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Abstract. Current color-printing technologies often use more than
the minimum three or four inks: cyan, magenta, yellow, and black
(CMYK). When the number of inks exceeds three, there is the usual
color-management one-to-many mapping problem. Additional con-
straints have to be applied to achieve greater determinacy. For
CMYK ink sets, the black ink is constrained. When additional chro-
matic inks are added, traditional methods subdivide either colorimet-
ric or colorant space to achieve a one-to-one mapping. However,
these traditional methods cannot take advantage of all the ink com-
binations available for improving image quality. Alternatively, addi-
tional constraints can be defined as perceptual metrics such as color
constancy, graininess, color gamut, and color look-up table smooth-
ness. A novel color separation algorithm was developed in order to
optimize color look-up tables for improved image quality. This algo-
rithm was tested with a six-pigmented ink (CMYKGO), ink jet proof-
ing printer. Various four and a six-ink look-up tables were created
based on different metrics. The perceptual performances of these
look-up tables in color reproduction accuracy, color inconstancy,
graininess and gamut volume were evaluated. The results show that
the additional inks not only extend color gamut but also provided the
potential to improve print quality. © 2008 Society for Imaging Sci-
ence and Technology.
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INTRODUCTION
As digital color printing demands continue to grow, there is
a continuing need for color characterization. For a three-ink
Cyan, Magenta, and Yellow (CMY) printer, the mapping
from ink amounts to colorimetric coordinates is unique and
various interpolations or fitting techniques can be applied
directly. For a four-ink CMYK printer where K represents
black, redundancy is introduced with the addition of the
black ink. Generally one specific color can be produced by
one CMY ink combination, whereas many CMYK ink com-
binations, depending on the black ink amount, may suffice.
The inverse characterization for a CMYK ink set is generally
performed by various methods of controlling the black ink
amount. These methods include black addition, under-color
removal (UCR), or gray-component replacement (GCR),
which are traceable to the graphic arts printing industry.'
For high-fidelity color printing—printing with addi-
tional chromatic inks—the color gamut is extended, but
considerable redundancy is introduced into the color repro-
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duction process in that many ink combinations can produce
the same color and even the same spectra.” In order to create
a one-to-one color look-up table, additional constraints are
needed to improve determinacy for multi-ink printing. One
strategy is to separate the color gamut into sub-gamuts.
Kueppers® and Ostromoukhov* separated the color gamut
into sub-gamuts formed by three-ink combinations. For ex-
ample, Red, Green, and Blue inks were added to create a
CMYKRGB ink set. Its color gamut was separated into six
sub-gamuts produced by the ink combinations: CGK, GYK,
YRK, RMK, MBK, and BCK. Balasubramanian’ partitioned
the gamut into sub-gamuts produced by four-ink combina-
tions, and UCR or GCR was employed to produce color
separations as in CMYK printing. Boll® also separated the
gamut into sub-gamuts produced by four-colorant combina-
tions, and a unique one-to-one mapping was created by
adding constraints such as minimizing area coverage and
smoothing the transitions between sub-gamuts. Dalal” sepa-
rated the whole gamut into the sub-gamut formed from the
traditional CMYK ink combinations and the sub-gamut ex-
tended by additional inks, which were only used to repro-
duce colors outside of the traditional CMYK sub-gamut.

A color gamut partition strategy can guarantee the one-
to-one relationship between colorimetric values and ink
combinations and constrains the number of possible ink
combinations. However, various ink combinations have dif-
ferent colorimetric and spatial properties in prints. The ad-
ditional inks cannot only extend the color gamut but also
provide the potential to improve perceptual image quality
such as color constancy and graininess. The traditional
methods cannot fully realize this potential to improve image
quality and even lose part of color gamut without utilizing
the full range of ink combinations.

In this research, a new color separation method was
developed in which perceptual metrics were used to choose
samples for the construction of look-up tables from candi-
date ink combinations that have similar CIELAB values.
These perceptual metrics include color inconstancy, graini-
ness, chroma, and color look-up table smoothness.

Color inconstancy is a very important factor to evaluate
the image quality of prints since prints are viewed under
many different lighting conditions. For example, color in-
constancy occurs frequently when profiles are created for
standardized daylight (D50) but viewed under narrowband
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Create a large number of virtual samples in colorant space
using a spectral printing model.

v

Calculate the CIELAB value, color inconstancy index (CII),
and graininess index (GI) of each sample.

