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Introduction
An important and difficult problem in the printing and
graphic arts industries is that of color management.
Color management refers to the facilitation of color re-
production among various digital color imaging devices
such as scanners, displays, and printers. The current
work centers on color management for four color print-
ing, focusing specifically on the practice of gray compo-
nent replacement (GCR).

Various techniques have been proposed for conver-
sion into printer color spaces.1 Transformation into a
printer color space typically requires conversion from
a device-independent color space into the CMYK color
space, where CMYK refer to the dot fractions of cyan,
magenta, yellow, and black.2 Difficulty stems from non-
linear ink mixing behavior, gamut mismatch, and the
indeterminacy of a 3-space to 4-space conversion. Tech-
niques for performing transformation into the CMYK
color space include: interpolation methods, models
based on optics and ink mixing, and regression mod-
els. Interpolation methods involve the creation of a
look-up-table (LUT) from which output values can be
calculated using a variety of interpolation algorithms.3,4

Models based on optics and ink mixing include the
Neugebauer equations, the Yule–Neilsen model, the
Clapper–Yule model, the Kubelka–Munk theory, and
the Beer–Bouguer law.5 Regression models typically in-
volve finding model parameters (such as polynomial
coefficients) which minimize the difference between a
numerical model and a set of characterization data.6–8

Artificial neural networks (ANNs), which were utilized
in this study, are one type of regression model that has
been applied to color printing.9–13

The black printer is used in addition to cyan, magenta,
and yellow due to a number of benefits. These benefits
include: an increase in maximum obtainable density, im-
proved stability throughout a press run, a reduction in
cost as less expensive black ink is substituted for chro-
matic inks, and improved ink drying.14,15 In terms of
transformation from a device-independent color space
into the CMYK color space, the addition of the black
printer has two main effects: extension of the printer
gamut, and the introduction of redundant solutions.

Figure 1 was created to illustrate the difference be-
tween the CMY and CMYK gamuts. Figure 1 contains
both experimental data and model data; physically mea-
sured data are shown as circles, and data generated
using the program NeuralColor are shown as solid
points. The results show the gamut expansion that re-
sults from addition of a black printer and correlate well
with the results of Nakamura and Sayanagi.16

There exist three regions in the CIELAB color space
relevant to GCR in four color printing: the out-of-gamut
region, the CMY gamut, and the region outside the CMY
gamut but within the CMYK gamut. Colorimetrically
accurate transformation from the out-of-gamut region
is impossible and requires gamut mapping.17,18 The con-
version of out-of-gamut colors to the closest in-gamut
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color is commonly termed clipping, and is often consid-
ered a preferable technique for gamut mapping. Trans-
formation inside the CMY gamut is possible with many
combinations of CMYK. One extreme solution in the
CMY gamut uses only chromatic inks (K = 0). The other
extreme solution in the CMY gamut uses only two chro-
matic inks plus black (min(CMY) = 0). Intermediate
solutions can be described in terms of percent GCR,
which is determined as the percentage of the achromatic
portion of an image printed with black ink. Colorimetri-
cally accurate transformation is also possible in the re-
gion outside the CMY gamut but within the CMYK
gamut. In this region all four inks may be required for
colorimetric match. Flexibility in the choice of solution
does exist, however. Excluding the points that lie on the
gamut surface itself, color transformation in this region
is again bounded by two extreme solutions. The extreme
solutions may be referred to as the maximum-black so-
lution and minimum-black solution. It is noted that for
any in-gamut color the minimum-black solution has ei-
ther K = 0 or max(CMY) = 1, while the maximum-black
solution has either K = 1 or min(CMY) = 0. A final sub-
set of in-gamut colors that is of interest consists of col-
ors that lie directly on the gamut surface. Such colors
have a unique CMYK solution.

In terms of GCR, methods for determining CMYK val-
ues based on device-independent values may be divided
into two categories: transformations with fixed GCR,

and transformations which allow user-specified GCR.
Fixed GCR methods are most common in practice (as in
LUTs), however a number of attempts have been made
to allow for flexible GCR.7,19–22 The Pareto-optimal
method presented here differs from the GCR methods
cited above in that it generalizes a number of conver-
sion objectives into a single methodology. It utilizes a
single method for converting CIELAB to CMYK, finds
CMY and K values simultaneously, and does not rely on
interpolation between a set of GCR solutions. The
Pareto-optimal approach allows for full user control over
the gray component, including image reproduction
across all levels of GCR, image reproduction with only
chromatic inks, and image reproduction using at most
two chromatic inks plus black. In addition, the Pareto-
optimal approach does not impose any restrictions on
the gamut of reproducible colors. The Pareto-optimal
method can achieve any given GCR scheme with mini-
mal loss in colorimetric accuracy.

