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(57) Abstract: A color characterization process utilizing
nonlinear regression analysis to characterize a color
input device. The color input device is used to generate
a bitmap of device dependent values from a color target.
The bitmap of device dependent color values is used to
generate a forward model that maps device dependent
color values to color values in a device independent
color space using a nonlinear regression analysis that
minimizes a color difference metric between the reference
color values and the set of device dependent color values
mapped through the forward model. The color difference
metric is chosen to represent human perceived color
differences in the device independent color space. The
performance of the nonlinear regression analysis may be
improved by initializing the nonlinear regression analysis
using an initial forward model generated from a linear
regression analysis.
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COLOR CHARACTERIZATION USING NONLINEAR REGRESSION

BACKGROUND AND SUMMARY

Field of the Invention

[0001] The present invention generally relates to characterization of color devices and

more particularly to characterization of a color input device using nonlinear regression.

Description of the Related Art

[0002] Electronic color devices used to input electronic documents represent coiqrs
using three colors of light, namely Red, Green, and Blue (RGB) . By adding varying
intensities of these three colors of light, electronic devices can simulate the appearance

of a variety of colors. A color input device, such as a document scanner, uses light



WO 2005/114641 PCT/US2005/014646

—2_

sensors to measure the intensity of red, green, and blue light reflected from an object.
These measurements of the intensity of the individual colors of light may then be used
by other color devices to represent the color of the captured object. Because red,
green, and blue light may be added together to simulate colors, they are termed

“additive primaries.”

[0003] Within a color device, a color may be represented using three variables
representing the separate intensities of the red, green, and blue light that are combined
to create the color. The set of three values is termed a “color value.” As three values
are used to describe a color value, color values may be thought of as being points within

a three-dimensional space termed a “color space.”

[0004] Thé response of a color input device to red, green, and blue light intensities
varies based on the color input device’s optical design, sensor materials, and electronic
systems. This means that different color input devices having different designs will
generate different device dependent color values for the same source image. Therefore,
in order to accurately input a color into a color input device and then display that color
on a color output device, the color values generated By the input color device for a color
must be mathematically transformed to generate the color values corresponding to that

color on the color output device.

[0005] Management of the transformations between color input device color values
and color output device color values is ordinarily performed by a Color Management
System (CMS) within a data processing system such as a personal computer. A typical
. CMS manages color value transformations between a variety of color input and output
devices. This means that the CMS must be able to transform color value data from
each potential color input device for display on each potential color output device. The
CMS’s task is made simpler by transforming device dependent color values, which
represent colors for one particular device, into a common device independent color
space. Within the color space, colors may be represented by a small set of continuous

variables with each color represented by a unique set of values. For example, when the
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color input device generates a device dependent color value in response to a specific
source color, the device dependent color value is transformed into a color value in the
device independent color space representing the specified color. To display the
specified color on a color output device, the color value in the device independent color
space is transformed into a device dependent color value that is used by the color

output device to generate the specified color.

[0006] Use of a device independent color space simplifies the operations of a CMS
because the CMS doés not need to keep track of a transformation for each possible
pairing of color input device and color output device. Instead, the CMS maintains a
device profile for each color device. A color input device’s profile describes the
transformation used to transform the color input devices’s color values into a color

represented in the device independent color space.

[0007] Standardized device independent color spaces are established by standards
organizations such as the Commission Internationale de I’Eclairage (CIE). For example,
CIE has specified the perceptually non-uniform color space CIEXYZ in 1931, and the
perceptually uniform color spaces CIELUV, CIELAB in 1976. They are by far still the

most commonly used device independent color spaces.

[0008] The main difference between CIEXYZ and CIELUV or CIELAB is that
CIELUV and CIELAB were designed to be perceptually uniform. A perceptually
uniform space has the property that the Euclidean distance between two color values
gives a measure of the human perceived "closeness" of the two colors. This closeness is
generally referred to as "AE". Because of the failure of CIELUV space or CIELAB
space to be truly perceptually uniform, other color difference equations have been
devised to provide better measure of AE. CIE originally recommended the "1976
formulae," one for the CIELUV space and one for the CIELAB space, which are simply
the Euclidean distances of the spaces. As noted above, they were not satisfactory
measure of the human perceived closeness. In 1994, CIE introducéd the CIE94
equations, and ﬁore recently in 2000, the CIEDE2000 equations. These equations are
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considerably more complex than the 1976 equations, but they provide better measures

of AE.