-

Divide the CIELAB space into 16x16x16 cells and sort all
the samples into the cells according to their CIELAB values.

NS

Select the best sample in each cell according to a selection
criterion minimizing CII and GI and maximizing chroma.

v

Smooth the initial selected seed sample set and determine
the final seed sample set.

Create initial 64x64x64 lookup table using non-uniform
interpolation based on the final seed sample set.

v

Map out of gamut colors by chroma clipping to the gamut

boundary.

Create a complete 256x256x256 lookup table by uniform
interpolation based on the initial lookup table.

Figure 1. Flowchart of creafing color lookup table for multiple-ink
printers.

fluorescent illumination (F11). Another factor resulting in
poor quality is image noise. One of the most important,
well-known categories of image noise is graininess, a subjec-
tive impression of spatial non-uniformity in an image.
Gamut volume is always desirable for color reproduction
and look-up tables should take full advantage of the maxi-
mum color gamut achievable by the set of inks and a specific
substrate.

Smoothness, the similarity of ink combinations among
adjacent nodes in a look-up table, is also a very important
factor and can affect interpolation accuracy. Though differ-
ent ink combinations with different spectra show similar
perceptual colors under a specific illuminant, they may shift
in different perceptual directions when the illuminant is
changed causing a color-uniform image to become non-
uniform.

The proposed algorithm will use these perceptual
metrics to choose seed samples that are used to create final
look-up tables producing prints with high image quality.

ALGORITHM OVERVIEW

The goal of this algorithm was to optimize a color look-up
table (CLUT) that converted CIELAB to multiple ink sepa-
rations for print quality. Figure 1 illustrates the proposed
algorithm’s flowchart. First, a spectral printing model was
developed to predict the spectral reflectance of prints, re-
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Figure 2. CMYKGO ink positions projected onfo the a*b* plane.

quired to compute a color inconstancy metric and CIELAB
values. Using this model, a large number of virtual samples
was created in a multiple colorant space, and their
tristimulus values calculated for a specific illuminant and a
single standard observer. The sampling goal was to have a
sufficient number of virtual samples such that in every re-
gion of the color gamut defined in CIELAB for D50, there
were multiple ink combinations. Then, CIELAB space was
divided into coarsely sampled cells, and the samples binned
into these cells. For each cell, a specific metric was used to
select a seed sample. The sample selection criteria included
color reproduction qualities such as color gamut and color
constancy, and spatial image quality such as graininess.
Based on the initial seed sample set, a smoothness metric
was added to determine the final seed sample set. Next, non-
uniform interpolation was used to populate a finer sampled
grid (64X 64 X 64) from the final seed sample set. Although
additional inks extended color gamut significantly, many
perceived colors are still outside of the printable gamut.
Gamut mapping is always necessary to populate the CLUT
with area coverages for out-of-gamut colors. In this research,
a simple method, chroma clipping, was used: C;b clipping
maintaining h,, and L* for colors within the L* range of the
printer. Colors darker or lighter than the printer gamut were
mapped to the darkest and lightest neutral (a*=b*=0). Fi-
nally the 64 X 64 X 64 grid was extended to a fully populated
256 X256 X 256 color look-up table (CLUT) by linear inter-
polation in order to improve processing speed for color
separating images and to eliminate CLUT size as a source of
error.

Multiple-Ink Printer and its Spectral Printing Model

An Epson Pro 5500 ink jet printer was used in this research.
This was a six-ink printer normally equipped with cyan,
magenta, vellow, black, light cyan, and light magenta pig-
mented inks. The light cyan and magenta were replaced with
green and orange—a CMYKGO ink set. Their positions in
the a*b* projection are shown in Figure 2. Software was pro-
vided by the manufacturer that enabled direct access to each
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Table 1. Accuracy of the prinfing model.

Spectral RMS error Ay MI under D50 MI under A
Mean Max Mean  Max Mean Max Mean  Max
0.5% 2.6% 1.0 33 0.2 1.0 0.2 1.2

colorant as a six-dimensional 8 bit per color plane image
file; that is, it bypassed any embedded color management.
The halftoning algorithm was proprietary and not made
available. Typical of commercial ink jet printers, the algo-
rithm was very complex where there were interactions be-
tween color planes. That is, halftoning was not a single pixel-
wise process repeated six times for each color plane.