The program NeuralColor was used to validate the
Pareto-optimal method for GCR control. NeuralColor
is an application of the Pareto-optimal approach that
utilizes ANNs as transfer functions between the CMYK
and CIELAB spaces.23–26 Specifically, NeuralColor was
used to characterize a Tektronix®Phaser®740 printer.
The unification of various printing objectives in the
Pareto-optimal scheme gives maximum user control
over reproduction of the gray component.
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Figure 1. CMY and CMYK gamuts for a Tektronix® Phaser®740 printer. Physically measured data are shown as circles, and
model data are shown as solid dots.
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Methods
As an introduction to Pareto-optimal methods for color
management, consider the expression of color matching
as an optimization problem. Given a set of functions
fL(CMYK), fa(CMYK), and fb(CMYK) which predict L*,
a*, and b* values based on CMYK, a color match may
be found by solving the optimization problem of Eq. (1)

minimize the function

    

f E CMYK

L f CMYK a f CMYK b f CMYK

ab

L a b

=

= − + − + −

∆ * ( )

( ( )) ( ( )) ( ( ))2 2 2

(1)

where (L, a, b) = (L*,a*,b*)input

CMYK values which solve the optimization problem, Eq.
(1) are suitable for colorimetric reproduction of the in-
put CIELAB. The solution f(CMYK) = 0 is found when
the predicted output CIELAB values match exactly the
input CIELAB values, which is possible for any in-gamut
color. When converting out-of-gamut colors, solution of
Eq. (1) yields the closest in-gamut color. Thus the op-
timization equation allows for colorimetrically accurate
transformation inside the print-device gamut, and per-
forms a clipping gamut mapping for out-of-gamut points.

Color Management as a Pareto-optimal Problem
The optimization problem given in Eq. (1) by

Littlewood, Drakopoulos and Subbarayan, to include a
number of competing print objectives.24–26 Optimization
among a set of competing objectives is termed Pareto-
optimization. Equation (2) includes terms for ∆E*

ab, to-
tal ink, chromatic ink, and black ink. Constraints are
added to the Pareto-optimal problem to place bounds
on total ink usage, black ink usage, and allowable ∆E*

ab.

minimize the function
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Equation (2) allows for implementation of any num-
ber of print objectives through specification of the ob-
jective function parameters ci and the constraint val-
ues ∆E*

ab max, Imax, and Kmax. Examples of possible print
objectives are minimization of ∆E*

ab with an upper

bound on ink usage, and minimization of ink usage with
an upper bound on ∆E*

ab. In order to ensure consistent
color reproduction and smooth transition between
neighboring colors, it is important that optimization
parameters be chosen such that multiple solutions for
any given input color do not exist,25 as was done
throughout the current study. The following sections
demonstrate how the gray component can be controlled
through careful implementation of Pareto-optimization
techniques.

Solutions for Maximum and Minimum GCR
Several combinations of parameters in Eq. (2) yield a

maximum-GCR solution. Setting c4 = –1, c1 = c2 = c3 = 0,
∆E*

ab max = 0, Imax = 4, and Kmax = 1 specifies maximiza-
tion of black ink with zero allowable ∆E*

ab. The con-
straints on total ink and black ink are effectively re-
moved by setting the maximum allowable values equal
to the maximum possible values. The Pareto-optimal
equation is reduced to

minimize the function f = –K (3)
subject to the constraint h1 = 0 – ∆E*

ab ≥ 0.

For in-gamut colors, the solution of Eq. (3) yields the
maximum-GCR solution. For out-of-gamut colors, Equa-
tion (3) cannot be solved, in which case the clipping al-
gorithm may be implemented by unconstrained mini-
mization of ∆E*

ab. This is the case whenever the con-
straint ∆E*

ab = 0 is violated. For the case of out-of-gamut
colors mapped to the gamut surface, a unique solution
exists and there is no leeway in determining the rela-
tive amounts of black and chromatic inks.

Two additional formulations that yield a maximum-
GCR solution are minimization of total ink and minimi-
zation of chromatic ink. As in Eq. (3), these approaches
require the constraint ∆E*

ab max = 0. These formulations
utilize the fact that the maximum-GCR solution has
minimum total ink deposition and minimum chromatic
ink deposition.

Minimum-GCR solutions can be obtained in a comple-
mentary fashion to the maximum-GCR solutions. Mini-
mization of black ink with colorimetric match is obtained
by reducing Eq. (2) to

minimize the function f = K (4)
subject to the constraint h1 = 0 – ∆E*

ab ≥ 0:

The maximization of total ink and the maximization of
chromatic ink, when used with the constraint ∆E*

ab max = 0,
provide additional formulations for achieving minimum
GCR.

