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Abstract

We propose a method for the colorimetric characterizatio
of a printer which can also be applied to any other type o
digital image reproduction device. The method is base
on a computational geometry approach. It uses a 3D t
angulation technique to build a tetrahedral partition of th
printer color gamut volume and it generates a surroundi
structure enclosing the definition domain. The characte
zation provides the inverse transformation from the devic
independent color space CIELAB to the device-depende
color space CMY, taking into account both colorimetric
properties of the printer, and color gamut mapping.

1. Introduction

The characterization of a color output device such as
digital color printer defines the relationship between th
device color space and a device-independent color spa
typically based on CIE colorimetry. This relationship de
fines a (forward) printer model. Several approaches
printer modeling exist in the literature. They may be di
vided into two main groups:

� Physical models.Such models are based on know
ledge of the physical or chemical behavior of the
printing system, and are thus inherently depende
on the technology used (ink jet, dye sublimation
etc.). An important example of physical models fo
halftone devices is the Neugebauer model,1 which
treats the printed color as an additive mixture of th
tristimulus values of the paper, the primary colors
and any overlap of primary colors. More recent ap
plications of analytical modeling are illustrated with
a study of Berns2 which applies a modified version
of the Kubelka-Munk spectral model to a dye diffu-
sion thermal transfer printer.

� Empirical models. Such models do not explicitly
require knowledge of the physical properties of th
printer as they rely only on the measurement of
large number of color samples, used either to opt
mize a set of linear equations based on regressi
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algorithms, or to build lookup-tables for 3D interpo-
lation. Regression models have not been found ver
successful in printer modeling,3 while the lookup-
table method is used by several authors, for exampl
Hung3 and Balasubramanian.4

However, both these groups of printer models have to
be inverted to be of practical use for image reproduction
The solution to the inverse problem is difficult to find. Iter-
ated optimization algorithms are often needed to determin
the device color coordinates which reproduce a given colo
defined in a device-independent color space.

Another issue which cannot be avoided when discus
sing printer characterization is gamut mapping. The colo
gamut of a device such as a printer is defined as the rang
of colors that can be reproduced with this device. Gamu
mapping is needed whenever two imaging devices do no
have coincident color gamuts, in particular when a given
color in the original document cannot be reproduced with
the printer that is used. Numerous algorithms have bee
proposed.5,6,7 Gamut mapping techniques may be divided
into two categories,i) continuous methodsapplied to all
the colors of an image, such as gamut compression an
white point adaption, andii) clipping methods, applied
only to colors that are out of gamut. An efficient practical
solution is likely to be a combination of these two cate-
gories.

We propose a characterization technique which pro
vides a practical tool to transform any point of the CIELAB
space into its corresponding CMY values. This proces
also includes a color gamut mapping technique which ca
be of any type. We use an approach based on comput
tional geometry with which we construct two 3D struc-
tures which cover both the entire definition domain of the
CIELAB space and the printer color gamut. It provides
us with a partition of the space into two sets of non-inter-
secting tetrahedra, aninner structure covering the printer
gamut, and asurrounding structure , the union of these
two structures covering the entire definition domain of the
CIELAB space. These 3D structures allow us to easily de
termine if a CIELAB point is inside or outside the printer
color gamut, to apply a gamut mapping technique when
necessary, and then to compute by non-regular tetrahedr
6
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interpolation the corresponding CMY values. We establi
thus an empirical inverse printer model. In the next secti
we describe the proposed method.

2. Methodology

Our method consists of first printing a numerical colo
chart (the input data) covering the entire color gamut
the printer to be characterized. Then we analyze colo
metrically the printed chart to obtain the CIELAB value
corresponding toeach sample. This analysis can bedone
with eitheri) a desktop scanner properly calibrated,8 or ii)
a colorimeter, or better,iii ) a spectrophotometer if avail-
able. Brettelet al.9 propose a versatile spectrophotomete
for this purpose. When this is done, we dispose of t
CIELAB values, and the corresponding CMY values, fo
each color sample of the chart. Storing these values in
lookup-table, we could thus easily establish an empiric
forward printer model using interpolation techniques.3, 4

