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Abstract:  The purpose of 7-ink CMYKRGB printing, with FM screening,
is to extend the color gamut beyond what can be achieved in the conventional 4-
ink process. Due to the addition and proportionality failure of inks. the
characterization of the 7-ink printing process is more complex than the
characterization of 4-ink printing process. The approach carried out in this study
lowers the complexity of the characterization problems by subdividing the 7 inks
into 6 subsets of 4-ink grouping. Each subset comprises 3 chromatic inks and
black ink. The masking-type (2nd) and the Neugebauer-type (Cellular
Neugebauer) algorithms, based on the use of colorimetric transformations from
ink to color, were derived to model the 6 subsets of 4-ink grouping. The results
showed that the 2nd model performed better than the Cellular Neugebauer model.
Additionally. the separate test target is required for the characterization of neutral
and near-neutral colors to further improve the accuracy of predictions for the
models derived. It was also found that the highly saturated colors having less gray
contents provide the severe test to the derived models’ performance.

INTRODUCTION

The colors reproduced in multi-color printing tend to become darker provided

‘Dept. of Graphic Communication and Technology, The World College of
Journalism and Communications <lo@ge.wejc.edu.tw>

“Shen’s Art Printing Co.<raymond @shen.com.tw>

*Institute of Paper-Making and Graphic Arts, Chinese Culture University
<lester@shen.com.tw>

716



that more inks are used due to the subtractive interaction of inks and the incident
light. The purer and more colorful colors of red. green and blue are difficult to be
reproduced using the traditional set of CMYK primary inks, since they have to be
produced by overlapping two inks of CMY primaries. However, more optimal or
desired colors of Red, Green, and Blue can be obtained using the single Red,
Green and Blue inks respectively instead of using 2-ink overprints of the CMY
primaries. Furthermore, the gamut of printable colors can be extended by
augmenting a set of CMYK inks with additional inks. The expansion of regions
include darker tone, and especially the quarter and three quarter tones. The
Frequency-Modulated (FM) (Humbel et al. 1992) screening, an technique
promising an end to the moire problem, makes this job easily to be implemented.

Subdivision Approach and Modeling Color Behavior for 7-ink
Printing Process

The purpose of this study was to use 7-ink CMYKRGB printing process, with
FM screening, to extend the color gamut beyond what can be achieved in the
conventional 4-ink printing process. The approach carried out is based on the
scheme suggested by Harold Boll {1993}. The 7 inks, CMYKRGB, were grouped
into 6 subsets of 4-ink grouping (see Table 1}. These 6 subsets are KRYG, GKYC,
KGCB, BKMC, KBMR, and RKYM. Each subset consists of 3 chromatic inks and
black ink. These 6 subsets of 4-ink groupings represent 6 adjacent and overlapping
subgamuts of the 7-ink CMYKRGB supergamut in color space (as shown in
Figure 1). Each subgamut reproduced using the corresponding inkset was
individually characterized as a conventional CMYK color gamut. The device
characterization here is defined as the provision of data for developing a
mathematical transformation which determines the conversion between device-
dependent data and device-independent colorimetric data based on the CIE
system. Thus, the characterization of 7-ink printing process in this study is
modeling method developed by measuring a number of colors produced using
each subset of 4-ink grouping to define the transformation separately.

Table 1. The category of 4-ink grouping

Dominant Component | Subgamut Key Component
(ink) (ink)
Yellow KRYG Black (K)
Green GKYC Green (G)
Cyan KGCB Black (K)
Blue BKMC Blue (B)
Magenta KBMR Black (K)
Red RKYM Red (R)
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Figure 1. View of 6 subsets of 4-ink grouping including KRYG, GKYC, KGCB, BKMC,
KBMR, and RKYM in CIELAB color space

A colorimetric equivalency is present between the CMY and black inks in the
traditional CMYK printing process. The typical term-GCR (Gray Component
Replacement) refers to the removal of the third contaminant color (i.e. gray
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component) produced from a combination of three primary colors, CMY ,and its
replacement with black instead. Similarly. a term-KCR (Key Component
Replacement) was used in this paper. It refers, e.g. in KRYG subgamut, to reduce
or remove a key component-black (i.e. gray) made up of paired inks R and G, and
replace it with a corresponding amount of black ink. As listed in Table 1, the key
component in the subgamuts of KGCB and KBMR is black as the subgamut of
KRYG. The black ink in the subsets of KRYG, KGCB, and KBMR is thus called
key ink. As for subgamuts of GKYC, BKMC, and RKYM, the key components
are green, blue and red respectively. Theoretically, using KCR (for instance in the
subset of GKYC), the key component green, made up of paired inks yellow and
cyan, could be reduced and replaced with an equivalent amount of green ink.