An important characteristic of Pareto-optimal solu-
tions for user-specified GCR can be noted at this time.
Equation (4) specifies minimization of black ink. The
constraint on ∆E*

ab, however, allows this minimization
to take place only under the condition of colorimetric
match. Black ink is therefore reduced to zero only when
to do so would not sacrifice colorimetric accuracy. When
black ink is needed to extend the gamut of the print
device, it is provided in the minimum amount possible.
In this sense, Pareto-optimal formulations are able to
distinguish between the two effects of the black printer:
extension of the CMY gamut, and latitude in reproduc-
tion of the gray component.

A final method is available for maximizing GCR that
does not allow for the use of black ink when required
for colorimetric match. This is the pure chromatic solu-
tion. In this case, ∆E*

ab is minimized with Kmax = 0. Colo-
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rimetric error is introduced in this solution, as black
ink is not available to extend the CMY gamut.

Two-Step Methods
Adjustments to the gray component in the maximum-

and minimum-GCR solutions can be made with an addi-
tional processing step. Methods for reducing black from
the maximum-GCR solution, and for reducing min(CMY)
from the minimum-GCR solution, are presented below.
The presentation of these methods makes use of the con-
straint-equation parameters Gi. The constraint equations
were developed in such a way that the parameters Gi

roughly correlate to percent GCR. Explicit use of the term
percent GCR, however, is restricted to solutions that are
bounded by both the 0%- and 100%-GCR solutions.

Beginning with the minimum-GCR solution, a second
solution may be found in which min(CMY) is reduced
by some fraction of its value in the 0%-GCR solution.
The smallest dot fraction from among the chromatic inks
is constrained equal to     I Gmin

% ( )0
11⋅ − , where     Imin

%0  is equal
to the smallest of the cyan, magenta, and yellow inks
for a given pixel in the 0%-GCR solution. G1 represents
the degree to which the chromatic inks are reduced, and
falls between zero and one. The corresponding optimi-
zation problem is

minimize the function f = ∆E*
ab (CMYK) (5)

subject to the constraint g1 = min(CMY) –    I Gmin
% ( )0

11⋅ −  = 0

where

    Imin
%0  = the value of min(CMY) in the 0% – GCR solution:

Equation (5) effectively removes chromatic inks from
the 0%-GCR solution and replaces them with black ink.
By setting G1 = 1, the smallest of the inks in the 0%-
GCR solution is constrained to zero. The resulting solu-
tion is one that uses only two chromatic inks plus black
for any given pixel. This is a valid solution for all points
inside the CMY gamut and the majority of reproducible
colors in general, but introduces error in the case of col-
ors which require all four inks for colorimetric match.
The range of colors requiring all four inks for colori-
metric match is small, however, and in most cases sig-
nificant error will not result. To confirm this fact, the
program NeuralColor was used to display the gamut of
colors obtainable using only two of the three primaries

plus black, i.e., using either CMK, CYK, or MYK for any
given color. The results are displayed in Fig. 2. The
gamut obtained with two primaries plus black has very
little apparent difference compared to the full CMYK
gamut (Fig. 1), except near L* = 0.

Equation (5) decreases chromatic ink from the 0%-
GCR solution. It is also possible to reduce black from
the 100%-GCR solution, forcing an increase in chromatic
ink deposition to maintain colorimetric match. In this
case, the black dot fraction is constrained to K100% · G2,
where K100% is the dot fraction found for black in the
100%-GCR solution and G2 represents the percentage
of black retained from the 100%-GCR solution. As black
ink deposition approaches zero and the printer gamut
is reduced to the CMY gamut, this formulation becomes
prone to significant error.

The specification of a ratio between the black dot frac-
tion and the sum of the black dot fraction and the
min(CMY) dot fraction can also be implemented. For this
formulation, a constraint equation is developed from the
expression

    
G

K
K CMY3 =

+ min( )
. (6)

This ratio roughly equates to black over the total gray
component. This formulation differs from the methods
presented previously in that neither K100% nor I 0%

min  ap-
pear in the constraint equation. It is necessary that the
ink with the smallest dot fraction be known, but the
value of this dot fraction is not required.

Bounding Solutions by the 0%-GCR and
100%-GCR Solutions

In the framework of the two-step approaches presented
above, the final solution is bounded by solutions corre-
sponding to Gi = 0 and Gi = 1. In all cases, at least one of
these extreme solutions restricts the gamut of printable
colors. A gamut restriction occurs when the solution is
constrained to using only two chromatic inks plus black,
and also when the solution is constrained to using only
the chromatic inks. The following formulations bound
the solution set by the true 0%- and 100%-GCR solu-
tions, thus allowing for colorimetric match throughout
the solution set.

