be greatly improved by choosing different search
directions, depending on the shape of the function which is to
be minimized.
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We report in Figures 6,7,8,9,10 the distribution of errors in the
case of the simulated ideal imaging system using the Macbeth
ColorChecker DC as the training set and the Macbeth
ColorChecker CC as the test set. The methods represented are
the LS, PS and NonMaxIg for the unconstrained case and the
WPPLS and WPPPS for the constrained case. Errors are
represented by arrows. The tails of the arrows are placed in the
theoretical a b" coordinates of the patch seen under the D65
standard illuminant. The heads are placed in the a b’
coordinates in which the matrixing process has mapped the
values that the simulated imaging system records for that patch.
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Fig. 6. Errors for the LS method; top: training set (Macbeth
ColorChecker DC), bottom: test set (Macbeth ColorChecker CC).

We can notice how among the unconstrained methods
(Figures 6,7,8) the error arrows for the PS method are shorter
that the ones reported for the LS and NonMaxIg methods, as
one could expect reading Tables IV and V. Figures 9 and 10
show much longer arrows: this is due to the fact that the errors
represented are obtained by constrained methods (WPPLS and
WPPPS). These methods map exactly one color point to the
detriment of the overall error. The scale of the axis is now
changed with respect to the Figures 6,7,8 to take into account
these greater errors. Notice how also in this case our WPPPS
shows a better error distribution compared to the WPPLS
method.
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Fig. 7. Errors for the PS method; top: training set (Macbeth
ColorChecker DC), bottom: test set (Macbeth ColorChecker CC).
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