Review of Mathematical Models For Characterizing Printing Devices

One fundamental question for a color reproduction system in Graphic Arts
{Pobboravsky and Pearson 1972) is:

“What is the mathematical relationship between how a color looks and the
amuounts of printing colorants required 1o produce a visual match? .

This is the question concerned with the form of a mathematical
transformation to correlate between the output primary signals generated and the
input required. In practical application, an optimal reproduction of a color image
is needed to transform between the device-dependent, and device-independent
coordinates, thereby the appearance of any colors can be colorimetrically
specified.

Basically, printing mathematical models can be mainly divided into two types
of equations: Neugebauer-type and Masking-type. Each mathematical model
includes two forms: a forward and a reverse. The forward process calculates the
CIE tristimulus values from a set of printing device primaries, for instance, CMY
or CMYK for conventional printing devices; or RYG or KRYG for one of
subgamuts used in this research. The reverse process predicts a set of primaries
from a corresponding set of tristimulus values. The section below introduces some
mathematical models, including the Neugebauer-type and the Masking-type,
applied for characterizing 7-color imaging device in this research.

Neugebauer-type Equations

The Neugebauer-type model (1937) is a theoretical approach in relation to the
ink amounts of the color considered when a color is produced by halftone process.
It predicts the colors which result from small halftone dots using data from large
solid areas or 100% fractional dot areas (FDAs), known as Neugebauer Primaries.
The Algorithm is essentially an additive color model, based on the additive color
theory and the assunmption that the halftone dots are randomly distributed on the
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print. The resultant color appearance on a print seen by an observer is due to the
fusion of the reproduction primaries (Cyan, Magenta, Yellow, Red, Green, Blue,
White, Black for three-color CMY reproduction) in the eye. In other words, the
tristimulus values of the reproduction color pixel can simply be obtained by
summing the tristimulus values of the combination of Neugebauer primaries, and
weighting each by the relative fractional dot area.

The basic Neugebauer model computes the FDAs related to the halftone (tint)
dot areas of the single-colored CMY on paper, using the Murray-Davies equations
(Murray 1936).

If the XYZ tristimulus values of the eight Neugebauer primaries in a three
color reproduction system are represented as below:

Color Tristimulus Values
White Xows  Yews Zpw
Cyan Xese  Yeso  Zes
Magenta Xuss  Ymss  Zus
Yellow Kyso Yyve  Zys
Red Xess  Yrse  Zgs
Green Xgss  Yas.  Zgs
Blue Xase  Ypso  Znps
3-color (Overprint) Xicss Yicss Zacs

the basic Neugebauer-type model can be expressed as Eqn. 1.

X = fp Xow + . Xes + £, Xus  + fy Kys + £ Xgs +
fg Xas + [ Xes + i Xis
Y = fp Yow + fYes + £, Yy + fy Yvo + f Yis+
fg Yos + f, Yes + i Yies
Z = fp Zew + £ Zcg + f,.Zys + fy Zyg + fZgs +
f, 268 + f,Z2us + £ Zses (1
where

e X, Y, Z are the tristimulus values of the color resultant or to be matched.

o f{ivalue is the fractional dot area (FDA) of the paper covered by the indicated
primary (the value ranging between 0.0 and 1.0).

¢ subscripts p, c, m, y, r, g, b, 3c refer to the Paper White, Cyan, Magenta,
Yellow, Red (i.e. Magenta + Yellow), Green (i.e. Cyan + Yellow), Blue (i.e.
Cyan + Magenta) reproduction primaries (tints) respectively.

However there are a number of problems limiting the accuracy of the basic
Neugebauer model. The major problem arises from the scattering of light within
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paper because the reflection does not occur at the ink-paper interface. This effect
needs 1o be correctly predicted for an accurate color reproduction. Although the
Murray-Davies equation does take this into account, it cannot predict this effect
accurately.