If the 100%-GCR and 0%-GCR solutions are known,
then an arbitrary GCR solution may be obtained by

Figure 2. The gamut of attainable colors using only two primaries plus black for any given color
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specifying either min(CMY) or black to fall between
the upper and lower bounds provided by these solu-
tions. In the case of specifying a value for min(CMY),
percent GCR may be specified in terms of the follow-
ing parameter

    
G

I CMY

I I
4

0

0 100= −
−

min
%

min
%

min
%

min( )
(7)

where

    Imin
%0 = the value of min(CMY) in the 0% – GCR  solution

  Imin
%100 = the value of min(CMY) in the 100% – GCR solution.

Setting G4 equal to zero in Eq. (7) forces min(CMY) to
be equal to its value in the 0%-GCR solution. Likewise,
setting G4 equal to one yields a solution in which
min(CMY) is equal to its value in the 100%-GCR solu-
tion. Arbitrary GCR levels can be obtained by setting
G4 to any value between zero and one. The correspond-
ing optimization problem is

minimize the function f = ∆E*
ab(CMYK) (8)

subject to the constraint g1 = min(CMY) –     Imin
%0

+ G4 • (    Imin
%0  –     Imin

%100 ) = 0.

In an analogous fashion, black may be specified to fall
between its value in the 0%- and 100%-GCR solutions.
Here, GCR is specified in terms of the parameter G5,

    
G

K K

K K
5

0

100 0= −
−

%

% % . (9)

Implementation
The preceding section presented a variety of methods for
controlling the gray component. The Pareto-optimal prob-
lem given in Eq. (2), when expanded to include the vari-
ous constraint equations for GCR control, unifies these
procedures into a single methodology. The computer pro-
gram NeuralColor is an implementation of this method-
ology. NeuralColor uses ANNs for the transfer functions
fL, fa, and fb, and solves optimization problems using the
sequential quadratic programming routine NLPQL, de-
veloped by K. Schittkowski.27 From a user ’s perspective,
NeuralColor takes as input values for the objective-func-
tion parameters ci, values specifying the constraint equa-
tions, and a CIELAB TIFF file. A converted CMYK TIFF
file is returned as output, along with a log file contain-
ing conversion data, such as ink usage. Details regard-
ing NeuralColor, including the optimization routine
NLPQL and the ANNs fL, fa, and fb, are given in Ref. 26.

The Pareto-optimal approach may be integrated into
printing workflows in several ways. The most direct
approach is to convert individual images into CMYK,
as was done in this study using NeuralColor. In this
case, each pixel is converted into CMYK individually,
and consistency is enforced through carefully selected
optimization parameters that do not allow for multiple
CMYK solutions.24,25 The Pareto-optimal method may
also be integrated into an ICC-based workflow through
creation of ICC profiles corresponding to distinct GCR
schemes.28 In the case of NeuralColor, LUTs for con-
version into the printer color space can be generated

by inputting an evenly spaced grid that spans the en-
tire CIELAB space. LUTs for CMYK to CIELAB con-
version can be created by direct application of the ANNs
fL, fa, and fb, which output L*, a*, and b* values as a
functions of CMYK. Unless file size is a major concern,
highly dense LUTs are recommended to ensure only a
negligible loss of accuracy in comparison to direct ap-
plication of the Pareto-optimal approach. The creation
of ICC profiles has the advantage of allowing for real-
time color space conversion. Converting images directly
using the Pareto-optimal approach is more time-con-
suming; image conversions using NeuralColor take on
the order of ten minutes for for images containing fifty
thousand pixels.24,25 The Pareto-optimal formulations
presented in the current work correspond to a colori-
metric rendering intent, however the Pareto-optimal
approach could be appended with additional methods
for handling out-of-gamut colors that fulfill other ren-
dering intents. Regardless of whether the Pareto-opti-
mal approach is implemented directly or through the
creation of LUTs, it has the advantage over many al-
ternative methods of processing images with any num-
ber of conversion objectives based on a single print-
device characterization.

Test Images
To evaluate the performance of NeuralColor, a CIELAB
test image was designed that contains colors in both the
CMY and CMYK gamuts. The image consists of 27 col-
ored patches that span three lightness levels and a va-
riety of hues. At lightness levels of both 20 and 80, nine
patches are specified with a* and b* set equal to all com-
binations of –10, 0, and 10. At a lightness level of 50,
nine patches are specified with a* and b* equal to all
combinations of –20, 0, and 20. The selected test colors
are all within the printer gamut and unsaturated, and
hence all have a gray component. The majority of test
colors with a lightness level of 20 required black ink for
colorimetric match.