The main step of the proposed printer characteriz
tion is the construction of a valid partition of the CIELAB
space. A naive approach to this problem would be to app
a Delaunay triangulation directly to the measured CIELA
values. However, this would not suit our purpose, main
because the gamut is generally not a convex hull in t
CIELAB space, thus the gamutboundaries would not be
correctly represented. In particular, any concavities of t
gamut surface would be filled, and the information abo
the gamut surface would be lost. One solution to this pro
lem would be to use a constrained triangulation prese
ving the gamut surface. But this would require the in
troduction of Steiner points for which efficient algorithm
do not exist.10 We propose in the next section an indirec
approach where we apply a 3D Delaunay triangulation
CMY space, which provides us with an inner structure
the cubic CMY color gamut. We then transport the re
sulting structure into CIELAB space. To cope with out-of
gamut colors we also propose the construction of a s
rounding structure, as described in the following sectio
We then resume how the transformation from CIELAB t
CMY is performed. This is followed by a presentation o
how different gamut mapping techniques may be effect
ated using the inner and surrounding structures.

2.1. Inner structure

First, from the set of CMY values corresponding to th
color samples of the chart, we construct a 3D Delaun
triangulation10,11 in CMY space by taking the CMY trip-
lets from the input data as vertices. Note that by using
Delaunay triangulation we are not limited to using color
lying on a regular grid in CMY space, as is the case wi
regular triangulation techniques such as those proposed
97
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Nin et al.12 and Motomuraet al.13 This implies that we can
use colors that are more regularly distributed in CIELAB
space, and that we can add more colors in regions where
they are sparse or where the eye is more sensitive, for ex
ample grays or skin tones.

Using this 3D triangulation, we would be able to cal-
culate the corresponding CIELAB values for a given CMY
triplet simply by barycentric interpolation of the CIELAB
values of the vertices of the tetrahedron surrounding the
CMY triplet, as was also proposed by Bell and Cowan.14

This would provide us with a forward printer model. But
we are indeed more interested in the inverse printer model
We thus transport the CMY triangulation into CIELAB
space by simply replacing the CMY vertices of the triangu-
lation by their measured CIELAB counterparts. This cor-
responds to a geometric deformation of the triangulationof
the gamut cube in which the external boundaries are pre
served, as shown in Figure 1. The resulting triangulation
is no more a Delaunay triangulation in CIELAB space, the
”empty circumsphere” criterion11 being no longer fulfilled.
But, it remains generally a valid partition of the CIELAB
color gamut in the sense that a nonempty intersection of
two transformed tetrahedra remains limited to a common
face, edge or vertex. However, this must be verified since
errors may occur due to eitheri) a too fine subdivision of
the gamut,ii) measurement errors, oriii) strange behav-
ior of either the printer driver software or the physical or
chemical properties of the printer itself. If errors occur,
some points of the input data may have to be eliminated
from the triangulation. This verification can be easily ef-
fectuated by checking if a tetrahedron has been mirrored
during the geometric deformation.
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Figure 1: Triangulated CMY color gamut cube (left) and its cor-
responding geometrically deformed CIELAB color gamut (right).

2.2. Surrounding structure

At this point we dispose of an inner structure partitioning
in tetrahedra the region of the CIELAB space lying inside
the printer color gamut. We are able to calculate for any
CIELAB color point of the gamut its corresponding CMY
values by tetrahedral interpolation of the CMY values as-
sociated with the vertices.
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In order to be able to treat out-of-gamut colors, we
have added a surrounding structure in CIELAB space, de-
fined by a set of fictive points as shown in Figure 2. The
key issue here is the definition of this surrounding struc-
ture in such a way that, together with the inner structure, i
defines a valid triangulation which includes the definition
domain of the CIELAB space.
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Figure 2: Octahedron surrounding the printer color gamut and
the definition domain in CIELAB space.

We choose in CIELAB space a set of 6 fictive points,
associated with the 6 faces of the gamut. These points a
determined by computational geometry techniques so th
they respect the following two criteria:i) each fictive point
’sees’ the outer side of all triangles of its associated face
and ii) the convex hull defined by the fictive points (an
octahedron) encloses the definition domain, as shown i
Figure 2.