Yule and Nielsen (1951), Clapper and Yule (1955), and Yule and Colt (1961)
suggested that more accurate predictions could be made if the Neugebauer
equation was modified to include an appropriate power factor (known as » value)
to account for the internal reflections and scattering within the paper. With a
power law. the basic Neugebauer model discussed above was modified to include
an exponent (1/a) for the tristimulus values in both sides of equation. This is
known as the Yule-Nelson modified Neugebauer model. With the addition of a
Black primary (K), the number of possible overlaps is 16 rather than 8. The
previous Neugebauer equations can be further extended to include the original
eight primaries and the overprinting of the black primary.

The previous two Neugebauer-type models introduced were limited to use
only a set of 8 samples or 16 samples for three- or four- colour cases respectively.
Heuberger et al. (1992} found that the Neugebauer-type models. with the addition
of partial dot area coverages, could produce more accurate results than the original
model. A more accurate modified Neugebauer model can be derived using more
than eight sample prints in a three-colour reproduction. The addition of these
partial overprint samples is equivalent to partitioning the CMY space into
rectangular cells and expanding the Neugebauer-type equations within each cell.
Hence. a set of dot areas ¢, m, y can be represented as a point in a three-colour
CMY space. This type of model is referred to as the Cellular Neugebauer-Type
Model.

The forward process of the Neugebauer-type models calculates the XYZ
values directly from the dot area values (FDAs) of primary inks. The FDA values
have to be calculated by a numerical method in the reverse process.

Masking-Type Equations

Another model used to correlate the printing primaries and the CIE XYZ
system is the masking-type model. The technique used for deriving the forward
and reverse processes in the Masking-type Models is the same. Therefore. only the
forward models are introduced here.

The original first-order masking equations were devised by Yule (1938). it
assumes the occurrence of additivity and proportionality of ink densities as the
halftone dot area. or colorant concentration or film thickness changes. Thus a
simple linear transformation would be sufficient to establish the amount of inks
required in the reproduction in order to match the three color intensities in the
original copy. In practice, serious departures from additivity and proportionality
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arise because of the halftone screen and turgidity of the media. Hence. Clapper
(1961) suggested an expansion of the original masking equations with the
inclusion of 2nd-order terms to give a more accurate prediction than that of the
first-order model. Yule (1967} subsequently suggested that greater accuracy could
be obtained by using higher order polynomials such as 2nd-order and 3rd-order.
The forward 3rd-order masking models used in this research are given in Eqn. 2.

2 2
D, = ac + a,m + ay +a,¢0 +oamt o+

a, y: +a.cm +toagcy ‘ta,my + a, ¢+

a,m  ba.y tazdm  ta,cy ta.micH

a,m'y +a,y'c +ayym +a,cmy )
where

s similar terms are used for calculating D, D,

a; represent the coefficients.

e ¢, m and y values (normalized into 0.0 to 1.0) are the principal
colorimetric densities on paper which can be obtained by establishing a
one-dimensional look-up-table (1LUT) between the fractional dot areas on
film (FDAs) and colorimetric densities on paper for each of three
primaries.

The LUT is a technique whereby the relationship between two variables is
specified as a table in which one group of variables is defined on one column of
table, and the related group of variables listed in the other column. Therefore, the
relationship between two variables can be linearly interpolated. The a. b, and ¢,
coefficients can be optimized using a least-squares technique (e.g. derived by
Lawson and Hanson (1972)) to give the closest colorimetric predictions to those
measured. The D, D, D, and ¢, m, y are given by:

D= log( X,/ X)

D= log{ Y, 7Y )

Dy=log(Z,/2) (3)

c = log{ X,/ X.)

m=tlog(¥Y,’  Y,)

y =log(Z,7272,) 4
where

s (D. D, Dy and (X, Y. Z) are the red-, green-. and blue- colorimetric
densities and tristimulus values of a color stimulus respectively.
Xo Y, and Z, are the tristimulus values of the paper substrate {white).