The cellular Yule-Nielsen modified spectral Neugebauer
model (CYNSN) was first created,® in similar fashion to
Taplin and Berns.” This model is an additive-mixing model
where each printed color type positioned at the vertices of
each cell, defined as R}/ s primary 18 Weight averaged, the
weighting dependent on the halftoning algorithm. For this
printer, its halftoning was treated as a random process (i.e.,
defined using the DeMichel equations). There were two rea-
sons for subdividing the colorant space into cells. First, the
complex halftoning was better approximated as a random
process when the colorant space was limited in volume. Sec-
ond, limitations in the additive mixing model caused by ap-
proximating the ink and paper optics via R)l\/" was mini-
mized by increasing the number of measured colors. Three
optimizations were performed to find the optimal Yule—
Nielsen # value, the optimal positions of the four cellular
primaries for each ink, and the optimal spectral estimation
of non-printable ink combinations due to maximum ink
limitations. A target composed of 600 randomly generated
colors in colorant space was printed and measured spec-
trally. The accuracy of the printer model was evaluated by
comparing these measured spectra and derived CIELAB val-
ues with the printer model predictions, shown in Table I.
The mean and maximum color differences (D50, 2° ob-
server) were 1.0 and 3.3 AE,, respectively, and the mean
and maximum RMS spectral errors were 0.5% and 2.6%,
respectively. A metameric index'® (MI) under D50 was cal-
culated after the predicted spectrum was paramerically
corrected'' to perfectly match the measured spectrum for
illuminant A, and vice-versa for the MI under A. This index
has units of AE,. According to the evaluation data in Table
I, this CYNSN printer model achieved sufficient accuracy for
building color profiles.

Creation of Virtual Sample Set

The first phase of the proposed algorithm was to create a
virtual sample set of ink combinations that sufficiently
spanned CIELAB space and, whenever possible, provided
different ink combinations with similar colorimetry. Origi-
nally, the virtual samples were created by combining area
coverages of different inks from 0% to 100% in 10% inter-
vals for each ink."* This simplistic method resulted in a high
proportion of dark samples and a non-uniform distribution
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Figure 3. A demonstration of two-dimensional quad-ree decomposition.

of samples in CIELAB space, both adversely affecting the
quality of the final color look-up table. For example, if
missed ink combinations were the best choices according to
the selection metric, the smoothness of the look-up table
and print quality would be affected.

After testing several methods and comparing computa-
tion time and computation load, a method called six-
dimensional, quad-tree decomposition was adopted. This
method worked by dividing the colorant space into equal-
sized square blocks, and then testing the CIELAB differences
among vertices of each block to see if they met a threshold
criterion. If the criterion was met, the block was not further
divided. If not, it was subdivided again into smaller blocks
and new vertices were added, and the test criterion was ap-
plied to those blocks. This process was repeated iteratively
until each block met the criterion.

First, 64 vertices in the six-dimensional, colorant space
were chosen as the initial data set where each vertical had
ink amounts of 0 or 1. Next, adjacent pairs of vertices were
found. For example, if ink amounts are described as a vector
[cmykgol], then an adjacent pair is described as
[000000] and [1 0000 0]". The distance in CIELAB
space between the adjacent pairs was calculated and if larger
than a specific threshold, the midpoint of the adjacent point
pair was added into the data set. According to this example,
the sample [0.5 0 0 0 0 0]" would be inserted. This process
continued until the virtual sample set sufficiently covered
CIELAB space. The threshold of distance between an adja-
cent pair of samples was selected based on data processing
capability of the computer. Small thresholds create more
samples, but at the expense of extremely slow processing
speeds or system failure. For this research, the threshold was
2.5 AE,, a value that was a compromise between the num-
ber of generated samples and processing capabilities.

For the purpose of illustration, a two-dimensional
quad-tree decomposition method is shown in Figure 3. If
the distances in CIELAB space between these adjacent pairs
are less than the threshold, no new point is added as shown
as gray in Fig. 3. With this method, a reasonable database for
the virtual sample dataset was created and distributed uni-
formly in CIELAB space.

Using this method plus adding samples to fill the edge
of the color gamut, 1,123,454 samples were created and their
tristimulus values calculated for Illuminant D50. The
tristimulus values of the substrate were used as the white
point in the CIELAB calculations to generate a CLUT with
relative colorimetric rendering intent resulting in an ex-
panded gamut compared with the approach using an abso-
lute D50 white point. Figure 4 shows the lightness distribu-
tion of the new samples that are close to a normal
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Figure 4. Histogram of CIE lightness of virtual sample set.

distribution—the first maximum occurring because of extra
samples in order to fill the gamut boundary completely.

