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Introduction

Recently there has been an increased activity focused on
solving the problems associated with the transmission
and display of high quality color image/video signals.
The objective is to generate an image or video signal
whose quality is as high as possible at the output of a
given system. Of specific concern in this research are the
characterization and calibration of color output devices,
for example printers or electronic displays. In order to
make accurate judgments about the images produced,
such devices must be calibrated. To do this, a relation-
ship needs to be defined between a set of measured CIE
L*a*b* values and a set of control values for the output
device. Impacting the solution of this problem are: the
model of the output device and its limitations, the type
and location of the measurement data, the variability in
the data, the interpolation and extrapolation methods
used, the variability in the output device under normal
operating conditions, and the perceptibility of the errors.

One way to characterize a color output device is with
a three-dimensional look-up table. The look-up table
maps the set of CIE L*a*b* values {t, } to a set of control
values {¢,} of the output device. The control values {¢,}
are proportional to the concentration of the inks. The
look-up table could be built directly, unfortunately this
would require an excessive number of measurements.
For a 32x32x32 table 32768 measurements would be
required. An alternate approach for creating the look-up
table is to make measurements on a coarser grid and then
interpolate the values for a finer grid in the CIE L*a*b*
space. The problem can be posed in the following man-
ner. Let {(c,, c¢,, ¢3);} be the three-dimensional set of
control values which map onto the set of CIE L*a*b*
values {(,,1,,13);} such that

t=F(c) (D
where

t=((t, 15 13) 2)
and

¢ =(cy, ¢y, Cy) 3)

Given a set of control values {c} on a regular grid
and the corresponding set of CIE L*a*b* values {t}, find
the {c,} for different {tg} on a finer grid in the CIE
L"‘a*bg space. With an appropriately defined simpler
interpolation scheme such as trilinear interpolation, the
regular finer grid can be used in real-time to obtain the
control value for any CIE L*a*b* value located inside
this regular finer grid.

One of the applications of this work is in the calibra-
tion of nonlinear printing devices. For this research, we

use the proposed color data interpolation scheme to
calibrate a Kodak XL7700 color thermal dye transfer
printer. To find the appropriate color interpolation
scheme, a nonlinear forward model for the printer is
defined ant an interpolation scheme selected and evalu-
ated. Then, the limits of the printer model and its impact
on the process, the impact of the variability of the printer
under normal operating conditions, the choice of inter-
polation function and its impact on the results, the sensi-
tivity of the calibration process to variations in the
measurement data, and an evaluation of the results are
presented.

The Forward Model

A printing process is subtractive in nature. Each of the
cyan, magenta and yellow inks removes an amount of its
complimentary color, red, green and blue respectively.
The amount of a particular color removed is related to the
concentration of the ink. Each ink is characterized by its
density D(A) at any wavelength A. The density is propor-
tional to the concentration ¢ of the ink. Therefore,!

D;,M=D,, (Mci=1273 4)

i,max

where D, . is the density at unit concentration for ink i
and c; is the concentration of ink i. Transmission of a

particular ink is related logarithmically to its density as
T, =10 e =1, 2,3 (5)

The observed spectrum at a particular wavelength A
is given as 2

o) = 1) T\ (M) T,(M) T5(h) (6)

where T (M) is the transmission of the i ink at wave-
length A and I(A) the intensity of the illuminant at wave-
length A. Using equation (5), equation (6) may be rewrit-
ten as:

3
G =100107 3 Dy, 7

Thus, the forward model can be written mathematically
2
as

g= L [lo_DmaxC ] (8)

where L is a NxN diagonal matrix representing the
illumi-nant spectrum, c¢ is the 3-vector representing the
concentration of the inks and g is the N-vector represent-
ing the reflectance spectrum. The concentration values
must be between zero and unity, and the Nx3 matrix of
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density spectra D, represents the densities at the maxi-
mum concentration. This model ignores nonlinear inter-
actions between the colorant layers. The tristimulus
values xyz are obtained by the equation

y|=A"g ©)

where A is a 3xN matrix of the CIE color matching
functions. The CIE L*a*b* values are obtained by the
following transformation 3:

