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ABSTRACT

We propose a new spectral prediction model as well as new approaches for modeling ink spreading which
occurs when printing ink layer superpositions. The spectral prediction model enhances the classical Clapper-
Yule model by taking into account the fact that proportionally more incident light through a given colorant
surface isreflected back onto the same colorant surface than onto other colorant surfaces. Thisis expressed by
aweighted mean between a component specifying the part of the incident light which exits through the same
colorant as the colorant from which it enters (Saunderson corrected Neugebauer component) and a component
specifying the part of the incident light whose emerging light components exit from all colorants, with a
probability to exit from agiven colorant equal to that colorant surface coverage (Clapper-Y ule component). We
aso propose two models for taking into account ink spreading, a phenomenon which occurs when printing an
ink halftone in superposition with one or several solid inks. Besidesthe physical dot gain present withinasingle
ink halftone print, we consider in the first model theink spreading which occurs when an ink halftoneis printed
on top of one or two solid inks. In the second more advanced model, we generalize this concept to ink halftones
printed on top or below solid inks. We formulate for both ink spreading models systems of equations which
alow to compute effective ink coverages as a combination of the individual ink coverages which occur in the
different superposition cases. The new spectral prediction model combined with advanced ink spreading yields
excellent spectral predictions for clustered-dot color halftone prints, both in the case of offset (75 to 150 Ipi)
and in the case of thermal transfer printers (50 to 75 Ipi).

Keywords: Color printing, color halftone, spectra prediction model, dot gain, ink spreading, dot surface
estimation, ink superposition conditions

1. INTRODUCTION

Since more than 50 years, attempts are being made to build models predicting the color of printed haftone
images. To offer accurate predictions, the models need to take into account, at least to some extend, the
phenomena determining the interactions of inks and paper and of light and halftone prints.

Many different phenomena influence the reflection spectrum of a color halftone patch printed on a diffusely
reflecting substrate (e.g. paper). These phenomena comprise the surface (Fresnel) reflection at the interface
between the air and the paper, light scattering and reflection within the substrate (i.e. paper bulk), and the
internal (Fresndl) reflections at the interface between the paper and the air. The lateral scattering of light within
the paper substrate and the internal reflections at the interface between the paper and the air are responsible for
what is generally called the optical dot gain (also known as the “Yule-Nielsen” effect).

In addition, due to the printing process, the deposited ink surface coverage is generally larger than the nominal
coverage, yielding a “physical” dot gain (sometimes also called “mechanical” dot gain). Effective ink surface
coverages depend on the inks, on the paper, and also on the specific superpositions of the different inks.

At the present time, according to the literature [1], [2], among the existing spectral prediction models, only the
well-known Y ule-Nielsen model [3] seems to be used in practice. Most other spectral prediction models (see
section 2) allow to explore various effects, but are either too complex or not accurate and comprehensive enough
to be usablein practice.
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The model we propose is an enhancement of the classical Clapper-Y ule model which models optical dot gain
of halftone prints by taking into account lateral scattering within the paper bulk and multipleinternal reflections.
Our model also takes into account physical dot surface coverages (physical dot gain) under al possible ink
superposition conditions.

We have developed our prediction model by adding successive enhancements of the basic Clapper-Y ule model.
The benefits of each of these enhancements is verified by comparing measured halftone patch spectra and
predicted spectra, for 729 patches, produced by generating all combinations of inks at nominal coverages 0%,
13%, 25%, 38%, 50%, 63%, 75%, 88% and 100%. We quantify the visual quality of color halftone patch
predictions by converting measured and predicted spectrafirst to CIE-XY Z and then to CIE-LAB [4, pp. 8-12].
The Euclidian distance in CIE-LAB (1976) space gives a measure of the visually perceived distance between
measured and predicted spectra. For deriving successive modd improvements, we observe the predicted and
measured spectra of patches where prediction and measurement disagree, try to give an explanation of the
underlying phenomena (e.g. ink spreading) and propose an appropriate modeling step.