[0009] The transformation used to transform a color device’s color values into a device
independent color space are ordinarily determined for each color device. The process
of determining the transformation is termed “colorimetric characterization” or simply
“color characterization.” One approach to color characterization of color input devices
such as scanners and digital cameras is to capture a color target having color patches
representing a set of reference colors. The set of reference colors have known color
values in a device independent color space such as CIEXYZ, CIELAB or CIELUV.
The result of the capture is a bitmap image of the color patches, each of which is
associated with an RGB value that is an average of RGB values for all captured pixels

belonging to the color patch.

[0016] Once the set of RGB values are coilected, color characterization is used to
establish an empirical relationship between the device dependent RGB values and the
known color values of each color patch in the device independent color space. More
specifically, if the device dependent color space is denoted as RGB and the device
independent color space is denoted as LMN, where LMN could be any of the device
independent color spaces such as CIEXYZ, CIELAB, or CIELUV, then color
characterization is a process of seeking a mathematical transformation from RGB to
LMN that models as accurately as possible the behavior of the input device. Sucha

transformation is commonly termed a “forward model.”

[0011] Particularly in the case of color input devices, it is well known that a forward
ﬁodel with good accuracy may be created using low degree polynomials. For example,

a set of three cubic polynomials with 20 terms each in the R, G, and B variables may be
used to calculate the L, M, N components of the chosen device independent color space

LMN. For example, the form of the 20-term polynomial for L is:
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L=a,+a,R+a,G+a,B
+a,R* +a,RG+a,RB+a,G* +a,GB+a,,B*
+a,,R® +a,R*G+a,,R*B+a,,RG’ +a,;RGB
+a,RB* +a,,G* +a,,G*B+a,,GB" +a,,B°
Similar polynomials may be used to calculate the M and N components of the LMIN

color space using an input device’s RGB values.

[0012] Since there are more measurements than coefficients, linear regression
techniques may be used to determine the coefficients of the polynomials used in the
forward model. Linear regression techniques find the coefficients of the polynomials
that minimize a difference metric that measures errors between a reference color
patch’s known color value in the device independent color space and a color value
calculated using the polynorﬁials for the color patch from the RGB values of the col-or
input patch. During the linear regression process, the coefficients of the polynomials
are determined such that the sum of the color differences for all of the color patch
reference color values and corresponding calculated color values is minimized. The
resulting polynomials are then used as the forward model for transforming device
dependent color values generated by the color input device into color values in the

device independent color space.

[0013] A known problem with linear regression techniqués is that linear regression
implicitly assumes that the difference metric minimized during the linear regression
process is the Euclidean distance between two color values m the color space LMN.
However, it is questionable whether the Buclidean distance in the underlying color
space is the correct measurement of color differences for the calculated color values.
For instance, the Euclidean distance in the CIELUV color space generally gives an idea
" of how close two colors are, but there are better color differerice equations to calculate
AE. When two colors are close, the Euclidean distance measurement and AE may
actually change in opposite directions, that is, if the two colors are perturbed slightly,

they may move closer according to one measurement, and further apart in the other. As



WO 2005/114641 ‘ ) PCT/US2005/014646

—6—

such, linear regression processes may not generate polynomials with optimally

minimized AE values even though the Buclidean distances may be optimally minimal.

[0014] As described above, some color difference equations give better measures of
human perceived differences between color values within a color space. Therefore, a
forward model determined using this class of color difference equations, rather than a
Fuclidean distance measurement, would yield more accurate device dependent color
value to device independent color value transformations as perceived by a human.
However, most color difference equations used to measure human perceived color
differences are non-Euclidean distances of the underlying color space. This means that
linear regression techniques may not be used to determine a transformation equation

using a difference metric based on human perceived color differences.

[0015] Therefore, a need exists for a color characterization process that uses a
difference metric based on human perceived color differences to determine a forward
model for a color input device’s color values. Various aspects of the present invention

meet such a need.

SUMMARY OF THE INVENTION

[0016] A color characterization process utilizing nonlinear regression analysis to
characterize a color input device is provided. The color input device is used to generate
device dependent values from reference color values such as those on a color target.