The test image was converted into CMYK using
NeuralColor with each of the following intents:
• Maximum GCR by maximizing black ink, minimiz-

ing total ink, and minimizing chromatic ink with ∆E*
ab

constrained to zero;
• Minimum GCR by minimizing black ink, maximiz-

ing total ink, and maximizing chromatic ink with
∆E*

ab constrained to zero;
• Pure chromatic-ink solution by minimizing ∆E*

ab with
black constrained to zero;

• Chromatic ink reduction of 25%, 50%, 75%, and 100%
from the minimum-GCR solution;

• Black ink reduction of 25%, 50%, 75%, and 100% from
the maximum-GCR solution;

• Constraints of .25, .50, and .75 placed on the ratio of
black ink to black ink plus min(CMY);

• Fixing the black dot fraction between the minimum-
and maximum-GCR solutions at levels of 0%, 25%,
50%, 75%, and 100%;

• Fixing the smallest chromatic dot fraction between
the maximum- and minimum-GCR solutions at lev-
els of 0%, 25%, 50%, 75%, and 100%.

For the purpose of qualitative evaluation, four picto-
rial images were converted with intents of maximum
GCR, minimum GCR, and 50% GCR. Results for the first
of these images are presented in the Results section.
Conversion results for the remaining images are pre-
sented as a  Supplemental Materials Appendix, avail-
able at the IS&T website, (www.imaging.org).
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Results
The program NeuralColor was used to solve for each of
the rendering intents listed above. Test images were
then printed and measured for colorimetric accuracy.
Three copies of each image were printed, and the corre-
sponding results were then averaged. Based on initial
experiments, averaging over three prints corresponds
to a 95% confidence interval of ±1.09∆Eab. The following
sections present results for the one-, two-, and three-
step approaches for GCR control.

Evaluation of Maximum-GCR and Minimum-GCR
Solutions

NeuralColor successfully converted the 27-color test
image using each of the three schemes for obtaining
maximum GCR: maximization of black ink, minimiza-
tion of total ink, and minimization of chromatic ink, all
with the constraint ∆E*

ab max = 0. For every test color,
either the dot fraction for black was found to be one, or
the smallest dot fraction from among the chromatic inks
was found to be zero. This is consistent with the defini-
tion of maximum GCR given earlier. All three schemes
yielded nearly identical CMYK images. ∆E*

ab data are
presented in Table I for each of the maximum-GCR
schemes. Average ∆E*

ab values are given for the test
points at L = 20, L = 50, and L = 80, in addition to the
overall average ∆E*

ab. Ink usage data for the maximum-
GCR solutions are presented in Table II. Ink usage is
presented as the sum of the CMYK dot fractions aver-
aged across the 27 test colors. Results for each of the
three lightness levels are also presented.

NeuralColor was also used to convert the 27-color test
image for minimum GCR by solving Pareto-optimal
problems for minimization of black ink, maximization
of total ink, and maximization of chromatic ink with
∆E*

ab constrained to zero. A solution was also found for
minimization of ∆E*

ab with zero allowable black ink.
∆E*

ab and ink-usage results for these conversion schemes
are presented in Tables III and IV.

The solutions for minimum GCR were somewhat less
consistent and less accurate than the solutions for maxi-
mum GCR. When compared to the solutions for maxi-
mum GCR, it is evident that the increase in error oc-
curred most predominantly in the patches at the L = 20
lightness level. As is described in the Discussion and
Conclusions section, this outcome is a function of the
ANNs used by NeuralColor, and not a result of the
Pareto-optimal formulation itself. The conversions ob-
tained by minimizing black ink and maximizing total
ink with ∆E*

ab constrained to zero failed to find a mini-

mum-GCR solution for one or more colors. The solution
for minimization of black ink with zero allowable ∆E*

ab

yielded a solution for CIELAB = (20,–10,10) in which
neither a chromatic dot fraction was one nor the black
dot fraction zero, which contradicts the definition of
minimum GCR. In the solution for this color, however,
the cyan dot fraction was merely one ink level off from
a dot fraction of one*.  The image converted by maximi-
zation of total ink failed more dramatically in finding a
minimum-GCR solution. Three color patches, all with a
lightness value of L = 20, were converted such that nei-
ther a chromatic dot fraction was one nor the black dot
fraction zero. In each case, the solutions differed from a
minimum-GCR solution by a number of ink levels. The
conversion based on minimization of ∆E*

ab with zero al-
lowable black ink departed significantly from the first
three solutions for minimum GCR. The solution for mini-
mization of ∆E*

ab with zero allowable black ink did suc-
ceed in finding a CMYK solution with a black dot frac-
tion of zero for every patch, and in that sense achieved
a minimum-GCR solution. Average colorimetric error
rose to 9.0 ∆E*

ab for color patches at the lightness level
of L = 20, however, which brought the overall average
∆E*

ab up to approximately 4.6 ∆E*
ab.