The measurements are carried out with a photospectrometer having a 45%0° geometry, i.e. with a D65 light
source illuminating the printed sample at an angle of 45° and a sensor capturing the reflected spectrum at 0°
(normal to the printed sample).

2. EXISTING APPROACHESTO SPECTRAL COLOR PREDICTION

In early printing prediction models, theterm "dot gain" encompasses both the physical dot gain (the enlargement
of the printed dot) and the optical dot gain due to the lateral propagation of light (scattering within the paper
bulk and internal reflections at the interface between paper and air). The Neugebauer model [5] predictsthe CIE-
XYZ color coordinates (also called tri-stimulus values) of a color halftone patch as the sum of the color
coordinates of their individual colorants weighted by their fractional area coverages a;. By replacing the color
coordinates of colorants by their respective reflection spectraR;, one obtains the spectral Neugebauer equations
giving the predicted reflection spectra of printed color patches.

R(M) = g Ri(A) )
i

In the case of independently printed cyan, magentaand yellow inks of respective coveragesc, m, y, thefractional
area coverages of the individual colorants are closely approximated by the Demichel equations [6] which give
the probability of a point to be located within a given colorant area[1]

white: a, = (1-c)-(1-m)-(1-y)

cyan: a.=c¢c(1-m-(1-y

magenta: 8, =(1-c)-m-(1-y)

yellow: a, = (1-¢)-(1-m)-y (2
red: a =(1-c)-my

green: ay = c-(1-m)-y

blue: a, =c-m-(1-y)

black: a =c-my

where a, a., an, ay, &, ag, &, g are the respective fractional areas of the colorants white, cyan, magenta,
yellow, red (superposition of magenta and yellow), green (superposition of yellow and cyan), blue
(superposition of magenta and cyan) and black (superposition of cyan, magenta and yellow). The Neugebauer
model is a generalization of the Murray-Davis model [7] whaose colorants are formed by only one ink and the
paper white.



Sincethe Neugebauer model neither takes explicitly into account the lateral propagation of light within the paper
bulk nor the internal reflections (Fresndl reflections) at the paper - air interface, its predictions are not accurate
[8]. Yule and Nielsen [3] modeled the non-linear relationship between colorant reflection spectra and predicted
reflectance by a power function, whose exponent n is fitted according to a limited set of measured patch
reflectances:

1n
R(A) = (Zai . Ri(k)a (3)

Ruckdeschel and Hauser [8] analyzed the Y ule-Nielson model by modeling the lateral propagation of light
within the paper bulk by a point spread function H(x,y) The reflection spectrum R at the position (x,y) becomes

ROGY) = T0y) Ry [ [~ TOHG-X.y=y)dkdy (4

Light entersat all positions (X', y') located in the neighbourhood of (X, y), is attenuated by the ink transmittance
T(X, y"), enters the paper bulk, propagates laterally with a fraction H(x-x', y-y') reaching position (X, y), is
attenuated according to the paper reflectance Ry, exits the paper bulk, is attenuated by theink layer transmittance
T(x, y) and emerges at position (X, y).

Much research was carried out in building models by assuming various mathematical formulations of the point
spread function H(x, y). Both Gaussian line spread functions [9],[10] and exponential point spread functions
were proposed [11], [12], [13]. Since the point spread function can also be viewed as a probability density,
probability model swere proposed to describe the lateral scattering of light within the paper bulk [14], [15], [16].

The models described by Eq. (4) assumethat light traversesthe ink layer, islaterally scattered and reflected by
the paper, traverses a second time the ink layer (at a different position due to lateral scattering), and exits from
the printed paper.

However, as known from optics, Fresnel reflections occur at a planar interface between two media of different
indices of refraction. Since paper isformed by anetwork of layered cellulosefibersplusfiller pigments, itsindex
of refraction is different from the index of refraction of air. In addition, paper is often coated with a coating
whose index of refraction is generally assumed to be 1.5.