Perceptual Metrics

The perceptual metrics used in this algorithm to select the
seed sample set included color constancy, graininess, color
gamut, and smoothness. Color constancy is the general ten-
dency of the color of an object to remain constant when the
level and color of the illumination are changed." It is a
result of both physiological and psychological compensa-
tions. There does not yet exist a computational theory suf-
ficient to explain the mechanism of the color constancy of
human vision. Conversely, color inconstancy is the undesir-
able change in color caused by changes in illumination.

An index of color inconstancy, Color Inconstancy Index
(CII), was used to evaluate the color variation under differ-
ent illuminants, and its calculation was similar to those de-
scribed in Refs. 10, 13, and 14. Tristimulus values were cal-
culated for the test illuminant and the reference illuminant
from the predicted spectral reflectance. Using the chromatic-
adaptation transform from the CIECAMO02 color-
appearance model,” corresponding colors were calculated
from each illuminant to D65. The corresponding tristimulus
values were converted to CIELAB using D65 as the reference
white. A weighted CIE94 color difference was then calculated
between pairs of corresponding colors where hue incon-
stancy was penalized twice as much as lightness or chroma
inconstancy, as shown in following equation.

AL* 2 Ac;b 2 AH;b 2 |1/2
Cl=|| — | +| — | + , (1)
28, 28, Sy
where
AL*= Lreferic - Ltestic
AC:;b = Crcfcr_c a Ctest_c
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AH;b — [(AE*)Z _ (AL*)Z _ (AC*)Z]I/Z

AE* = [(AL*)Z + (Aa*)z + (Ab*)z]l/z

Sp=1
Se=1+ 0.045(7;fmtest
Su=1+ 0'015C:efer,test
C:efer,test =N C:efer,c : C:est,c’

where AC’ represents the difference of chroma, AH’ rep-
resents the difference of hue, and subscripts refer and test
define reference and test illuminants, respectively.

In this research, the CII was calculated for CIE il-
luminant F11 (narrowband fluorescent) as the test il-
luminant compared with D50 as the reference illuminant. A
CII histogram of the virtual sample set is shown in Figure 5.
Many ink combinations have appreciable color inconstancy.
As a rule of thumb, samples with excellent color constancy
have CII values below unity.

Graininess was another image quality metric used to
select seed samples. For halftone imaging, graininess arises
in part from variations in the shape, size, edge roughness,
and the scattered ink between the individual halftone dots.
Graininess is greatest for images at low area coverages where
halftone dots are isolated and have high contrast compared
with the paper substrate. Many of the physical processes that
give rise to these variations are uncorrelated from dot to dot.
This lack of correlation will lead to a frequency-independent
noise power spectrum. Several methods'®' to evaluate
graininess objectively have been proposed with a priori
knowledge of the halftone algorithm. In this research, the
halftoning algorithm was unknown. As a consequence,
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prints sampling the colorant space were scanned and an em-
pirical model was developed to predict image statistics from
the six image planes.

Zhang'® described a model that extended the standard
CIELAB AE, equation, known as the S-CIELAB metric, to
determine perceived differences in color images. The
S-CIELAB metric was originally designed to measure color
reproduction error using the spatial extension of CIELAB. In
this research, a modified S-CIELAB metric suggested by
Johnson'” was used to measure the uniformity of halftone
prints. RGB image scans were transformed into an
opponent-colors space, AC,C,, and a spatial filtering opera-
tion applied to simulate spatial blurring by the human visual
system. The average CIEDE2000 color difference was then
calculated as a Graininess Index, GI, from the mean CIELAB
value of the original color patch transformed from the
scanned RGB values by device characterization and CIELAB
values in the blurred color patch, as shown in the following
equation:

n
pixel=

1 (CIEDEzOOO(La bblured,pixel’ Labmean))