* X.. Y,.Z, are the X value for the cyan, Y value for the magenta, and Z
value for yellow tints (halftone) respectively.
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In the following part of this paper, the D,, D,. D, are represented by D, <., D,
Dy and Dy, Dy Dy respectively for a three-color component and a
reproduced {or original) four-color pixel respectively considered in one of 6
subgamuts. The ¢, m, y. for instant for KRYG subgamut, are substituted by D ;.
D, . Dy (called representative colorimetric densities in this study instead of
principal colorimetric densities used by Lo et al. (1994)) for each of three single-
colored tints of Red, Yellow. and Green Colorants respectively. The red-. green-,
and blue- colorimetric densities of black ink are also calculated using Egn. 3.

Lo et al. {1995) extended Johnson et al. (1995) and Luo et al. work (1992) to
augment the three primaries CMY with black ink. Various BPA (Black printer
Algorithm)} models including Sub-Additivity Equations(SAE). Modified Sub-
Additivity Equations (MSAE). Third-Order Polynomial Equations (3rd), and
Second-Order Polynomial Equations (2nd). were derived and each consisted of
both forward and reverse processes. The 2nd model was performed the best found
in their results. In this study, the 2nd model was thus further extended and applied
to characterize the 7-color printing process. The 2nd BPA model assumes that the
three-color component and black component (i.e. key component) are two
separate parts in CMYK four-color printing. Basically, this model is similar to the
2nd-order masking model in the three-color reproduction to apply all possible
cross terms. In this case, 27 terms were used to inciude all possible combinations
of (D,, Dy, Dy}, and (D,, D,, D). The forward algorithm is given in Eqn. 5.

DLy = 2, Dy + a5, D, + a5 Dy +
a, Dy + a;s Dy + @y, Dyy +
a,; D7 +oag ng-.‘«c +oa,, D +
a,, DYy oagy ng-k +a,,D%, +
a3 D Dpae 72y D Diyse + a3 D Dy
a3 D Dn + 80D Doy + a5 D Dy
a0 DD 2D Dy + a0 D Dy +
4120 Doae Doy v a5 Dyse Dy @104 Dy Dy
a5 Dy Dy + a5 Dy Dy + a5, Dy Dy 5
where

o similar terms are used for calculating D, .. Dy 4.

s g, arc the optimized coetficients (i= | to 3 for D,, D, and D, respectively)
obtained by using the Lawson and Hanson ieasbsquéres technique to give
the closest predictions to those the measured colorimetric data.

¢ (D . Do Do) (D Dose Dsdl (D D1 Do) terms are the red-,
green-, and blue- colorimetric densities of the four-color, three-color
component, and key component respectively.

o The key components are black (K), Green (G), black (K)., blue (B). black
{K). and red (R) for subsets of KRYG, GKYC. KGCB, BKMC. KBMR.
and RKYM respectively.
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EXPERIMENTAL

Color Chart (Test Target)

The printing device selected was Screen Flat Bed Proofer. A printer
characterization data set, i.e. a 6x6x6x6 matrix color chart was output for
each subset of 4-ink grouping KRYG, GKYC, KGCB, BKMC. KBMR, and
RKYM using an Imagesetter Aventra44 with FM screening, using the Agfa
CristalRaster technique. It was then produced using the respective ink sets.
Each subset was composed of 3 chromatic plus black inks as shown in Table
1. The samples in these data sets were squares of approximate 0.8 centimeter.
Each color chart consists of 1296 patches, which represent all combinations
of 4 inks varying in 6 values equally spaced over the fractional dot areas
(FDAs) range of 0 to 100 with a 20 unit interval. In the KRYG color space
(subgamut), for instant, each axis represents one of the four KRYG primaries
and was divided into 6 divisions. In each subgamut, the first cube data set,
produced using only three primaries without key primary ink (see Table 1)
was used to derive the 3rd-order masking model. The overall samples in each
subset were used to derive two characterization models for each
corresponding subgamut. The component, referred to as dominant in each
grouping, tends to be present to a greater degree than the other two chromatic
components. Each 4-ink subset differs by only one ink from each of two
adjacent subsets. This ensures that the entire superset of 6 color charts is a
reasonable representation of all colors reproducible using 7 inks.

Measurements

The spectral reflectance values of each sample, from the previously
produced data sets, were obtained by using a Macbeth Color-Eye 3100
spectrophotometer. The measurements were performed at d/§ geometry of
illuminating and viewing. Samples were taken over the range across the
visible spectrum 360-740 nm with a 20 nm interval. Tristimulus values were
calculated. against the real D50 light source of the viewing cabinet, using the
method derived from Stearns (1975, 1985) abridged weights” method.