In this context, we consider the Clapper-Y ule model [17] which was developed for predicting the reflectance of
photographic prints. The Clapper-Y ule model has the advantage of modeling the specular reflections at the air-
paper interface and the internal reflections (Fresnel reflections) at the paper-air interface. It assumes that lateral
light propagation dueto light scattering within the paper bulk islarge compared with the period of the halftones.
Therefore, the probability of light to exit from a given colorant is set equal to the colorant's fractional surface
coverage.

Rogers [18] generalizes the Clapper-Yule model by modeling lateral scattering within the paper as a point
spread function and by deducing the probabilities that light entering through a colorant n emerges from the
coated paper through a colorant m, possibly traversing, due to multiple reflections, further intermediate
colorants. Emmel and Hersch's unified model [19] also takes into account multiple internal reflections and
modelizeslateral scattering probabilities by an exponential function with acircular symmetry and astrong radial
decay.

Within the framework of their work on the reproduction of color images by custom inks, Stollnitz et. al. [20]
predict the reflection spectra of solid colorants by using Kubelka's layering model [21] for combining the paper
layer and the ink layers and by applying Saunderson's correction [22] in order to take into account multiple



reflections at the interface between the paper coating and the air. They predict halftone colors by combining the
resulting solid colorant colors according to the Neugebauer equations, extended so as to account for dot gain

and trapping.

3. THE BASIC CLAPPER-YULE SPECTRAL COLOR PREDICTION MODEL

Among the classical color prediction models [8], only the Clapper-Y ule model [17] takes simultaneoudly into
account halftone patterns and multiple internal reflections occurring at the interface between the coated paper

and the air.

For introducing the Clapper-Y ule model, we consider a single halftone ink layer with a fractional surface
coverage a printed on a coated paper substrate (Fig. 1). Incident light has the probability a of reaching the paper
substrate by passing through ink of transmittance t(A) and a probability (1-a) of reaching the substrate without
traversing the ink layer. Since rg is the surface reflection at the air-paper interface, only portion (1-rg) actually
enters the coated paper. The light reaching the paper substrate is reduced by a factor (1-rg) (1-at+at). It is
diffusely reflected by the paper substrate according to the paper substrate reflectance rg(x) . Travelling
upwards, it traverses the coated paper with a portion a traversing the ink and a portion 1-a traversing an area
free of ink. It is reflected at the coated paper-air interface according to reflection factor r; (Fresnel reflection).
A part (1-r;) of the light exits. At the first exit, the spectral attenuation of the incident light is therefore (1-ry)

rg(lrj) (L-a+ at)2 The part reflected at the coated paper-air interface travels downward, is diffusely reflected
by the paper and travels upwards again. At the second exit, the spectral attenuation is (1-rg) ry(1-r;) (1—a+at)2 ri

rg (1-atat?).

Specular First nth .
reflection =~ reflection reflection Specular reflection: rg
1% reflection : (1-rg) rg(1-r;) (1-a+at)?
al 2" reflection: (1-rg) ry(1-r;) (1-a+at)?.
r rq (1-a+at?)
n' reflection : (1-rg) ry(1-r;) (1-a+at)?.
(rirg (1—a+at2))n 1

'ri'(l‘a+a_t2)]n‘1

Halftone print

Paper substrate

Fig. 1 Attenuation of light by multiplereflections on a halftone printed patch
With K giving the fraction of specular reflected light reaching the photospectrometer!, and by considering the
light emerging after 0, 1, 2,..., n-1 internal reflections (Fig. 1), we obtain the reflection spectrum
ROV = Korg+ ((L=rg - (1=r) Ty~ (1-a+a- %) (1+(r; - rg-(1—a+a- t2))

2.2 2 n—
+(ri-rg-(1—a+a-t ) +...+(ri~rg-(a+a-t )

For an infinite number of emergences (geometric series), we obtain

(1-r9-r -(1-r)-(1-a+a-1)’
RA) = Korg+ 4 (5)

1—rg~ri : (1—a+a~t2)

1. For a45/0 degrees measuring geometry, we set K=0.



In the case of paper printed with 3 inks such as cyan, magentaand yellow, the coverages of the resulting 8 basic
colorants, i.e. whitel, cyan, magenta, yellow, red, green, blue and black are obtained according to the Demichel
equations (Eq. 2). By inserting the relative amounts of colorants a; and their transmittances t; in equation (5),
we obtain for the predicted reflectance of a color patch printed with combinations of cyan, magenta and yellow
inks