Evaluation of Two-Step Methods
Maximum- and minimum-GCR solutions were modi-

fied by reducing black from the maximum GCR solu-
tion, and by reducing the chromatic inks from the mini-
mum-GCR solution. The initial 100%- and 0%-GCR so-
lutions were obtained by minimizing chromatic ink with
an allowable ∆E*

ab of zero and by maximizing chromatic
ink with an allowable ∆E*

ab of zero, respectively.
In the case of reducing min(CMY) from the minimum-

GCR solution, secondary solutions were found for G1 =
0, 0.25, 0.5, 0.75, and 1, where setting G1 = 0 yields the
initial minimum-GCR solution. Figure 3 presents ink
usage as min(CMY) is reduced from its full value in the
0%-GCR solution to a value of zero. Table V presents
the corresponding average ∆E*

ab results. The solutions
in this case are bounded by the 0%-GCR solution and a
solution in which every color is produced using only two
chromatic inks plus black.

Black ink was reduced from the 100%-GCR solution
through specification of the parameter G2. Note that set-
ting G2 = 1 yields the initial maximum-GCR solution,

* Images were stored in a TIFF format using 8 bits per channel, allowing
for 256 distinct levels per ink.

TABLE  II. Average ink usage for maximum-GCR solutions.

Method L=20 L=50 L=80 Average

max(K) 1. 750 1. 072 0. 425 1. 082
min(C+M+Y+K) 1. 750 1. 072 0. 425 1. 082
min(C+M+Y) 1. 750 1. 072 0. 425 1. 082

TABLE  I. Average ∆∆∆∆∆E*
ab values for maximum-GCR solutions.

Method L=20 L=50 L=80 Average

max(K) 2. 9 2. 9 1. 9 2. 5
min(C+M+Y+K) 2. 9 2. 9 2. 0 2. 6
min(C+M+Y) 2. 8 2. 6 2. 1 2. 5

TABLE III. Average ∆∆∆∆∆E*
ab values for minimum-GCR solutions.

Method L=20 L=50 L=80 Average

min(K) 5. 8 2. 4 2. 5 3. 5
max(C+M+Y+K) 5. 4 2. 3 2. 4 3. 4
max(C+M+Y) 5. 8 2. 3 2. 4 3. 5
min(∆E*

ab),k=0 9. 0 2. 3 2. 5 4. 6

TABLE IV. Average ink usage for minimum-GCR solutions.

Method L=20 L=50 L=80 Average

min(K) 2. 844 1. 641 0. 563 1. 683
max(C+M+Y+K) 2. 848 1. 641 0. 563 1. 684
max(C+M+Y) 2. 846 1. 641 0. 563 1. 683
min(∆E*

ab),k=0 2. 747 1. 640 0. 563 1. 650
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and setting G2 = 0 yields the solution that uses only
chromatic inks. Figure 4 shows the resulting ink usage
when black is reduced over the range of possible G2 val-
ues. Table VI presents the colorimetric errors which
resulted from the various values assigned to G2.

The final two step method is the placement of a con-
straint on the ratio of the black dot fraction to the sum
of the smallest chromatic dot fraction and the black dot
fraction. The parameter G3 controls this ratio.

Figure 5 presents ink usage for G3 values of 0, 0.25,
0.5, 0.75, and 1. The measured colorimetric errors for
these prints are given in Table VII.

Evaluation of Methods for Bounding Solutions
with the 0%-GCR and 100%-GCR Solutions

The methods for bounding solutions with the 0%- and
100%-GCR solutions were implemented using the 0%-
GCR solution obtained by maximizing chromatic ink
with zero allowable ∆E*

ab, and the 100%-GCR solution
obtained by minimizing chromatic ink with zero allow-
able ∆E*

ab. Arbitrary GCR was specified both in terms
of reducing black ink from the maximum-GCR solution
and in terms of reducing min(CMY) from the minimum-
GCR solution. The 27-color test image was converted
using both of these schemes for GCR levels of 0%, 25%,
50%, 75%, and 100%.

Results presented in this section were not acquired
simultaneously with the results in the preceding sec-
tions. Due to printer instability, ∆E*

ab data from this
section should not be compared directly to that of the
previous sections. The solutions for maximum GCR, for
instance, yielded exactly the same CMYK values as the
solutions for maximum GCR presented earlier, but the
prints of these images differed by approximately one
∆E*

ab unit. This small shift in printer characteristics is

consistent with fluctuations previously recorded for the
Tektronix®Phaser®740 used in this study.