Gl= (2)

n
An Epson Perfection 2450 Photo scanner was used to
scan the prints at its maximum optical resolution of
2400 pixels per inch (ppi). However, we did not character-
ize and account for its spatial image quality and as a conse-
quence, creating spatially filtered images as a function of
cycles per degree of visual angle based on specific viewing
distances and the printer addressability did not well predict
visual inspection. As a consequence, images were calculated
for a range of viewing distances between 3 and 18 in. and
viewed on a high-resolution LCD display at a typical viewing
distance. It was found that the viewing distance of 5 in.,
corresponding to 212 cycle per degree of visual angle, gen-
erated appropriate images for the graininess calculation.
For each ink, color ramps were printed and the GI cal-
culated for each patch. As expected, the black ink patches
resulted in much higher graininess than the other color
ramps; the black ink had the lowest luminance factor (high-
est density) of the six inks and when compared with the
white substrate, resulted in the largest luminance contrast,
the dominant contributor to graininess. Conversely, the yel-
low ink had the highest luminance factor (lowest density)
resulting in low luminance contrast compared with the sub-
strate, and as a consequence, low graininess. The graininess
indices for the black and yellow ramps are shown in
Figure 6. The extreme graininess indices are caused by im-
purities on the target and scanner even though they were
cleaned several times. Detector noise also contributed to
these extrema. For the black ink, graininess was most evi-
dent in the midtones where the slope was constant. Hence,
the print medium has maximum contrast, and the eye can
more readily distinguish small luminance factor differences.
Because of the halftoning complexity, it was not possible
to create an effective model that predicted graininess from
digital signals. Instead, a cellular approach was used where
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Figure 6. Graininess Index for black and yellow ramps.

within the cell, the average graininess was used. The six-
dimensional colorant space was divided into small cells cor-
responding to four levels of area coverage: none, a little,
most, and full. The mean graininess for all samples in each
cell was then calculated representing the graininess of all ink
combinations in the cell. Although this statistical model
could not predict the graininess for each individual ink com-
bination accurately, it did decrease prediction noise and pro-
vided an average graininess index for a group of adjacent
samples in the colorant space. Because the purpose of this
research was to develop a color separation algorithm that
optimized image quality attributes, the precise models for
the criteria of print quality, such as graininess and smooth-
ness, can be improved when implemented in practice.

One main goal of adding inks beyond CMYK is to ex-
tend color gamut, a desirable feature of color reproduction.
The color gamut produced by CMYK inks (dashed line) is
compared with to the extended color gamut (solid line) with
the additional inks, Green and Orange, shown in Figure 7.

Generally a look-up table cannot utilize the whole color
gamut because of its regular shape and some small parts are
lost in the corners. If selected seed samples are not at the
boundary of the color gamut for the cells at the edge, the
color gamut of the look-up table based on these seed
samples would be further decreased. Therefore, seed samples
for the cells on the edge of the gamut should be selected as
close as possible to the gamut boundary. To this end, the
chroma (C;b) metric was used as one of the selection criteria
for the cells on the edge. The calculation equation for
chroma is shown in Eq. (3)

C;h =\a? + b, (3)

As described in the algorithm section, the initial seed
sample set was updated for smoothness. A Gaussian func-
tion was used to smooth the initial seed sample set and a

smoothed virtual sample set created. The distances between
candidate samples and smoothed virtual samples in each cell
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Figure 7. Gamut comparison befween the CMYK ink set (dashed line)
and the CMYKGO ink set (solid line) on the a*b* slice with L*=55.

were calculated and taken as a smoothness index, SI, shown
in the following equation where ac represents area coverage

6
SI= 2 (aci,orig - aci,smooth)z' (4)
i=1

EXPERIMENTAL

The algorithm was tested using an Epson printer Pro 5500 to
create color profiles optimized for the perceptual metrics.
The experimental environmental temperature was controlled
from 22 to 24°C. Epson’s proprietary halftoning algorithm
was used. Each color plane had 8 bit addressability, i.e., 256
levels (28=256). The method of changing drop size with
increasing signal value was also proprietary. The amount of
ink printed on the paper was controlled by creating six-
plane, colored images. All samples were printed on Epson
photo quality ink jet glossy paper, model number
KA3N20MDK. Printed samples were dried for 1 h before
measurement to ensure colors reached equilibrium. Each
printed page included a custom target to ensure print-to-
print repeatability.

The spectral measurements were performed using a
GretagMacbeth Spectroscan spectrophotometer, having a
4 mm aperture with a 45/0 annular geometry and a wave-
length range from 380 to 730 nm in 10 nm intervals. Only
data between 400 and 700 nm were used, and colorimetric
values were calculated for illuminants D50 and F11 and the
CIE 1931 2° standard observer.

