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Abstract
Transforming CIE L*a*b* values to printer CMY values
must be done when a colorimetric match is wanted for t
printer output. The cost of such conversion is high. Th
paper describes a new efficient algorithm to perform th
transformation. The computational cost is shown to be lo
arithmic in the number of sampling cells.

1. Introduction

Characterization of hard-copy output devices, such as d
ital colour printers, is normally performed by creating a s
of samples with well-defined spacing in device coordinat
(e.g., CMY) and measuring device-independent colour c
ordinates (e.g., L*a*b*) that correspond toeach of the sam-
ples. The resulting measurements are used as a tab
transform: to get the L*a*b* value corresponding to a spe
cific CMY value, first find the polyhedron, or cell, in which
the desired CMY coordinates are located, then interpol
among the measured L*a*b* values at the vertices of t
cell. Because the sampling in CMY is regular this proce
is efficient, with processing time to find the cell better tha
the logarithm of the number of cells, and a constant tim
algorithm for interpolation.

Very frequently the inverse transformation (finding de
vice coordinates (CMY) corresponding to given device
independent coordinates (L*a*b*)) is implemented sim
larly. The cell-finding part of the procedure is, howeve
inefficient, with processing time varying linearly with the
number of cells. This problem is well known; a variety o
methods exist to improve its efficiency.

1. Resample to produce uniformly spaced cells in
L*a*b* space. This process adds resampling err
to measurement and interpolation error and its pr
cision is often unacceptable.

2. Increase the measurement density. Measurem
is, however, the most costly and error-prone pa
of the process. Furthermore, without resamplin
increased measurement density means more ce
slowing the cell-finding algorithm.
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3. Use data-fitting techniques to reduce resampling
and measurement error.1 This process seems to be
the most promising alternative but the performance
highly depends on the fitting model being used.

None of these solutions is fully effective. This paper
provides a new cell-finding algorithm based on divide-and-
conquer concept of binary subdivision. It finds the correct
cell using an amount of processing that is logarithmic in
the number of sampling cells. This performance does no
depend on evenly spaced samples: the samples can be s
tematically displaced from uniform spacing. With this per-
formance, the size of colour LUT can be increased. As a
result, a higher accuracy conversion can be obtained b
this approach. In this paper, we discuss how the algorithm
works in detail. An analysis of its performance is also pre-
sented.

2. Basic Idea

The purposed algorithm provides a fast method to deter
mine the CMY value corresponding to a given L*a*b*
value within the printer gamut. It depends only on the
forward transformation from a CMY value to its L*a*b*
value being easily evaluated. In practice this is accom-
plished using a colour LUT followed by interpolation2;3;4;5

or using a printer model.6

The basic idea of the proposed iteration algorithm is
similar to the divide-and-conquer approach of binary sub-
division. Initially, the algorithm uses the minimum and
maximum colour values as the lower and upper bound fo
the colour components of the target CMY value. It starts
with an initial CMY value,(CMY )0, for which L*a*b*
has been measured to have the value(Lab)0. In the neigh-
bourhood of(Lab)0 the entire L*a*b* space is partitioned
into regions, with each region having a well-determined
relationship on one of the CMY coordinates. For exam-
ple, one region hasC > C0, another hasM > M0,
and so on (Figure 1). The colour space partition is well-
approximated using only local information so it can be
performed in constant time. Depending on which partition
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Figure 1: Regions defined by the contour curves ofC0 andM0

contains the desired L*a*b* value, one of the colour com
ponents of(CMY )0 becomes the lower or upper boun
for the targetCMY value. For instance, if the desire
L*a*b* value has smallerC value then theC0 is the upper
bound for the C component. The mid-point of the curre
lower and upper bounds ofeach colour component is cho-
sen to be the updated CMY value,(CMY )1. This value
has an improved estimate for whichever of the CMY va
ues was indicated by the partition. This process contin
until the point that has the closest CMY value related to t
desired L*a*b* colour has been identified. Interpolation
then used to find the correct CMY value within the cell.

As described above, there are three basic operation
each iteration, namely, gamut partition, region detection,
and point advancement. These operations are discusse
details on the next few sections.

3. Gamut Partition

Since fast convergence depends on the good region s
division, a robust partition method is essential. The fo
lowing partition method is based on geometric features
printer gamuts in CIE L*a*b* space.