8 2
(1—rs)~rg-(l—ri)(z aj-tJ
R(A) = K-rg+ - ‘:12 (6)
1—rg-ri- Zaj-tj
j=1

Both the specular reflection rg and theinternal reflection r; depend on therefraction indices of theair (n;=1) and
of the coated paper (n,=1.5), independently of whether the considered surface is white or printed (the ink is
located within the coated paper surface). According to the Fresnel equations [23], for collimated light at an
incident angle of 45°, the specular reflection factor is rg=0.05. With light diffusely reflected by the paper
(Lambert radiator), according to Judd [24], by summing up the contributions at all reflection angles, one obtains
theinternal reflection factor r;=0.6.

To put the model into practice, we deduce from (5) the internal reflectance spectrum rg of a blank paper by
setting the ink coverage a=0. R, is the measured blank paper reflectance.

_ AVAE ™
g 1+(1—K)-ri-rs+ r- Ry—Ts—;

r

Wethen extract the transmittance of theindividual inksand ink combinationsty, tc, tm, ty, t;, tg, th, ti by inserting
ineg. 5as R()) the measured solid (100%) ink coverage reflectance R; and by setting the ink coverage a=1.

¢ = Ri—K-rg g
P rg i (R=K-rg+rg-(L-rp)-(L-ry ®)

We must also take a possible physical dot gain into account. For each ink, wefit according to Clapper-Y ule (eg.
5) the unknown physical coverages of the measured single ink patches at nominal coverages of for example
10%, 20%, ... 90% by minimizing the sum of square differences between measured spectraand predicted spectra
(similar to the dot area optimization proposed by Balasubramanian [2]). For the basic Clapper-Y ule modél,
fitted single ink surface coverages are lower than the nominal surface coverages, i.e. we obtain a negative dot
gain (Fig. 2a). This is due to the fact that spectra predicted by the Clapper Y ule modd are darker than the
corresponding measured spectra. The fitted negative dot gain tends to bring both spectrato the samelevels, i.e.
the predicted and measured spectra intersect each other (Fig. 2b).

fitted coverages Reflectance
0.8
Negative 0.6 —
dot-gain 04 / N
0.2
nominal wavelength
a) coverages b) 450 500 550 600 650 700

0.2'04 06 08 1.0

c=0.63m=0 y=0.13dE =5.86116

Fig. 2 (a) Negative dot gain induced by thetoo dark Clapper-Yule predictions and (b) corresponding measured
(continuous) and predicted (dashed) reflection spectra

1. Theinternal transmittance t,, of white (no ink) is 1 at each wavelength



In order to set a base line for improvements, we test the accuracy of the basic Clapper-Y ule model taking into
account single ink dot gain (i.e. single ink physical dot surface optimization, see [2], section 4) by printing at
the considered lineatures a set of 729 patches. Lineatures represent the screen element frequencies and are
expressed in lines per inch (Ipi). These patches are produced by generating all combinations of cyan, magenta,
yellow ink superpositions at nominal coverages 0%, 13%, 25%, 38%, 50%, 63%, 75%, 88% and 100%.
M easured and predicted spectra are converted to CIE-LAB values and the resulting error is computed. With the
Clapper-Y ule model, for offset prints at a lineature of 150 Ipi, a mean error of AE =3.95 is obtained, the
maximal error is 10.98 and 352 values have a AE greater than 4. At a lineature of 75 Ipi, a mean error of
AE =4.49 is obtained, the maximal error is 9.19 and 438 values have a AE greater than 4.

4. ANEW SPECTRAL COLOR PREDICTION MODEL

Spectra predicted by the Clapper-Yule model (without the negative dot gain compensation) are too dark,
because according to the measured modulation transfer function of paper [25], light does not travel significantly
more than 1/10 of amm within coated paper. With screen frequencies between 20 to 60 lines per cm (50 to 150
lines per inch), the probability that light having entered at a position having a certain ink color exits from a
position of the same color is higher than the coverage of that ink color. Therefore, the basic assumption of the
Clapper-Yule model, i.e. the probability of light exiting from a specific colorant being equal to that colorant
coverage, is not fulfilled.