L* (%)”3 16
a*|= v [(D"7[-0 (10)
b* (%)1/3 0
where
0 116 0
Y =500 -500 0
0 200 —-200

and x,, y, and z, are normalization factors, i.e. the
tristimulus values of a nominal ‘white point’. The ‘white
point’ represents the tristimulus values of a standard
illuminant or a reference background point. The above
formula is used

Wheni,l,EZO.Ol..When, £,1,£<O.01,
xn yn Zn xn yn zn

L* f(L) 903.3.-

a*|= o [f()|+ 0 (11)
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where

0 0 0
O =[500 =500 O
| 0 200 -200
and
(1) t>0.008856
OES
7,7787(r)  +1= 1<0.008856

The perceptual error between two points is defined
as the Euclidean distance between two points in CIE
L*a*b* space and is called the AE value of the differ-
ence. A rule of thumb is that a equation AE error of 3 is
perceptible, but smaller errors are not.

Developing the Look-up Table

Using the mathematical model, a coarse 8x8x8 look-up
table mapping the control values to the output CIE
L*a*b* values is generated with the forward model of
equation (8). We have

t=F (c) (12)

where t is a 3-vector of the CIE L*a*b* values and ¢ is
a 3-vector of the control values.

A finer regular grid is constructed in the CIE L*a *b*
space. For a certain CIE L*a*b* vector tg on this finer
regular grid the corresponding control vector ¢ is ob-
tained. Iterative techniques with interpolation are used to
calculate the control vector corresponding to every vec-
tort_, on the finer grid. For a given CIE L*a*b* vector t ,
an initial estimate ¢, of the control vector is made and the
corresponding CIE L*a*b* vector is obtained by interpo-
lating over the three dimensional regular grid of control
values. The choice of ¢, is arbitrary and can be selected
anywhere in the control value space. In this work, the
control vector [0.5 0.5 0.5]7 which represents the center
of the control value space was used as the initial estimate.
Newton’s method in three dimensions* is used to obtain
a new estimate of the control value. This procedure is
equivalent to finding a root of the equation

f(c) = tgor f(c) - tg=0 (13)

where the function f refers to the interpolating function
that is used. This iteration is carried out until equation
(13) is solved to the selected degree of accuracy.

Two kinds of interpolating functions were used, the
bell function and the cubic B-spline function. A bell inter-
polating function is obtained by the convolution of a tri-
angle function with a square function and is defined as:’

S(x)=q +-x> <x< (14)
X
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A cubic B-spline is defined as:?

2 L2 3
FH5x=x 0<|x|<1

15
6l(2—\x\3) 1<|x[< 2 a1s)

S.(x)==

Three-dimensional separable interpolation is used
to interpolate for the CIE L*a*b* values ty= (tg, fg2,
tg,3) on the finer grid

tg1 (C1, Co, C3)=

DN Wil kS (e, —)S(e, - j)S(e; k)
k j i
! 1=1,2,3 (16)

where w; (i, j, k) are the weights used to interpolate, S
denotes the interpolation function used and (cj,c;,c3)
denotes the control vector. The values 7g,l (¢, €2,j,¢3.1)
should be equal to the value of the ijk™ scalar entry in the
given set of data points tg,/(cy, i, €2, J, ¢3 1), for i, j, k=1,
2,....8and [ =1, 2, 3. This condition provides a set of
linear equations which are solved to provide suitable
values for the weights w,(i, j, k). The work presented here
is restricted to the determination of control values corre-
sponding to CIE L*a*b* on the finer grid. For CIE
L*a*b* values not lying on this finer regular grid, simple
trilinear interpolation may be used.

Interpolation problems occur for points which are
close to the boundary of the color gamut. To overcome
this problem, a linear extrapolation is used to estimate
the CIE L*a*b* values for points outside the given
gamut. These points are then used along with the coarse
8x8x8 grid in the interpolation process. The experimen-
tal results of this simulation are presented in the next
section.