The bitrﬁap of device dependent colof values is used to generate a forward model that
maps device dependent color values to color values in a device independent color space
using a regression analysis that minimizes a color difference metric between the
reference color values and the device dependent color values mapped through the
forward model. The color difference metric is chosen to represent human perceived
color differences in the device independént color space, and defines a nonlinear

regression analysis. Thus, improved forward models may be generated because the
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process is not limited to difference metrics that define a strictly linear regression

analysis.

[0017] In an aspect of the invention, a color characterization process for generating a
color input device’s forward model includes receiving a set of device dependent color
values generated by the color input device in response to a standardized color target.
The color target has color patches corresponding to a set.of reference color values ina
device independent color space. Regression analysis is used by the process to generate
a forward model that maps device dependent color values to color values in the device
independent color space. During the regression analysis, the process minimizes a color
difference metric between the reference color values and the set of device dependent
color values as mapped through the forward model. The choice of the color difference

metric defines the regression analysis to be a nonlinear regression analysis.

[0018] In another aspect of the invention, the difference metric used is a measure of
human perceived color differences within the device independent color space. The
device independent color space may be a standardized color space such as CIELUV or
CIELAB. If so, the color difference metric may be based on a color difference standard
such as CIE94 or CIEDE2000, both of which define a nonlinear regression.

[0019] In another aspect of the invention, the nonlinear regression analysis includes an
jterative process. The iterative process generates a trial forward model. The trial
forward model, the set of device dependent color values, the color difference metric,
and the set of reference color values in the device independent color space are used to
generate a color difference measurement. Termination of the iterative prbcess occurs

when the color difference measurement is less than a color difference error threshold.

[0020] In another aspect of the invention, the initial trial forward model is generated
using a linear regression analysis. The nonlinear regression analysis is initialized using

the initial forward model.
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[0021] In another aspect of the invention, the device independent color space is

CIELUV, and the color difference error threshold is one.

[0022] In another aspect of the invention, the non-linear regression analysis includes an

jterative process that terminates after a specified number of iterations.

[0023] This brief summary has been provided so that the nature of the invention may
be quickly understood. A more complete understanding of the invention may be
obtained by reference to the following detailed description in connection with the

attached drawings.

- BRIEF DESCRIPTION OF THE DRAWINGS
[0024] FIG. 1 is a block diagram depicting generating a set of device dependent color
values in response to a color target by a color inputA device and mapping the device
dependent color values into a device independent color space using a forward model.

[0025] FIG. 2 is a block diagram depicting a polynomial-based forward model.

[0026] FIG. 3 is a chromaticity diagram depicting color differences between reference

color values and mapped color values within a device independent color space.

[0027] FIG. 4 is a.data flow diagram depicting generation of a forward model using a

nonlinear regression analysis.
[0028] FIG. 5 is a process flow diagram of a nonlinear optimization process.

[0029] FIG. 6 is a block diagram of a data processing apparatus that may be used to

generate a forward model in accordance with the present invention.
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DETAILED DESCRIPTION

[0030] FIG. 1 is a block diagram depicting generating a set of device dependent color
values in response to a color target by a color input device and mapping the device
dependent color values into a device independent color space using a forward model. A
color input device 100, such as a scanner, captures a color target 102 to generate color
values in a device dependent color space that may be unique to the color input device.
The color target includes a plurality of color patches 104 each having a known

reference color value in a device independent color space 106.

[0031] During a color characterization process, the color input device may be coupled
toa data processing system 108, such as a personal computer. The color input device
captures the color target and generates a plurality of device dependent color values, |
such as color values 110, 112, and 114, in response to the color target. For a typical
color scanning device, the color values may be considered as points in a device
dependent three-dimensional color space 116 having red 122, green 118, and blue 120
dimensions. As the three dimensions correspond to RGB values, the device dependent
color space is herein termed RGB. In the case where the color input device is a digital
device, the plurality of device dependent color values may be considered a color bitmap

corresponding to the color target.