The practical realization of these external tetrahedra
is performed using Delaunay triangulation in CMY space.
That is, we define another set of 6 fictive points in CMY
space as indicated in Figure 3 and we triangulate the join
set of fictive points and input data. Thus we construct thre
distinct classes of external tetrahedra, having 1, 2, or
vertices being fictive points, and the other vertices being
color points belonging to the surface of the gamut cube, a
shown in Figure 3. We then transport the resulting trian
gulation to CIELAB space by replacing the CMY vertices
(fictive points and input data) with their CIELAB counter-
98
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parts, as described in the previous section. We thus defin
valid triangulation of the joint inner and surrounding struc-
tures in CIELAB space.

Figure 3: Surrounding structure in CMY space. The 3 classes o
external tetrahedra are indicated.

2.3. CIELAB-to-CMY transformation

This 3D triangulation allows us then to calculate, by tetra
hedral interpolation, the transformation from CIELAB to
CMY values for any point belonging to the definition do-
main of CIELAB space. This is typicallydone eitheri)
directly for all pixels of an image to be printed, orii) for
all the vertices of a regular grid composing a CIELAB-
to-CMY 3D lookup-table which can be stored in a device
profile and further used by a color management syste
(CMS).8,15

The tetrahedronT P that encloses the input CIELAB
pointP is located using a ’walking’ algorithm. IfT P be-
longs to the surrounding structure, thenP is an out-of-
gamut point. A gamut clipping technique using the 3D
structures is then applied to identify a new pointP0 that
belongs to the gamut surface as described in the next se
tion.

When the tetrahedron with verticesP0P1P2P3 be-
longing to the color gamut and enclosing the pointP (or
P

0 whenP is out of gamut) is found, the resulting CMY
values are calculated by barycentric interpolation as fo
lows: P (or P0) divides the enclosing tetrahedron into 4
sub-tetrahedrons, each having a volume determined by t
following determinant:

�i =
1

6

����
Pi+1 Pi+2 Pi+3 P

1 1 1 1

���� ; i = 0 : : :3;

where the indices are taken modulo 3, and finally, the bary
centric coefficientsWi are defined byWi = �i=�, where
� is the volume of the tetrahedronP0P1P2P3.

The final output valuesC, M , andY are then calcu-
lated as follows:

C =

3X

i=0

WiCPi
; M =

3X

i=0

WiMPi
; Y =

3X

i=0

WiYPi

whereCPi
, MPi

, andYPi
are the CMY values associated

with the tetrahedron verticesPi; i = 0 : : :3.
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2.4. Gamut mapping

The 3D structures allow us to implement easily any gam
mapping technique, such as those mentioned in the
troduction. Our geometrical approach is particularly we
adapted to a combination of continuous and clipping met
ods.

When needed, a continuous gamut mapping techniq
may be applied to each input point prior to the interpola-
tion described above. However, if the inverse gamut ma
ping function exists, it is more computationally effective
to apply it to the CIELAB vertices of the 3D structures, a
shown for the case of a simple compression in Figure
The advantage of this approach is to directly include th
gamut mapping transformation into the localization ste
of the input point in the 3D structures. However, here als
we must verify that no tetrahedron is mirrored during th
inverse gamut mapping transformation in order to preser
a valid triangulation in CIELAB space. Other continuous
gamut mapping techniques such as a 3D morphing16 can
also be applied.

If, after the continuous gamut mapping, the input colo
point is still out of gamut, that is,T P belongs to the sur-
rounding structure as already discussed in the previous s
tion, a gamut clipping method must be applied. For exam
ple a radial clipping17 is easily effectuated by ’walking’
from tetrahedron to tetrahedron, following a line fromP
towards a mid-gamut point until a tetrahedron belongin
to the gamut is encountered.
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Figure 4: A gamut compression of 20% performed by applyin
the inverse compression onto all the vertices of the 3D structur
(only the inner structure is represented here).

3. Conclusion

The proposed printer characterization method presents s
eral strong points of interest. First, it performs efficiently
the inverse transformation from CIELAB (or any other 3D
color space) to CMY directly without using numerical op-
timization techniques. Secondly it is able to easily inco
porate different gamut mapping techniques, both contin
ous and clipping methods. Thirdly it is versatile, not bein
9
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limited to one specific printing technology. The extention
to fourcolor CMYK printers is straightforward when the
amount of black ink is determined directly from the CMY
values as in the gray-component replacement1 (GCR) tech-
nique.
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