As described above, the spectral CYNSN printer model
was developed and a large amount of virtual samples pro-
duced. The color constancy index and graininess index of
each sample were calculated. The CIELAB space was divided
into 16 X 16 X 16 cells, and each sample was assigned to a
cell based on its colorimetric values. In each cell, different
samples representing different ink combinations all achieved
nearly the same color. The selection criteria were limited to
color gamut, color constancy, graininess, and smoothness of

the look-up tables.
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The initial selection criterion is shown in the following
equation:

C, cIl GI
11— + kz + k3 .
max(C,) max(CII) max(GI)

(5)

CII represents the color inconstancy index, GI the graininess
index, and C;b chroma. The parameters k;, k,, and k; were
used to adjust the weight of each metric. The chroma factor
has a negative sign so that quality is improved as the metric
decreases in magnitude for all the metrics. In one imple-
mentation, the weighting coefficients, k;, k,, and k3, were set
to 4, 1, and 0.5, respectively, as shown in Eq. (6). The large
weighting was applied to chroma because a large color
gamut is desirable. Note that the chroma metric was only
applied on the cells of the gamut boundary. Color incon-
stancy was weighted twice the magnitude of graininess. In
this implementation, CII was deemed the main contributor
of image quality. Furthermore, it was recognized that the
graininess index had limited accuracy because the halftoning
was unknown.

C, CII GI
[ +0.5 = .
max(C’,) max(CII) max(GI)

Q=—4x (6)

A sample with the minimal Q value was selected in each
cell according to Eq. (6). As these selected samples distrib-
uted in CIELAB space irregularly, a three-dimensional, non-
uniform interpolation algorithm is used to create a uni-
formly spaced 64 X 64X 64 CLUT for each color plane. To
perform the interpolation, the Matlab® function, “griddata”
that uses Delaunay triangulation,”*' was used.

However, the look-up table based on the initial selected
samples was not smooth, as shown in Figure 8, and area
coverage fluctuations were observed. A large amount of can-
didate samples can decrease the fluctuations but cannot
erase all of the fluctuations, so a smoothing program was
developed as described in the perceptual metrics section.

The final look-up table was a trade-off between larger
gamut, look-up table smoothness, color constancy, and
graininess. With the addition of smoothness, the selection
criterion was defined by Eq. (7)

C, CIl GI
Q = - kl— + k2 + k3
max(C;b) max(CII) max(GI)
SI
+ky——, 7
4max(SI) @)

where SI represents the smoothness index of the look-up
table, and k;, k,, ks, and k, were set to 2, 1, 0.5, and 1,
respectively.

The look-up table created by the selected samples with
the addition of smoothness index is plotted in Figure 9.
Comparing Figs. 8 and 9, it is possible to see that the
smoothness of the look-up table was improved significantly,
though small fluctuations still can be detected.
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Figure 8. The inferpolated area coverage for cyan ink at L =44 without the smoothness application.
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Figure 9. The interpolated area coverage for cyan ink at L*=44.0 with smoothness applied.

In order to analyze the method thoroughly, three addi- CII
tional look-up tables were created according to different Q=——"7"—, (8)
metrics for comparison to the above described six ink max(CII)
look-up table using all the metrics. They included two single 2) Look-up table with minimum graininess
metric look-up tables based on color inconstancy and
graininess, and a four-ink look-up table without the green
and orange inks using all of the metrics. The selection GI
metrics for these three look-up tables are shown in the fol- Q= m’ ©)

lowing equations:

) o ) 3) Four color (CMYK) look-up table with all metrics
1) Look-up table with minimum color inconstancy

index
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Table II. Performance of look-up tables with different metrics.