[0032] The data processing system uses the color bitmap having the device dependent |
color values and corresponding reference color values to generate a forward model 124
for the color input device. The forward model maps the set of device dependent color
values into the device independent color space as mapped color values 126, 128, and
130. At the end of the color characterization process, the forward model may be used

in any suitable manner to develop the color input device’s device profiles usedina
CMS, such as by generation of lookup tables. In addition, the forward model may also

be used directly as part of the color input device’s device profile.
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[0033] As depicted above, the color input device is a color scanner. However, any
color input device, such as film and reflective color scanners, digital still cameras,
digital video cameras, etc., may be characterized using the present invention. In
addition, the present invention has been described with respect to the color
characterization of color input devices wherein the forward model is used either directly
or indirectly in a CMS. However, the present invention may also be applied whenever
a color input device is modeled. Such scenarios include, but are not Hmited to, creating

color profiling software that supports scanners and digital cameras.

[0034] In thé color characterization process, the choice of a device independent color
space is arbitrary. Any standardized color space may be used. For example, the device
independent color space may be CIEXYZ, CIELAB, or CIELUV. The choice of color
target is arbitrary as well. An example color target is the IT8.7 color target defined by
ANSI or a color target known under the trade name ColorChecker®.

[0035] FIG. 2 is a block diagram depicting a polynomial-based forward model. If the
device independent color space is denoted LMN (where LMN could be any of the
device independent color spaces such as CIEXYZ, CIELAB, or CIELUV), then a
forward model 200 for the color input device is a mathematical transformation from
RGB to LMN that models as accurately as possible the behavior of the color input
device. Such a transformation can be modeled reasonably well by polynomials of low
degree. For example, three polynomials with three, six, eight, nine, 11, 14 or 20 terms
in R 202 , G 204, and B 206 variables, respectively define L 208, M 210, and N 212
components of the chosen device independent color space LMN. In preferred
embodimeénts of the present invention, the forward model is composed of these cubic
20-term polynomials used to transform RGB color values into CIELUV color values.

The polynomials are given by:

L(R,G,B)= A + LR+ A,G+A,B
+A;R? + ARG+, RB+ A,G* + 2,GB+ A, ,B’
+ A, R + 4,R*G+ A, R*B+4,RG* + A ,RGB
+ A RB? + ,,G* + 41y G* B+ 2,GB* + 1, B®
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#R,G,B)=a,+a,R+a,G+a,B
+a,R* +a,RG+0,RB+a,G* + ot,GB+, B’
+a,, R +0,R*G+a,R* B+, RG” +a,,RGB
+0 RB® +0,, G +0,G* B+ ),GB* + B’

¥R,G,B)=f,+ p,R+ B,G+ B,B
+ B.R*+ B RG+ B,RB+ B,G* + B,GB+ B,,B*
+ R + B, RG+ B,R*B+ RG + B RGB
+fiRB” + B,G° + PG’ B+ f,,GB* +f,0B°

Where:
IA,(R, G, B) is the L component of a color value in CIELUV corresponding to a

color value having components R, G, and B in the device dependent color
space;

i(R, G, B) is the u component of a color value in CIELUV corresponding to a
color value having components R, G, and B in the device dependent color
space; and

V(R, G, B)is the v component of a color value in CIELUYV corresponding to a

color value having components R, G, and B in the device dependent color space.

[0036] The generation of a forward model composed of polynomials is a process of
seeking polynomial coefficients such that the polynomials provide the "best-fit" model
that minimizes a measure of total error between a set of sampled color values mapped

from the device dependent color space into the device independent color space and the

corresponding reference color values.

[0037] In the present invention, the error is measured by a difference metric that
defines a nonlinear regression analyéis. Some difference metrics that are used by

various embodiments of the invention are CIE94 and ‘CIEDE2000.
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[0038] FIG. 3 is a chromaticity diagram depicting color differences between reference
color values and mapped color values within a device independent color space. The
chromaticity diagram 300 depicts a spectral locus 302 defining a boundary of a visible
color gamut in terms of z' 303 and V' 304 at a specific L value in CIELUV
coordinates. The visible color gamut encloses a set of color values in the device
independent color space corresponding to human perceived colors. For a color input
device, a forward model maps a color value in the color input device’s color space to a
color value, such as mapped color value 305, in the device independent color space.
During the color characterization process, the mapped color value corresponds to a
reference color value, such as reference color value 306, for a color patch in a color

target.

[0039] Within the device independent color space, a color difference 308 between the
mapped color value and its corresponding reference value may be evaluated in a variety
of ways. To determine how well a forward model maps device dependent color values
into the device independent color space, a process may sum a plurality of evaluated
color differences for a plurality of mapped color values and corresponding reference -
color values. The resulting summation may be used as a difference metric to determine

how well the forward model performs.