Printing Characterization Models derived for 7-ink printing process

Two printing characterization models were derived and used to
characterize each subset of 4-ink grouping. These were: the second-order
polynomial model (designated as 2nd as described above) and the Cellular
Neugebauer-type model.
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Additionally, a third-order (3rd-order) masking model considering
three-color components was included in the 2nd model derived. Only the
computational procedure used in the 2nd model will be described using
diagram below because it is more complicated than that used in the Cellular
Neugebauer-Type model. As mentioned earlier, each subgamut reproduced
using the corresponding inkset was individually characterized as a
conventional CMYK color gamut. Figure 2 shows a schematic diagram for
the computation of the forward 2nd model using the subset of KRYG as an

( FDAL FDA, FDA, > FDA

\ 4
LuT
Forward
3rd-order Masking
Model

Forward 2nd Model|

v
(0,D,0,),,

Log Density
Function

A 4

‘ XY.2Z )

Frgure 2 The Computational procedures used in the forward 2nd mode! for charactenzing
T-uih prinunyg process { e.g om KRYG Subgamut

example. The FDAs of KRYG inks are the input values. The FDAs of RYG
are first converted to the representative colorimetric densities (i.e. D g Dy,
and Dy ; respectively) via LUT, and the red-, green-, and blue- colorimetric
densities of three-color component (i.e. (D, D,, D,),) are then computed
using the forward 3rd-order masking model. The FDA of K ink is used to
obtain the red-, green-. and blue- colorimetric densities of the key component
(D.. D, D), (i.e. black) via the LUT. Subsequently, a forward 2nd model! is
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applied to predict the (D, D,, D,),. of a resultant color by adding the key
component (D,, D,, D), to the three-color component (D,, D,. D,). obtained
in the earlier stage. Finally, the predicted tristimulus values (XYZ) are
transformed from (D,, D, D,),. using log density functions (Eqn. 3).

X.Y,ZD, 0l

ker

ke<D,
&

(D.D, Dy,
<

LUT of Hue

(D,D,D,)

3c-max

Yes

| subgamut of KRYG | (case2)
No (case 3)
I Log Density Function I
K &My X ke
ke=min[(D,.D, D,), ] y
(0,D,,Dy),, FDA=0

(DD, D,)5=(D,Dy D)y

\ 4
No LUT
Neutral colors
&
FDA,
D,D_D,
© 2 e (Dr'DgLDb)k
D .D_D
(D0 Do Reverse 2nd Mod
Reverse
(D,.Dg:Dy)sc 3rd-order |
Yes (casel) Masking Mode

| ©.0,0),=0.0,0,.. |

|LUT of Black Inﬂ
\
( FDA, ’ FDA FDA,.FDA;

Figure 3. The Computational procedures used in the 2nd model complemented 1n supergamut
CMYKRGB for characterizing 7-ink printing process (¢.g. a target color predicted 1s
produced using the subset of KRYG)

The reverse process includes a reverse 2nd model, and a reverse masking
model. The reverse 2nd model can be considered as a key component
replacement (KCR) algorithm as described earlier. Figure 3 illustrates the
computational procedures of the full reverse 2nd model, applying key
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component replacement (KCR) in the supergamut CMYKRGB. Some
parameters need to be defined as shown below.

D, critical density point below which no key
component replacement is performed. This is
predetermined, say D, = 0.6.

{D.. Do Dydie cann the red-, green-, and blue- colorimetric densities
obtained from the sample produced using FDAs of
100% R, 100% G, and 100% B.

(D.. Dy D e the red-, green-, and blue- colorimetric densities
obtained from the sample produced using only key
{black) ink with 100 % FDA.

ke the key component defined by the smallest density
of (D, D, D).

r, the percentage of key component removed from
each channel of (D, D, D), This is also
predetermined.

K the key component removed from the set of the

input (D,, D,. Dy),, and replaced by key (black) ink.