Consider the set of CMY values having a specifie
value of a particular colour component, sayC. These colour
values define a plane in the CMY space, which corresponds
to a smooth continuous surface (iso-surface) in CIE L*a*b*
space. As the values of the M and Y components change
across the surface, their L*a*b* values vary continuously.
The curvatures of such surfaces are usually but not n
ligible. These assumption, which holds for well-behav
printers, underpins the partition method described below

To simplify the description of the partition procedure
let us first consider the 2 dimensional case. Imagine t
there is a 2D device independent colour space, simila
the CIE L*a*b* space, covering all the colours generate
by the two inks, for example cyan (C) and yellow (Y
Any printer using only these two inks has a gamut that
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Figure 2: Partition of 2D printer gamut

a closed region in the colour space. Figure 2 shows a pos
sible printer gamut. Each curve in the figure is a contour
curve for a constant C or Y value. Now consider a point
Px inside the printer gamut, withCx andYx its C and Y
component. The printer gamut can be divided into four re-
gions based on the location ofPx. Each region contains
points that have a fixed relationship with one of the colour
components ofPx. One such partition is shown in Figure
2, in which the regions are defined by four boundary lines
c�y�, c�y+, c+y�, andc+y+ . The points inside the re-
gion bounded by the linesc�y� andc�y+ haveC smaller
thanCx, while the points inside the region bounded by
thec+y+ andc�y+ haveY larger thanYx, and so on. In
general, each region corresponds to a portion of the gamut
that has either smaller or larger amount of one of the colou
components than that ofPx . A partition is not unique, but
every partition must meet the following two conditions:
(1) the boundary lines do not cross the contours defined
by C = Cx andY = Yx, (2) only two boundary lines lie
on the same side of the region separated by theCx or Yx

contour curves. The first condition ensures that all points
from the same side of a boundary line have the same rela
tionship with one of the colour components ofPx, and the
second condition ensures thateach one of four gamut re-
gions bounded by the two contour curves has one and onl
one boundary line in it. As a result, the segment of contour
line that runs fromPx to one of the gamut border is inside
the region bounded by two neighouring boundary lines.

Applying the above criteria strictly, it is very costly to
define a suitable set of boundary lines. A better alternative
defines the boundary lines based on local values ofPx.
Because printers ues inks with chromaticities that are far
apart in the colour space, the contour curves of differen
inks are almost perpendicular to each other in the region
close toPx. If the lines that evenly divide the cross contour
angles are chosen to be the boundary lines, the criteria ar
met locally. The local region is very large if the curvature
of the contours is small, as it normally is. (Figure 3)
93
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Figure 3: Boundary lines of partition the of 2D printer gamut
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Figure 4: Boundary planes of gamut partition in L*a*b* space

To obtain the angles of two cross contour curves, th
tangents of the contours at the cross point have to be co
puted. When the mathematical model of a given printe
is not available, it is impossible to compute the tangen
in general. However, the above boundary lines are by n
means the only solution for partitioning the gamut; an
close approximations of the above boundary lines serv
equally well. One workable solution uses the four line
that connect the currentPx point to the point(Cx��U; Yx�
�U ), (Cx � �U; Yx +�U ), (Cx + �U; Yx � �U ) and
(Cx +�U; Yx ��U ), respectively, where�U is a fixed
value.

Partitioning the printer gamut in the 3D CIE L*a*b*
space is analogous to the 2D case described above.
stead of four boundary lines, twelve boundary planes a
using to partition the gamut. Each region in the gamut
confined by four planes (Figure 4). The criteria for choos
ing those planes are defined as follows: (1) the bounda
planes do not cross any iso-surfaces of the colour com
ponents ofPx, and (2) four and only four planes lie on
the same side of the region separated by each iso-surfac
Similar to the 2D case, one possible way to partition th
gamut is to use the boundary planes defined by two neig
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bouring lines which connecting the current pointPx to any
two points in the setf(Cx��U;Mx��U; Yx��U )g that
differ by only one component. For example, one bound-
ary plane is defined by the line connectingPx to (Cx �
�U;Mx � �U; Yx � �U ) and another connectingPx to
(Cx � �U;Mx � �U; Yx + �U ). With the set of eight
pointsf(Cx ��U;Mx ��U; Yx ��U )g, twelve planes
are defined to partition the gamut in the CIE L*a*b* space.
If Px lies on the boundary of gamut, the outside gamut
boundary planes can be obtained by extrapolating the in-
side gamut planes throughPx.

The value chosen for�U is not critical. In practice,
we choose for�U the interval used to build the colour
LUT. The boundary planes defined based on this�U value
accurately partition the gamut for any colour pointPx.