Six ink Four ink
Metrics Combined CLUT  CILCLUT ~ GI CLUT  Combined CLUT
Mean ClI 1.16 0.74 1.54 2.55
Mean AEy, 2.33 2.22 3.28 2.39
Mean Gl 0.68 0.86 0.63 0.76
Mean RMS 1.6% 1.6% 1.8% 1.5%
Gamut volume (CIE94)  1.9910°  1.95%10° 2.01x10° 172x10°
C, cl GI
Q=—-2%_ 4+ ———+05% ———
max(C")  max(CII) max(GI)
SI
+ . (10)
max(SI)

RESULTS AND DISCUSSION

In order to quantitatively analyze the performance of these
look-up tables, a verification target was created that included
a 21 step gray scale, the GretagMacbeth ColorChecker Color
Rendition Chart, and the GretagMacbeth ColorChecker DC.
The CIELAB values were based on direct spectrophotom-
etry. The verification target was printed with the different
look-up tables created by the different metrics: the six ink
combined metric (Eq. (7)), the CII metric (Eq. (8)), the GI
metric (Eq. (9)), and the four ink combined metric (Eq.
(10)). As a qualitative evaluation, several pictorial images
were also printed that included portraits, nature, and color
gradients. These were evaluated visually.

The four printed targets were measured, and the CII
and GI were calculated using direct spectrophotometry and
scanning, respectively. The color differences between the
original and reproduction were also calculated using the
CIEDE2000 equation for Illuminant D50 and the 2° stan-
dard observer. The spectral RMS difference between the
measured and predicted samples by the CYNSN model was
calculated to check the accuracy of the print model. The
gamut volume was calculated in CIE94-corrected CIELAB
space'” because it is more perceptually uniform than
CIELAB space. The results are shown in Table II.

The results in Table II indicate that the CII metric
look-up table (CII CLUT) provided the best color constancy
(mean CII=0.74), the graininess metric look-up table (GI
CLUT) provided the minimum graininess (mean GI=0.63),
and the six ink look-up tables, including six ink combined
CLUT, CII CLUT, and GI CLUT, increased color gamut vol-
ume about 16% compared with the four ink look-up table.

Comparing actual image prints under different light
sources in a light booth, the prints created by the CII metric
LUT had more stable colors than other prints, however,
graininess was observed. The graininess metric LUT created
smoother prints but their colors varied under different light
sources. Overall, the six ink combined look-up table pro-
vided the best performance. This visual observation sup-
ported the quantitative results listed in Table II.
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Table 111, Statistical CIl of four-ink samples and six-ink samples in the same four-ink
gamut.

95th
Minimum CIl -~ Average CIl  Percentile (Il Maximum Cll
Four-ink sumple group 0.008 323 10.54 14.40
Six-ink sample group 0.004 232 8.12 14.82

Based on evaluating each ink plane of these look-up
tables, the CII metric look-up table used more black ink
whereas the graininess metric look-up table combined more
chromatic inks, as expected. Black inks generally provide
relatively flat spectral properties in prints which tend to
achieve higher color constancy, yet increase graininess. On
the other hand, the samples composed by chromatic inks
tend to have jagged spectral curves causing larger color in-
constancy. These tendencies, however, are a simplification.
For detail on the relationship between the spectral reflec-
tance and color constancy, see Ref. 22.

Color reproduction accuracy was primarily a function
of errors in the printer model and interpolation, and sec-
ondarily measurement uncertainty and print variability. The
accuracy differences among these look-up tables were mainly
caused by errors of the printer model rather than interpola-
tion because they used the same interpolation technique.
Generally the printer model had relatively higher accuracy
for samples with larger black ink components because of low
prediction errors from spectrally flat black inks. Therefore,
the CII metric look-up table achieved relatively higher color
reproduction accuracy than the graininess metric look-up
table.

The four-ink look-up table could not provide good per-
formance because it did not include green and orange inks.
In order to further analyze the advantages provided by these
additional inks, the color inconstancy indices of samples
composed of four inks, CMYK, were compared with that of
the samples composed of six inks, CMYKGO, within the
intersection of the two color gamuts, that is, the CMYK
gamut. That is, the samples in the extended gamut were
omitted. The CII statistics for these two groups of samples
are shown in Table III. It clearly indicates that the additional
inks not only extended color gamut but also provided more
potential to improve perceptual image quality.

CONCLUSIONS

An algorithm was developed to deal with the one-to-many
mapping problem when building color look-up tables for
multi-ink printing. The unique feature of the algorithm is
the combination of color constancy and the graininess as
selection criteria among ink combinations yielding a similar
color. The algorithm was tested with several targets and
demonstrated improvements in perceptual image quality.
Furthermore, one can imagine a number of criteria that can
be used as selection metrics, individually or combined, such
as ink amount, sharpness, maximum black ink amount, and
print precision. A theoretical analysis is also warranted to
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understand the interrelationships between the number of

inks, their spectral properties, color constancy, and color
gamut.
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