In order to enhance the basic Clapper-Y ule model, we assume that a certain part b of the incident light through
agiven colorant isreflected back and exits from the same colorant. The part (1-b) of theincoming light behaves
in the ssmeway asin the basic Clapper-Y ule model described above. We also make the simplifying assumption
that the part b of the incident light which is reflected onto the same colorant also exits from the same colorant
after one or severd reflections at the paper-air interface.

Taking again multiple reflectionsinto account, the attenuation of the part of the incoming light exiting from the
same ink color (either no ink or ink with coverage a) at the first exit is

(1—rs)-rg-(l—ri)-(l—a+a-t2)

at the 2" exit, the attenuation is

(1-rg -y (1-r, )-(rg-ri)-(l—a+a~t4)
and at the n exit the attenuation is
(1=rg 1y (1T, Dt T hia -y va )
The sum of all light componentsthat exit after an infinite number of reflections yields the spectrum
2
ROV = (1=ry)- (11 (1—a).rg+ a.rg.t ©

1=(r-rg) 1—(r;- rg-tz)

Equation (9) reflects the application of the Saunderson correction [22] accounting for multiple interna
reflections at the paper-air interface: the first term models the paper without |nk (internal reflectance Mg ) and
the second term the paper printed with solid ink (interna reflectance g e ). Equation (9) can also be
conceived as a Saunderson corrected Murray-Davis equation.

The enhanced model (eg. 10) comprisesapart b of light propagated along short and middle distances (eg. 9) and
apart (1-b) of the light propagated along long distances (eg. 6).



— 8 2 —_
8 a.t (Za‘“t’}
ROV =Krg+(1-rg 1y (1-1) {by —I"d—+(1-p) . —1=1— (10)
_rg.ri Z aj.tj
L j=1 i

In equation (10), the part weighted by factor b represents the Saunderson corrected Neugebauer component
(Murray-Davis equation extended to multiple colorants) and the part weighted by factor (1-b) represents the
Clapper-Y ule component.

In order to obtain factor b for a given lineature, we establish the prediction accuracy for 729 patches and select
the value for b which yields the smallest mean error between the predicted and measured reflection spectra. For
cyan, magenta, yellow offset printing with screens mutually rotated by 30° and a screen frequency of 75 lines
per inch, the fraction b yielding the smallest mean error for all considered test patches is b=0.6. Under the same
conditions, at 150 lines per inch, we obtain a smallest mean error at b=0.1, i.e. the enhanced spectral prediction
model isvery closeto the classical Clapper-Y ule model.

6. PHYSICAL DOT COVERAGESACCOUNTING FOR INK SPREADING

In offset printing, trapping, i.e. the decrease in thickness of ink layers when two or more inks are printed one on
top of another is generally considered to be a problem [26, pp. 103-105]. Our model automatically takes care of
trapping by computing the internal transmittances of the red, green, blue and black colorants from spectra
reflection measurements according to equation (8). However, we observed an ink spreading phenomenon when
a second ink halftone is printed over afirst solid ink or when athird ink halftoneis printed on top of two solid
inks. Similarly to the physical dot gain of aprinted single ink halftone patch, ink spreading enlargesthe effective
surface of a printed dot (Figure 3) and tends to lower the resulting reflection spectrum, i.e. it yields slightly
darker colors.

1.0} fitted colorant -
coverage e
0.8} 7_,,/;;/’? - —- yellow
06 [ ,’,/}/;/////{ - - .- Y/C
s S —a— YIM
X
04 [ - '// —e— Y/CM
2
0.2} o nominal colorant
A coverage
0.2 0.4 0.6 0.8 1.0

Fig. 3 Tonereproduction curvesfor yellow alone, yellow over solid cyan, yellow over solid magenta and yellow over solid
cyan and magenta

We develop a first model for computing effective surface coverages (physical coverages) which accounts for
ink spreading. This first model assumes that when printing two successive ink layers one on top of another, ink
spreading only occurs on the top layer. Thetop layer does not influence the effective surface coverage of theink
layer beneath it.