In Figure 3, the XYZ values of a target color are first entered and then
converted into CIE 1976 a, b hue angle, Aab. The subset of 4-ink grouping, used
for producing the target color, is then determined via LUT of Hue (through Aab).
The XYZ values are also transformed into (D, D,. Dy),, using the log density
functions given in Eqn. 3. The next step is to predict the amount of key ink (K)
used. Only the black content will be used if the color considered is neutral and its
red-, green-. and blue- colorimetric densities ((D,, D,, Dy)y) are less than the
respective channels of solid black ink (i.e. (D, D,. D})i0 known previously). In
this case (designated as Case 1), the (D,, D,, D), will be set to equal (ID,, D, D).
and the FDA of black used will be specified via LUT of black ink. Otherwise,
Case 2 or 3 will be chosen. Case 2 excludes black ink (i.e. FDA, = 0). This is
determined by the smallest density of the (D, D, D,),, (i.e. ke less than Dy, ), and
(D, D,, Dy)y, less than (D,, Dy, Dy)sema Hence the (D, D, Dy),. are set equal to
(D.. D,. Dy)e.. In Case 3. the appropriate black content (i.e. K;,,) is calculated using
the initially defined ry, and followed by obtaining both the FDA, and (D. D,, D},
via the LUT. Then, the (D, D,, D,),. are obtained using a reverse 2nd model.
Subsequently. the calculated (D, D,, D), are used to obtain the representative
colorimetric densities of the other three primaries (i.e. D.s Dgy. Dy, in this
example) via the reverse 3rd-masking model for Cases 2 and 3. Finally. the FDAs
of RYG inks are obtained. As mentioned earlier. the r, is initially fixed. However,
this value can occasionally achieve (D 4. D, v, Dyg) > 1.0 or <0.0. In these cascs.
the r, will be optimized until a reasonable set of (D, D y. Dy) values can be
obtained.
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TESTING MODELS’ PERFORMANCE

The models derived were tested using all the characterization data sets which
were used to derive these models. For testing the forward models, the 10
colorimetric measures were used, i.e. mean values of |Ax], |Ay]. Au'v', A%| Y| ALY
IACE IAHLL, AE CIE L'a’b", AE CIE L'u'v", and AE CMC(1:1), For every color in
cach subset of 4-mk grouping, these 10 measures were calculated between the
measured and predicted XYZ values. The mean measures from all the samples in
each of the subsets of 4-ink grouping considered were used to represent the
forward models predicted performance. For the comparison of the reverse models,
the XYZ tristimulus values were first computed using predicted FDAs of four
primaries via the forward model previously derived, and then the 10 mean
measures mentioned above would be calculated between these predicted and
measured XYZ values, and were used to represent the reverse models predicted
performance. For simplification, the procedures for showing the performance test
will also use the colors in the subgamut of KRYG as examples.

The Performance of the Third-Order Masking Model

The 2nd characterization model derived here employs the 3rd-order masking
model (Eqn. 2). Thus the predictive and the reversibility performance between the
torward and reverse masking models was also checked in this investigation. The
forward model computes the XYZ from three primaries excluding key ink. and the
reverse model calculates three primaries used from XYZ. The evaluation was
carried out using 216 samples in the cube data set produced using no key ink. The
procedures for testing the predictive performance are given below:

Compare

(FDAR* FDAY* FDAG)Obscr\’cd - F()rward andel -> (XYZ)l’lcdlcxcdH{XYZ)Mcamuud

The observed FDAs of RYG inks of 216 colors were computed using the forward
3rd-masking model to predict the XYZ values. The agreement between the
predicted and measured XYZ values for the 216 cube colors in terms of 10
colorimetric measures. (as mentioned earlier) represents the 3rd-order masking
model reversibility performance. The results are given in Table 2. All measures
for a perfect agreement, should equal zero for both the predictive and reversibility
performance tests. The performance was considered to be very satisfactory. The
mean CMC AE value of 1.52, 0.79, 1.21, 0.81, 0.75 and 1.67 were for the
subgamuts of BKMC, RKYM, GKYC, KBMR. KGCB. and KRYG respectively.
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Table 2. Summary of the 3rd-order masking equation's performance using
the cube data set in each subset of 4-ink grouping