Solutions bounded by the 0%- and 100%-GCR solutions
were specified with the constraint-equation parameters
G4 and G5. G4 specifies the size of the smallest chromatic
dot fraction relative to its size in the 0%- and 100%-GCR
solutions. Ink usage as a function of G4 is presented in
Fig. 6. The corresponding ∆E*

ab data are presented in
Table VIII. Data resulting from the specification of G5

are given in Fig. 7 and Table IX. The parameter G5 is
analogous to G4, but differs in the fact that it specifies a
black dot fraction as opposed to a chromatic dot fraction.

TABLE V. Average ∆∆∆∆∆E*
ab values for reduction of min(CMY) from

the 0%-GCR solution.

G1 L=20 L=50 L=80 Average

0.00 5.8 2.3 2.4 3.5
0.25 4.0 2.7 2.5 3.1
0.50 3.2 3.3 2.9 3.1
0.75 2.8 2.6 2.7 2.7
1.00 3.4 2.6 2.8 2.9

TABLE VI. Average ∆∆∆∆∆E*
ab values for reduction of black from

the 100%-GCR solution.

G2 L=20 L=50 L=80 Average

0.00 9.9 2.2 2.6 4.9
0.25 7.3 2.7 2.4 4.1
0.50 4.2 3.1 2.6 3.3
0.75 3.1 2.8 2.9 2.9
1.00 2.8 2.6 2.1 2.5

Figure 3. Average ink usage for reduction of min(CMY) from
the 0%-GCR solution.

Figure 4. Average ink usage for reduction of black from the
100%-GCR solution.

Figure 5. Average ink usage for Specification of a ratio be-
tween black and the sum of black and min(CMY).
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Evaluation of Pictorial Image Conversions
Four pictorial images were converted with the objec-

tives of 0%, 50%, and 100% GCR. The 0%-GCR solu-
tions were obtained by maximizing chromatic ink with
∆E*

ab constrained to zero, and the 100%-GCR solutions
were obtained by minimizing chromatic ink with ∆E*

ab

constrained to zero. The 50%-GCR solutions were ob-
tained by fixing the black dot fraction to be halfway
between its values in the 0%- and 100%-GCR solutions.
Color Plate 3 (pp. 554–556) contains prints obtained
by converting one of the four images (the statue image).
These prints provide an illustration of the effects of
GCR on image reproduction. Ink usage statistics for
the statue image are given in Table X. The difference
in chromatic ink deposition between the 0%-GCR and
100%-GCR prints is 21.4%. Overall ink deposition
differs by 8.2%.

Discussion and Conclusions
The successful conversion of CIELAB images into the
CMYK color space validates the Pareto-optimal formu-

lation of color management as a means to control the
gray component. The resulting data allow a number of
conclusions to be drawn about the behavior of Pareto-
optimal solutions, and of the program NeuralColor in
particular.

The solutions for 100%-GCR were the most accurate
solution methods overall, with a reproduction error of
approximately 2.5 ∆E*

ab for the 27 color test image. Sub-
stantially less ink was required for the 100%-GCR so-
lution than was required for the 0%-GCR solution, as
would be expected; reduction in ink usage is one of the
primary advantages of GCR. The sum of the cyan, ma-
genta, yellow, and black dot fractions for conversion of
the 27-color test image with the objective of 0%-GCR
was approximately 55% larger than ink usage for the
100%-GCR solutions.

Overall colorimetric error across the 27 color test im-
age was slightly greater for the minimum-GCR solutions
than for the maximum-GCR solutions, particularly in the
low-lightness region. At a lightness level of L = 50, how-
ever, the minimum-GCR solutions gave slightly smaller

Figure 6. Average ink usage for constraining min(CMY) be-
tween the 0%- and 100%-GCR solutions.

Figure 7. Average ink usage for constraining K between the
0%- and 100%-GCR solutions.

TABLE VIII. Average ∆∆∆∆∆E*
ab values for constraining min(CMY)

between the 0%- and 100%-GCR solutions.

G4 L=20 L=50 L=80 Average

0.00 8.1 2.7 3.7 4.8
0.25 4.8 3.0 3.3 3.7
0.50 3.9 3.5 3.3 3.5
0.75 3.4 3.3 3.8 3.5
1.00 3.7 3.4 3.8 3.6
0.00 0.25 0.50 0.75 1.00

TABLE IX. Average ∆∆∆∆∆E*
ab values for constraining K between

the 0%- and 100%-GCR solutions.

G5 L=20 L=50 L=80 Average

0.00 8.1 2.7 3.7 4.8
0.25 5.4 2.7 3.1 3.7
0.50 4.9 3.3 3.6 3.9
0.75 3.6 3.3 3.9 3.6
1.00 3.7 3.4 3.8 3.6

TABLE X. Ink usage for conversions of the statue image.