4. Region Detection

Upon defining the regions, the next task is to find out which
region the target pointPt is in. Based on this information,
the direction for point advancement can be determined.
Since each region isbounded by four planes andeach plane
divides the colour space into two half spaces, the region
detection problem can be viewed as identifying which half
space the point is in for eachboundary plane. By using
a fixed normal vector convention, and computing the dot
product of the normal vector of a plane and the vector, de-
fined by the difference of the pointPx andPt, the half
space in which the target point locates can be identified.
For example, if the sign of the dot product result is pos-
itive, thenPt lies on the same side of the normal vector;
otherwise,Pt is on the opposite side. Repeating this cal-
culation for eachboundary plane, the partition region that
Pt is in is found.

5. Point Advancement

After knowing which regionPt is in, the components ofPx

can be updated. If, for instance, thePt is in the region in
which all points have less magenta component than thePx,
then the magenta component ofPx should be reduced to
define the newPx. Note that, in this case, the current ma-
genta component can be used to define the upper bound of
the magenta component forPt. Conversely, if the magenta
component is too small, it should be increased to define
the newPx. The current level of the magenta component
is the lower bound forPt. The amount of change to the
colour component is calculated based on the current up-
per and lower bound values of the colour component. The
new colour component value is most effectively placed at
the mid-point of the bounding values. When the colour
relationship between the CMY and L*a*b* spaces is de-
fined by the colour LUT, the L*a*b* value of the mid-point
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Table 1: Pseudocode of the iteration algorithm
1. Set up the initial point ofPx and compute its Lab

values
2. If Px = Pt, go to step (11)
3. Determine 12 boundary planes based on the 8

neighbour points ofPx

4. Compute the normal vector of each plane
5. Compute the dot products of the vector (Pt - Px)

with the normal vector of each plane
6. Determine the region in whichPt lies
7. If Pt lies in the outside gamut region, go to step

(12)
8. Adjust the lower or upper bound ofPt based on the

result of (6)
9. Update the colour component ofPx based on the

bounding values of (8)
10. Go to step (2)
11. Return the CMY value ofPx

12. Return out of gamut status

may not be available without interpolation. In this case, th
nearest sample point is used as the newPx instead. Notice
that the position of the newPx is necessarily closer to the
target point compared to the currentPx. The operations of
gamut partition, region detection and point advanceme
are repeated until the point that has the closest CMY val
related to the desired L*a*b* colour has been identified
Interpolation is then used to find the correct CMY valu
within the cell.

6. Performance Analysis of the Algorithm

Table 1 is the pseudocode of the proposed algorithm. Ste
2 to 10 are performed for each iteration. The total numb
of iterations depends on the precision required. As me
tioned in the previous section, the new colour compone
value is the mid-point of its upper and lower bound. Thi
approach is similar to the binary search operation whic
has order oflog(M ), whereM is the number of points
being searched. To determine the final CMY value, th
algorithm requiresO(log(N )) iterations, whereN is the
number of sample points for each colour component. For
printer with2563 different colour values (eight bits per pri-
mary) the maximum number of iterations needed to fin
the CMY value is3 log(256) = 24.

A way to further improve the performance is to try to
reduce the number of iterations. Since the operation is no
mally performed on pixel by pixel basis, and the neigh
bouring pixels in an image are often very similar toeach
other. The number of iterations can be reduced in mo
cases if the CMY value of the last processed pixel is use
as the initial value ofPx.
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7. Conclusion

A fast iteration algorithm that maps L*a*b* to CMY value
was described. Its computation cost is logarithmic in the
number of the sampling cells, and its performance is ro-
bust provided that the underlying CMY to L*a*b* map-
ping is sufficiently smooth. We have shown experimentally
that printer models currently in use are adequately smooth.
Measurement error can upset this condition, of course, and
the gamut fitting techniques4 previously investigated in our
laboratory can be used to condition measured data so that
our new algorithm is guaranteed to converge. Throughout
the discussion in this paper we assume a colour LUT is
used for colour space conversion. In fact, this algorithm
works equally well when a mathematical printer model is
used instead.

This algorithm has been described in terms of CMY
and L*a*b*, common colour spaces used in digital colour
printing. It works equally well for other spaces, and for any
inversion of a tabular function that is sufficiently well- be-
haved. Investigation of the precise conditions under which
it onverges robustly is continuing.

The algorithm is also attractive for evaluation of table-
defined functions where the underlying sampling is not
regular. Thus, it is likely to be useful for evaluation of
transforms of dark colours, where adaptive sampling is
particularly beneficial.
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