3rd-order masking model
Subgamut) !X IAvE | oAUy %A AL ACH IAH] AELaD* | AELUY | AE CMC(11)
BKMC 0.0044 | 0.0023 | 0.0045| 3.70 §0.76 | 075 | 0.81 1.91 285 1562
RKYM §0.0017 [ 0.0017 |0.0016 | 1.68 ]0.35]0.35| 045 0.97 1.14 079
GKYC J0.0030 | 0.0033 | 0.0025] 2.52 f052|057]0.71 1.55 1.84 1.21
KBMR 0.0028 {0.0024 { 00033 | 166 J034}038]048 1.34 1.83 0.81
KGOB 0.0010 | 0.0021 | 0.0020 1.91 0391026 | 046 1.08 1.17 075
KRYG §0.0052 | 0.0039 | 0.0037 | 2.82 §058|0.781.10 2,52 2.95 1.67

The Performance of the Forward Models

This test was conducted to investigate the predictive performance of the two
forward models derived. The test procedures can be summarized as below:

Compare

{(FDA_FDA FDA FDA o amerdForward model (XY Z)pcgned€> (XY Z hearea

The observed FDAs of 4 primary inks of each color in the characterization
data sets were input values to predict the XYZ values via each of two forward
models. The predictive performance for each model was investigated by
comparing the XYZ values between those predicted and measured, using the
printing characterization data sets. The results are summarized in Table 3.

Table 3. Summary of the forward models' predictive performance

2nd madel
Subgamut] |/x] oyl EAuv IBANYIHALY TIACHT |AH ] AE L*a't” | AE L'u'v” SE CMC(1: 1)
BKMC §0.0044 | 0.0037 | 0.0053 | 4.25 J0.84 | 068 | 0,80 1.98 2.43 1.54
RKYM F0 0028 |0.0021{00026] 258 J052|048 | 086 1.46 1.88 1.10
GKYC J0.0030|0.0048 |0.0030 | 2.85 0,57 | 0.70 | 0.64 1.87 1.99 1.26
KBMR §0.0051 100031100049 392 J 076|060 086 1.84 2.50 1.48
KGCB §0.002110.0031]10.00291 332 J066 ] 050 | 063 1.42 1.56 1.19
KRYG J0OD005210.0041 (00043 | 386 §077 | 091 1.21 231 278 1.95

Cellutar Neugebauer model
Subgamut] |Ax] | {Ay] | AUV IRAIVIRIALLIAC) | JAH [ AE et | AELUv § AECMC(HY)

BKMC J0.0156 | 0.00710.0138 | 942 J1.87 ]| 1.61] 2.14 5.26 7.58 3.82
RKYM §0.0086 | 0.0044 | 0.0070 | 534 |1.09 | 1.14 | 155 3.55 431 2.48
GKYC J0011710008510.0090] 970 §192]| 196 | 214 4.88 612 3.95
KBMR §0.00920.0198 | 0.0123 | 1100 §2.11 | 2.64 | 2.17 761 8.33 4.60
KGCB 100075 (00102100093 | 119502511129 225 472 5.36 407
KRYG 00082100062 (00103} 862 1199]132] 223 4.94 6.53 3.81
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The 2nd model with mean CMC AE values of 1.54, 1,10, 1.26, 1.48,1.19, and
1.95, for the subsets of BKMC. RKYM, GKYC, KBMR, KGCB, and KRYG
respectively. performed much better than the Cellular Neugebauer model with
mean CMC AE values of 3.82. 2.49. 3.95, 4.60. 4.07, and 3.81, for the subsets of
BKMC. RKYM. GKYC., KBMR, KGCB, and KRYG respectively.

The Performance of the Reverse Models

The two reverse models described earlier were also tested by examining the
reversibility performance between the forward and reverse models using the
characterization data sets. The forward model was used to calculate tristimulus
values from the FDAs of 4 primary for each subset of 4-ink grouping, predicted
using the corresponding reverse model. All measures should equal zero for perfect
reversibility between the forward and reverse models. This test was carried out
using the following procedures:

(XYZ)Mea&umd - Re\"ersc mOdeI - (FDAK* FDARs FDAY» FDAG)P:educted

)IYCompare
( Z’}Pl‘ednclcd - FOrWard mOde|

First, the reverse model (2nd or Cellular Neugebauer) was used to predict the
FDAs of 4 primary inks (possibly applied using one of the 6 subsets of 4-ink
grouping) from the measured XYZ tristimulus values for each characterization
color in the supergamut of CMYKRGB. Second. the corresponding forward
model was used to predict XYZ tristimulus values from these predicted FDAs of 4
primary inks.

Finally, the details of measures defining the reversibility performance were
obtained by comparing between the predicted and the measured XYZ values. The
results are shown in Table 4 for both of the 2nd and the Cellular Neugebauer
models.