[0040] One way to evaluate a color difference is to use the Euclidean distance between
two points in the color space. In the case where CIELUV is the device independent

color space, an evaluation of the total error for forward model is given by:

Ot )= S i LR, G B) AR, G B R G BB, 1,)

where distogy( L (R,G,B), & (R,G,B), ¥ (R,G,B.); L,u,) is the Buclidean distance
between a mapped color value mapped from color value R; G, B; and the mapped color
value’s corresponding reference color value L, u,v;. Thus, the objective function
O(A,0,B,) is the sum of squares of Euclidean distances in the CIELUV color space and

is quadratic in the parameters A, &;, B;.
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[0041] For a color value in CIELUV, dist gy is given by:
: 2 2 2
ity sV Lost V) =(L=Lo) Hat—th) +H—%)

Where:
L is the L value of the mapped color value;
L, is the L value of the corresponding reference color value;
u is the u value of the mapped color value;
u, is the u value of the corresponding reference color value;
v is the v value of the mapped color value; and

v, is the v value of the corresponding reference color value.

[0042] However, as noted above, although the Euclidean definition of difference
metric is easy to solve since the Buclidean _deﬁnition of difference defines a linear
regression problem, there are other more desirable difference metrics. Other color
difference equations have been developed that are based on human perceptions of color
differences. For example, a color difference based on a measure of human perceived
color differences is the color difference equation CIE94. CIE94 was introduced by the
Commission Internationale de 'Eclairage (CIE) in 1995 to provide a standardized color
difference formula for industrial use. CIE94 is defined in terms of the coordinate in the

CIELAB color space.

[0043] In order to use CIE94 for two color values in the CIELUV color space, the two
color values are first converted into CIELAB coordinates. For a CIELUV color value
having CIELUV coordinates (L, u; v;) with a reference white point (X,, Y,, Z,) in the
CIEXYZ color space, the color value is converted to CIELAB and LCH color values as

follows:

L =L
4 =14(L:L’i’1)i;)(:19¥gzr;)
C’i =1’ai2 +bz2

b=BLuv;:X,1.Z)
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H, =tai'(4/a,)

‘Where:

L, is the lightness value;

a; is the a* value;

b; is the b* value;

C is the chroma value; and

H is the hue angle.
The A and B functions are the end results of nonlinear transformations that start from
the CIELUV color space to the CIELAB color space via the CIEXYZ space. Each step
is defined by CIE.

[0044] For two color values in CIELUV having CIELUV coordinates (L, u, v,) and
(L, u; v;), CIE94 is defined as:

AEé[Ey4(L1 MV Lyt V) = é‘lz(nyux’VﬁLo:uo’vo)
+5;(Llaubvl;L0:uo’v0)
+532(L1:u1:"1;l’0:u0>vo)

with:
Qw5 Lostho, Vo) =G L) S,
@(Li*ubvl;l()a%)vo) :(C; _Q)/ kCSC
Oyt V5 Lottos V) =KL 14,V Losthos Vo) Sy
and:

N 0,95 Tt =A@ ) +HB -5 ~(G~GY
ke, =k, =, =1 |

S, =1
S.=1+0043GC
S, =1+001GG
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[0045] For a plurality of mapped color values and their corresponding reference color

values, a total error function may be defined as:

A4, ) =2 Moy LR, G, B) R G B) R, G B) Lot ,)

where the summation is through all the data point pairs (R;,G,B;;L; u, v;) in the

training data set.

[0046] In one embodiment of the present invention, CIEDE2000 is used as a color
difference metric. CIEDE2000 is a modification of CIE94 and is given by:

2 2 2 . F
e e e T
” [('a&) +(k€:sc s T\ kcso A

with:

S =1+0045C
SH =1+ 0.01 52:“‘7

: 6*7
s 4 -_;-,-——-—--rm -
G=03 Jc*‘,{b +257

T =1- 047 cos(A*—30)3-0,24 cos(2f)+0,32 cos(3hs8)= 020 cos(4f"-63) |

Ry = —sln[ZAE-J)Rcl
0= 30exp - [(F-275)25)? |

: _6-7
Re = JE 74267
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[0047] Generation of a forward model is a process of seeking coefficients for the
forward model that minimizes a measure of total error between a set of mapped color
values and the corresponding reference color values in the device independent color
space. For a forward model composed of three polynomials, the polynomial coefficients
A, o ,and B are sought such that the polynomials provide the "best-fit" forward

model that minimizes the total error.