Percent GCR C M Y K C+M+Y Total Ink

0 0.78 0.48 0.57 0.41 1.83 2.24
50 0.75 0.41 0.54 0.52 1.70 2.22

100 0.69 0.28 0.47 0.63 1.44 2.07
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TABLE VII. Average ∆∆∆∆∆E*
ab values for Specification of a ratio

between black and the sum of black and min(CMY).

G3 L=20 L=50 L=80 Average

0.00 9.1 2.3 2.9 4.7
0.25 7.1 2.9 2.2 4.1
0.50 3.4 3.6 2.6 3.2
0.75 3.3 2.6 2.5 2.8
1.00 3.4 2.4 2.5 2.8
0.00 0.25 0.50 0.75 1.00
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errors. These inconsistencies are a result of the ANNs
used to model the CMYK to CIELAB relationship, and
are not an inherent characteristic of the Pareto-optimal
formulations. It is difficult to determine the exact cause
of these discrepancies within the scope of this study. It is
speculated that peculiarities of the ANN training set may
have allowed the program NeuralColor to be more accu-
rate at certain levels of GCR in different regions of the
printer gamut. The nonlinearity of color printing is also
likely be a function of GCR and location in the printer
gamut, making accurate color prediction more difficult
in certain gamut regions. These are complex issues which
require study in their own right in order to be resolved.

The schemes for modifying either the 0%- or 100%-
GCR solutions succeeded in reducing the black dot frac-
tion from the maximum-GCR solution, and in reducing
the minimum chromatic dot fraction from the minimum-
GCR solution. In these cases, the solution behavior was
consistent with GCR methodology: reductions in chro-
matic ink usage were offset with an increase in black
ink usage, and reductions in black ink usage resulted
in increased use of chromatic ink. The two step meth-
ods all suffered from a similar shortcoming, however.
As a substantial fraction of the black ink was removed
from the 100%-GCR solution, the gamut of attainable
color became limited. This yielded significant errors, as
was the case when black was simply constrained to zero.
Extreme reduction of the minimum chromatic ink from
the 0%-GCR solution also leads to a restricted gamut,
but in this case the gamut is restricted to all colors pro-
ducible by two chromatic inks and black. This restric-
tion is much less severe than restriction to the CMY
gamut, and for this reason the approach of reducing the
minimum chromatic ink from the 0%-GCR solution is
preferable to the technique of reducing black from the
100%-GCR solution. The approach of fixing the ratio be-
tween the black dot fraction and the sum of the small-
est chromatic dot fraction and the black dot fraction
restricts the solution at both ends of the solution set.
However, this approach does have the advantage that
neither the 0%-GCR or 100%-GCR solutions is required;
identification of the smallest chromatic dot fraction is
all that is necessary.

The solution methods in which the 0%- and 100%-
GCR solutions are used as bounds represent the best
possible control over GCR. These schemes allow for true
specification of arbitrary GCR without sacrificing colo-
rimetric accuracy.

The major strengths of Pareto-optimal formulations
for GCR control and of the program NeuralColor can be
summarized as follows:

• Direct conversion into the CMYK color space is
achieved over the full range of GCR;

• Solutions for arbitrary GCR can be bounded by the
minimum- and maximum-GCR solutions. This allows
for image reproduction with the guarantee that the
full CMYK gamut is available under any specified
level of GCR;

• Conversion for maximum GCR is achieved by
maximization of black ink, minimization of total ink,
or minimization of chromatic ink with ∆E*

ab con-
strained to zero;

• Conversion for minimum GCR is achieved by mini-
mization of black ink, maximization of total ink, or
maximization of chromatic ink with ∆E*

ab constrained
to zero;

•  Systematic reduction of chromatic ink from the mini-
mum-GCR solution forces the substitution of black

ink for the reduced chromatic inks. In the extreme
case of total removal of the smallest chromatic dot
fraction, the solution is obtained in which every color
is reproduced by at most two primaries plus black;

• Black ink can be reduced from the maximum-GCR
solution, which forces increased deposition of chro-
matic ink. Black ink can be removed from the repro-
duction entirely, in which case the image is reproduced
using only the chromatic inks.

The Pareto-optimal approach for controlling GCR gen-
eralizes multiple GCR-control schemes into a single
methodology. The freedom provided by the Pareto-opti-
mal approach to color management offers powerful flex-
ibility in the field of image reproduction.    
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Color Plate 3. Prints of statue image with 0%, 50%, and 100% GCR. (Littlewood and Subbarayan, pp. 533–542).

(a) (b)
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(c) (d)

Color Plate 3. (con’t) Prints of statue image with 0%, 50%, and 100% GCR. (Littlewood and Subbarayan, pp. 533–542).
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(e)

Color Plate 3. (con’t) Prints of statue image with 0%, 50%, and 100% GCR. (Littlewood and Subbarayan, pp. 533–542).