Let us consider a printing process where offset inks are printed by first depositing cyan, then magenta and then
yellow. We therefore fit the respective ink spreaded coverages of magenta over solid (i.e. 100%) cyan f,(m),
yellow over solid cyan f(y), yellow over solid magenta f;,, (y) and yellow over solid cyan and magenta fe (y)



by minimizing the square differences between measured spectra and spectra predicted according to equation
(10), for a number of nominal surface coverages, e.g. 25%, 50%, and 75%. The continuous functions f,(v)
mapping nominal to effective coverages are obtained by linear interpolation between points formed by pairs of
nomina and fitted effective coverage values (see Fig. 3).

Physical dot Ink spreading

|
coverage |
c m y 1

—
) ]! ) I}
=== ==
[ [ [0 Jfentm J100) [ty [omyts)
Linear combination according (eq. 11)

< m % Effective
coverages

Nominal
coverages

Demichel equations

| |
llaw lac iam lay lar lag lab lak internal

— -
Spectral prediction model L (ENEIENEES
paper reflectance

l Predicted spectrum

Fig. 4 Spectral prediction modd with dot gain and ink spreading when an ink is printed on top of another ink

In front of our new spectral prediction model, we introduce a stage taking into account effective surface
coverages induced by dot gain and ink spreading (Fig. 4). An input color with nominal coverages cmy is
converted to an intermediate color with effective coveragesc’'m'y’ obtained as a weighted sum of dot gain and
ink spreading contributions.

The weighting coefficients are given by the respective effective colorant coverages.

c'= fg(c) ; effective surface coverage of cyan only (12)
m' = f,(m) (1-¢’") + fo(M) € ; magenta alone and magenta on top of solid cyan (blue)
y = fy(y) (1-¢’) (1-m) ; yellow alone

+ fry(Y) (1-¢') M’ + fey(y) € (1-m') + fey(y) € M’ ; yellow on top of solid magenta (red), of solid cyan
(green) and of solid cyan & magenta (black)

The performance of thissimpleink spreading model isillustrated by the prediction accuraciesin the second row
(“dot gain and ink spreading according to the print order”) of the tables shown in the Appendix, both for the
Clapper-Y ule modd and for our new spectral prediction model. The increase in prediction accuracy, compared
with standard single ink dot gain optimization is important: for offset prints, the mean difference between
predicted and measured spectra, expressed in CIE-LAB is reduced by 25% to 50%. Thisincrease in prediction
accuracy is true both for the Clapper-Y ule model and for the new spectral prediction model.

7. EFFECTIVE COVERAGESIN INK LAYER SUPERPOSITIONS: ADVANCED MODEL

A more advanced model for computing the effective surface coveragesin layer superpositions relies on the
assumption that when a halftone layer is printed either beneath or on top of a solid layer, its effective surface
coverage is modified.

We separately model as functions of nominal coverages (a) the surface coverages of singleink halftones (b)
the surface coverages of single ink halftones superposed with one solid ink and (c) the surface coverages of
single ink halftones superposed with two solid inks. We then appropriately weight these different surface
coverage functions and obtain the resulting effective coverage of each ink as a function of the nominal ink
surface coverages. During calibration of the model, effective coverage values defining the different surface
coverage functions are fitted by minimizing the sum of square differences between measured and predicted
reflection spectra.



The functions describing effective surface coverages of single ink halftones printed in superposition with
paper white, one solid ink or two solid inks are obtained by fitting effective surface coverages (e.g. at 25%, 50%
and 75% nominal coverages) of an ink using the spectral prediction model given by equation (10). This alows
to associate effective (fitted) surface coverages to the nominal surface coverages, for alimited set of halftone
patches of each ink, in each ink superposition condition. By linear interpolation between the so obtained
effective coverages, we obtain the function mapping nominal to effective surface coveragesfor each ink and for
each ink superposition condition.