The frequency histograms were also produced to display the distribution of
prediction errors using the CMC AE values. It gives a snapshot of the overall
pattern of variations. The smaller the number of high AE values, with narrower
distribution indicates a better performance such as that of the 2nd model. For a
perfect agreement, all AE values should be located at the zero point. Figures 4 and
5 show the distribution of the mean CMC AE values for the 2nd and the Cellular
Neugebauer models respectively.
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Figure 4. The AE(CMC) distributions for each of 6 subsets of 4-ink grouping

using the reverse 2nd model.
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Table 4. Summary of the reversibility performance for each of the reverse 2nd and Cellular
Neugebauer model

2nd model
Subgamut] [Ax] iy | AUV [BAYE AL ACTH AR AE Lra*d™ | AE L'u™v* |AE CMC(1.1)
BKMC J0.005110.004410.0063] 481 095|083 1.03 245 2.94 1.97
RKYM 00036 |0.0038]0.0040]| 407 J086 067 | 1.26 235 2.85 1.86
GKYC Q0005100068 00049 | 5902 122105} 1.23 3.08 330 2.33
KBMR JO0054100046 /00063 | 5868 F115|080 1 102 2.50 307 2.08
KGCB ]0.0048 [ 0.0045 00052 | 506 §1.01 1098 112 2.41 277 208
KRY(G J0.0055[00053]0.0050) 503 1100|081 1.63 2.78 311 2.44

Cellular Neugebauer Model
Subgamut] /x| Loyl | Ay %A l:ﬁ:;L‘ IACH IAH] | AE Lratd™ | “E L'uv JAECMC(1L1)

BKMC §0.0112100134|001221 568 108|139 | 272 4.71 4.90 3.71
RKYM §0.0084 |0.0055|00076 | 368 §077 | 108 | 222 3.33 397 285
GKYC 0.0094 | 0.0080[00077 | 486 §102| 1541 183 3.586 4.31 3.01
KBMR J0O0103]00102100093| 648 1392411 143 5.30 6.16 3.55
KGCB J0O 0086 | 0.0097 [0.0102] 678 11491204 183 4.53 5.21 3.60
KRYG JOO093{0.0111]00120| 628 §1.24 | 1681 177 4.50 480 3.17

It is clearly shown that the 2nd model performed far better than the Cellular
Neugebauer model for all the data sets. The variations of the mean CMC AE
values for the all subsets using the 2nd model were much smaller than those for
the Cellular Neugebauer model. The 2nd model predicted more accurate results
than the Cellular Neugebauer model as seen from all the subsets used for
characterization in table 4. The 2nd mode! gave reasonable predictions for all the
6 subsets. However, It was found that, to the neutral and near-neutrat colors (for
which (Dr, Dg. Db) are larger than (Dr. Dg. Db} of key ink in all the 6 subsets of
4-ink grouping) both of the 2nd and the Cellular Neugebauer gave the worst
predictions amongst the samples studied. This suggests that a separate test target
should be designed for the characterization of neutral and near-neutral colors.
Also. two modeis performed worse for the colorful samples having high saturation
and less gray contents than those not so colorful (i.e. with less saturation.) This
indicates that the highly saturated data set provides a more critical test than those
less saturated for the models derived.

CONCLUSIONS

Two models were successfully derived to characterize the 7-ink printing
process using FM screening. The following conclusions may be drawn:

Overall, the 2nd model performed better than the Cellular Neugebauer model.
For the forward models” performance, the 2nd model performed better than the
Cellular Neugebauer model. For the reversibility performance of the reverse
models. the 2nd model always gave better performance than the Cellular
Neugebauer model. The reversibility performance for the 2nd model was quite
satisfactory.
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However, a separate test target is required for individually characterizing
neutral and near-neutral colors due to the results obtained showing that both of the
2nd and the Cellular Neugebauer models gave worse predictions to those neutral
and near-neutral colors amongst all the data sets. Additionally, the highly colorful
samples provide a very critical test of the performance for the models derived,
since the results obtained showed that both of the characterization models gave
less accurate predictions to the purer and more saturated samples compared to
those of the samples having less chroma or more gray contents in all the data sets
from the 6 subsets of 4-ink grouping.
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