Application to the Kodak XL7700 Printer

The Kodak XL7700, a color thermal dye transfer
printer, was used to generate printouts of color patches
by varying the concentrations of the cyan, magenta and
yellow dyes in a uniform manner. The control value
space was divided into eight equi-spaced samples in each
dimension to generate 512 color patches. A GRETAG
SPM50 colorimeter was used to measure the CIE L*a*b*
values of each of these color patches. This set of CIE
L*a*b* values forms known 8x8x8 look-up table.

Before proceeding further with the calibration pro-
cess, it was important to determine if there were any
variations in the printouts produced by the XL7700. Two
types of inconsistencies were found:

1. The CIE L*a*b* values produced by identical con-
trol values varied depending on the position of the
color patch on the paper on which it was printed.
Preliminary data collected on several patches printed
at different positions on a sheet typically gave AE
errors greater than 3.5. Since the XL7700 has four
heads printing over different areas of the paper a
natural explanation for the error was that the amount
of ink printed on to the paper was a function of the

particular head that printed it. This has lead us to the
conclusion that the calibration should be carried out
for each individual head.

2. A certain amount of difference in the CIE L*a*b*
corresponding to identical control values are ob-
served when the printouts are obtained on different
sheets. This indicated the need to measure the 512
color patches on different sheets to study the average
AE error due to this observed anomaly. It was con-
cluded that the 8x8x8 lookup table should be generated
on the basis of an average over several printouts.

The above observations were taken into account to
create the known 8x8x8 look-up table. The details are

explained below.

Table 1: AE Errors Due to Interpolation

Statistics Bell Function |Spline function

Max AE 0.6211 0.6252
Average AE 0.1178 0.1554
Variance(c?) 0.0105 0.0127

Experimental Results and Future Work

The two interpolating functions, the bell function and the
cubic B-spline function worked well for the mathemati-
cal model of equation (8). For each of the CIE L*a*b*
values on a test 16x16x16 finer grid in the L*a*b* space,
the control value was obtained by Newton’s iteration
along with bell interpolation. Table 1 lists out the AE
errors obtained when each of the interpolating functions
described earlier were used.

These AE errors correspond to the case where the
extrapolated points are used along with the known 8x8x8
grid. This error corresponds to only the interpolation
error. Another error factor will be added after the finer
regular grid is created and trilinear interpolation is used
to determine the control value of any arbitrary point in
CIE L*a*b* space which lies in the color gamut. If the
grid is fine enough the error due to trilinear interpolation
is expected to be small. The work presented in this paper
indicates that it would be worthwhile to study the effects
of grid size on trilinear interpolation.

In the actual calibration of the X1.7700, the inconsis-
tencies discussed in the previous section were studied.

1. Due to the first inconsistency, a representative head
of the XL7700 was calibrated. Creating the known
8x8x8 grid required taking printouts of all the 512
color patches under the particular head.

2. Due to the second inconsistency, color patches were
printed out on several different sheets. This enabled
the study of the error caused by printing on different
sheets using identical control values. Preliminary
work to compare the AE errors among all pairwise
combinations of sheets was carried out. The AE error
was averaged out over all the 512 color patches and
over all the sheets that were used. The average AE
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computed in this fashion was 1.527. The variance
was 0.5380 and the maximum AE (averaged over the
different pairs) was 5.0323. On an average the total
number of color patches which showed a AE >3 was
19 out of the 512 different color patches, which is
about 3.71%. The average of the CIE L*a*b* values
over different sheets of paper of the 512 color patches
forms the coarse 8x8x8 look-up table.

Future work consists of testing out the calibration at
different points in the color space by taking printouts of
several color patches corresponding to points in the
control value space which are obtained by statistical
sampling. Statistical sampling seems to be the best choice
to test the entire space in the most efficient manner.
Calibration will be carried out for all the four heads.
Error components will be introduced in the practical
situation when creating the finer grid using interpola-
tion, and when trilinear interpolation is used once the

finer regular grid is created. The AE errors thus produced
will be analyzed and studied in detail.
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