[0048] A best-fit may be determined by minimizing the objective function ¥ from
above. However, because the objective function ¥ for CIE94 is a nonlinear function of
the polynomial parameters 4, «;, and £, a nonlinear optimization technique is used to
solve the optimization problem. In one embodiment of the present invention, the

nonlinear optimization technique used is the iterative Levenberg-Marquardt procedure.

[0049] Iierative procedures such as Levenberg-Marquardt begin with an initial guess at
a solution. A good initial guess improves the chances that a solution is found fhat
corresponds to a correct minimumn value of the obj ective function. In one embodiment
of the present invention, an initial guess is a solution for 4, «; , and [ supplied by a
linear optimization process. In a preferred embodiment of the present invention, the

objective function © from above is used for the linear optimization process.

[0050] FIG. 4 is a data flow diagram depicting generation of a forward model using a
nonlinear regression analysis in accordance with an embodiment of the present
invention. A forward model determination process 400 starts 402 by receiving a linear
optimization objective function 404 that is used in a linear optimization process 406.
The linear optimization process uses the linear optimization 6bj ective function along
with a set of device dependent color values 408 and their corresponding reference color

values 410 to generate an initial forward model 412. The initial forward model includes

a trial solution for the polynomial parameters 4, ¢;, and [, denoted a ;s ,Zz S

[0051] The initial model is used to initialize a nonlinear optimization process 414. The

nonlinear optimization process uses a nonlinear optimization objective function 416
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along with the device dependent color values and corresponding reference color values

to generate a final forward model 128. The process then terminates.

[0052] In one embodiment of the invention, generation of A0, By is accomplished
through the use of a linear regression analysis. The objective function used during the
linear regression analysis is the sum of squares of distances in CIELUV space between

the captured and mgpped color values and the reference color values.

[0053] The mathematical solution to such a "linear least squares” problem is well
defined. Because 4, only appears in the L modeling, ¢; only in the u modeling, and g,
only in the v modeling, it is possible to decompose the optimization problem into three
sub-problems, one for L, one for u, and one for v. Considering the L equations for now,
(the u equations and the v equaﬁons follow exactly the same form) then the problem of
minimizing the sum of squares of errors in L can be stated as solving the following
matrix equation in the least squares sense:

lRl Gx Bl G1B12 Bls ’11
1 R G B -~ Gsz2 B; A L,

where N is the total number of data points in the training set, and is usually the same as
the number of color patches in the characterization color target. As N is much larger

~ than the degree of the polynomials used to described the forward model, the above

equation is over-determined, thereby suggesting a least squares solution.
[0054] A closed form solution for A is available, namely:

A=RR)'(RL;

. Direct evaluation using the closed form solution might have poor numerical properties.

In certain embodiments of the present invention, a matrix factorization algorithm is
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applied to the coefficient matrix. This step reduces the system of equations to a
canonical form. In preferred embodiments of the invention, Singular Value
Decomposition (SVD) is applied to the matrix R and the resulting decomposed system

is solved.

[0055] FIG. 5 is a process flow diagram of a nonlinear optimization process used to
generate a final forward model. The nonlinear optimization process 414 starts 500 by
receiving an initial forward model 412. The coefficients of the initial forward model

are used to initialize 501 the nonlinear optimization process. In the case where the

forward model is based on three polynomials, the coefficients 2 ;B of the

polynomials in the initial forward model are used.

[0056] In the nonlinear optimization process, a trial forward model 502 is computed
that might generate a lower error value when comparing the mapped color values and
the reference color values than a previous trial forward model. The trial forward model
is used to map 504 the device dependent color values 408 into the device independent
color space thus generating mapped color values 506. The mapped color values are
used along with corresponding reference color values 410 to calculate 508 a total error

according to the nonlinear optimization objective function 416.

[0057] The nonlinear optimization iterates, 510a and 510b, generating trial forward
models and calculated total error for the trial forward models until a termination
criterion is reached. The termination criterion is ordinarily satisfied when the total error
falls below an error threshold of the number of iterations exceeds a certain threshold. In
preferred embodiments of the present invention, the nonlinear optimization process
terminates if the objective function ,¥ divided by N, the number of data points in the

training set, is less than one, or the number of iterations performed has exceeded ten.

[0058] The threshold value for the mean square total error comes from the use of color
difference equation CIE94. In accordance with the use of this color difference equation,

color values having a difference of less than or equal to one are thought to be perceived
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by humans as being the same color. The iteration limit of ten arises from practical
experience with the procedure. If the first few iterations do not reduce the error
significantly, further iterations might not help much. Instead the total error value
oscillates without coﬂverging. In the case where the nonlinear optimization process
diverges, the best trial forward model obtained during the iterations is adopted. Once
the nonlinear optimization process has reached the termination criterion, the nonlinear

optimization process outputs 512 a final forward model 128 and terminates 514.

[0059] In preferred embodiments of the present invention, the Levenberg-Marquardt
procedure is used as the nonlinear optimization procedure. In the Levenberg-Marquardt
procedure, a trial solution is computed that might be closer to an optimal solution than
the previous trial solution. The trial solution satisfies a set of linear equations dependent
on the value of the objective function and the values of the derivatives of the objective
function at the state of the procedure. For this reason, the derivatives of the objective
function ¥ with respect to the parameters A, o, ,and B are inputs to the
Levenberg-Marquardt procedure. Although there may be a large number of parameters,
there is a shortcut that reduces the computational load of the procedure. By the Chain

Rule of Calculus,

oy iaAEéW(L,u,V,L,-,u,-,V,-)I

8/1}. ) i=l oL iaaRj
‘ ay_i@AEéW(L,u,mLi,u,.,viﬂ R
6aj i= Ou Lap '
oY _iaAEéIE4(L3u’v;Li’ui’vi)' R
aﬁi i - Lap ’
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Where:

j =1 to the number of terms of each polynomial used in the forward model;
L,, u, and v, are the CIELUV color values of the ith mapped color value; and
R; is the (i, j)th entry of the matrix R defined above.
Instead of computing derivatives with respect to the a large number of parameters,
derivatives with respect to L, u and v are computed. In preferred embodiments of the

present invention, the derivatives are computed using numerical forward differencing.

[0060] FIG. 6 is a block diagram of a data processing system that may be used to
generate a forward model. The data processing system 108 includes a processor 602
coupled to a memory 604 via system bus 606. The processor is also coupled to external
Input/Output (/O) devices via the system bus and an I/O bus 608. A storage device
having computer system readable media 610 is coupled to the processor via a storage
device controller 612 and the I/O bus and the system bus. The storage device is used by
the processor to store and read data 614 and program instructions 616 used to
implement the forward model generation methods described above. The processor may
be further coupled to an input device, such as a color input device 100, via an input

device controller 618 coupled to the /O bus.

[0061] In operation, the processor loads the program instructions from the storage
device into the memory. The processor executes the loaded program instructions to
receive a set of device dependent color values from the color input device. The set of
device dependent color values correspond to a set of reference color values as
previously described. The processor then executes the program instruétions to generate

a forward model for the color input device as described above.

[0062] The present invention has been described above with respect to particular
illustrative embodiments. It is understood that the present invention is not limited to

. the above-described embodiments and that various changes and modifications may be
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made by those skilled in the relevant art without departing from the spirit and scope of

the invention.
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WHAT IS CLAIMED IS:

1. A method of color characterization for a color input device, comprising:

receiving a set of device dependent color values corresponding to a set of
reference color values in a device independent color space; and

generating a forward model that maps device dependent color values to color
values in the device independent color space using a regression analysis that minimizes
a color difference metric between the reference color values and the set of device
dependent color values mapped through the forward model, wherein the color

difference metric defines a non-linear regression analysis.

2. The method of claim 1, wherein the color difference metric is a measure

of human perceived color differences. -

3. The method of claim 2, wherein the measure of human perceived color

differences is CIE94,

4. The method of claim 2, wherein the measure of human perceived color

differences is CIEDE2000.

5. The method of claim 1, further comprising:
generating an initial forward model using linear regression analysis; and

initializing the non-linear regression analysis using the initial forward model.

6. The method of claim 5, wherein the linear regression analysis uses a
color distance metric.
7. The method of claim 6, wherein the device independent color space is

CIELUYV and the color distance metric is a Euclidea:n distance between color values.
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8. The method of claim 1, wherein the non-linear regression analysis
includes an iterative process, the iterative process comprising:

generating a trial forward model;

generating a color difference measurement using the trial forward model, the set
of device dependent color values, and the set of reference color values in the device

independent color space; and

terminating the iterative process when the color difference measurement is less

than a color difference error threshold.

9. The method of claim 8, wherein:
the device independent color space is CIELUV; and

the color difference error threshold is one.

\

10.  The method of claim 8, wherein the iterative process is terminated after a

specified number of iterations.

11. A dataprocessing system for characterizing a color input device,
comprising:
a processor;

a memory coupled to the proceésor, the memory having program instructions
executable by the processor stored therein, the program instructions comprising: '
receiving a set of device dependent color values corresponding to
a set of reference color values in a device independent color space; and
generating a forward model that maps device dependent color
values to color values in the device independent color space using a
regression analysis that minimizes a color difference metric between the
reference color values and the set of device dependent color values
mapped through the forward model, wherein the color difference metric

defines a non-linear regression analysis.
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12.  The data processing system of claim 11, wherein the color difference

metric is a measure of human perceived color differences.

13. The data processing system of claim 12, wherein the measure of human

perceived color differences is CIE94.

14.  The data processing system of claim 12, wherein the measure of human

perceived color differences is CIEDE2000.

15.  The data processing system of claim 11, the program instructions further
comprising:
generating an initial forward model using linear regression analysis; and

initializing the non-linear regression analysis using the initial forward model.

16.  The data processing system of claim 15, the program instructions further
including using color distance metric as an objective function for the linear regreséion

analysis.

17.  The data processing system of claim 16, wherein the device independent
color space is CIELUYV, the program instructions further including generating the color

distance metric by calculating a Euclidean distance between color values in CIELUV.

18.  The data processing system of claim 11, wherein the non-linear
regression analysis comprises an iterative process, the program instructions further
comprising:

generating a trial forward model;

generating a color difference measurement using the trial forward model, the set
of device dependent color values, and the set of reference color values in the device
independent color space; and

terminating the iterative process when the color difference measurement is less

than a color difference error threshold.



WO 2005/114641 PCT/US2005/014646

—~25—

19.  The data processing system of claim 18, wherein:
the device independent color space is CIELUV; and

the color difference error threshold is one.

20.  The data processing system of claim 11, wherein the non-linear
regression analysis includes an iterative process, the program instructions further

including terminating the iterative process after a specified number of iterations.

21. A data processing system readable media having program instructions

stored thereon, the program instructions comprising:
receiving a set of device dependent color values corresponding to a set of
reference color values in a device independent color space; and
generating a forward model that maps device dependent color values to
color values in the device independent color space using a regression analysis "
that minimizes a color difference metric between the reference color values and
the set of device dependent color values mapped through the forward model,

wherein the color difference metric defines a non-linear regression analysis.

22.  Thedata processing system readable media of claim 21, wherein the

color difference metric is a measure of human perceived color differences.

23.° ~ The data processing system readable media of claim 22, wherein the

measure of human perceived color differences is CIE94.

24.  The data processing system readable media of claim 22, wherein the

measure of human perceived color differences is CIEDE2000.

25.  The data processing system readable media of claim 21, the program
instructions further comprising: '
generating an initial forward model using linear regression analysis; and

initializing the non-linear regression analysis using the initial forward model.
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26.  The data processing system readable media of claim 25, the program
instructions further including using color distance metric as an objective function for

the linear regression analysis.

27.  The data processing system readable media of claim 26, wherein the
device independent color space is CIELUV, the program instructions further including
generating the color distance metric by calculating a Euclidean distance between color

values in CIELUV.

28.  The data processing sysfem readable media of claim 21, wherein the
non-linear regression analysis comprises an iterative proéess, the program instructions
further comprising:

generating a trial forward model;

generating a color difference measurement using the trial forward model, the set
of device dependent color values, and the set of reference color values in the device
independent color space; and

terminating the iterative process when the color difference measurement is less

than a color difference error threshold.

29.  The data processing system readable media of claim 28, wherein:
the device independent color space is CIELUV; and

the color difference error threshold is one.

30.  The data processing system readable media of claim 21, wherein the
non-linear regression analysis includes an iterative process, the program instructions

further including terminating the iterative process after a specified number of iterations.
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