Let us consider 3 inksiq, i and iz with nominal coverages c;, ¢, and c3. The “dot gain” functions mapping
nominal coverages to effective coverages for single ink halftones are fi(c;), fo(cy) and f3(cg). The “ink
spreading” functions mapping nominal coverages of an ink to effective coverages of that ink, for single ink
halftones superposed with a second solid ink or single ink halftones superposed with two solid inks are:

- for ink i, of coverage ¢, superposed with solid ink i, : fy1(Cq),

- for ink i, of coverage ¢, superposed with solid ink i3 : f31(cq),

- for ink i, of coverage c, superposed with solid ink iq : f15(Cy),

- for ink i, of coverage c, superposed with solid ink i5 : f35(Cy),

- for ink i3 of coverage c; superposed with solid ink iy : f13(Cg),

- for ink i3 of coverage c; superposed with solid ink i, : fy3(cg),

- for ink i, of coverage ¢, superposed with solid inksi, and i : fo31(cy),

- for ink i, of coverage ¢, superposed with solid inksi; and i : f135(C),

- for ink i3 of coverage c3 superposed with solid inksi; and i5 : f153(C3).

In the case of three inks, these 12 functions are obtained by fitting 36 patches, i.e. 3 patches (25%, 50% and 75%
nominal coverages) per function.

Fig. 5 gives an example of effective surface coverages (round black dots at nominal coverages of 10%, 20%,..,
90%) fitted according to the disclosed spectral prediction model, for wedges printed alone (left column), for
wedges printed in superposition with one solid ink (2nd and 3rd columns) and for wedges printed in
superposition with two solid inks (right column). Wedges of cyan are shown in the first row, wedges of magenta
in the second row and wedges of yellow in the third row. One can see for example that the effective surface
coverages of magenta (2nd row) depend if magentais printed alone (2nd row, 1st column), in superposition with
cyan (2nd row, 2nd column), in superposition with yellow (2nd row, 3rd column) or in superposition with cyan
and magenta (2nd row, 4th column). One can observe the same phenomenon for the yellow wedges (3rd row).

oneink oneink oneink oneink
on top on top of on top of on top of two
of paper another ink another ink  another inks
1 1 1 1
c g 100M_C 100Y_C 100MY_C
Cyan 0.5 0.5 0.5 0.5
GO 0.5 1 G0 0.5 1 GO 0.5 1 GO 0.5 1
B ™M 100C_M 100Y_M CY_M
0.5 0.5 ) 0.5 0.5
magenta /
00 0.5 1 O0 0.5 1 OO 0.5 1 GO 0.5 1 X X
yel | OW B Y p : 100C_Y o 100M_Y N 100CM_Y \e/f?re?:t(i\alleaé(ol\s/erages
0.5 0.5 0.5 0.5 . .
Horizontal axis:
nominal coverages
O: O: O: O

[} 0.5 1 o 0.5 1 o} 0.5 1 o 0.5 1

Fig. 5 Example of effectiveink coveragesfor different superposition conditions (offset prints)



Once surface coverages are fitted according to the spectral prediction model, linearly interpolating between
these surface coverages (in Fig. 5, dark line segments connecting the round black dots) yields the functions
mapping nominal to effective (i.e. physical) surface coverages for ink halftones printed in different
superposition conditions.

For a nomina halftone patch of coverages cq, ¢, and c3, it is necessary, for each ink iy, to weight the
contributions of the corresponding mapping functions fy, fi, f and fy. The weighting functions depend on
the effective coverages of the considered ink alone, of the considered ink in superposition with asecond ink and
of the considered ink in superposition with the two other inks. For the considered system of 3inksiq, ioand i
with nominal coverages c,, ¢, and c3 and effective coverages c;’, ¢,’ and c3’, assuming that inks are printed
independently of each other, by computing the relative weight, i.e. the relative surface of each superposition
condition, we obtain the system of equations (12). In analogy with Demichel’s equations (2), the proportion
(relative effective surface) of ahalftone patch printed with ink i, of coverage ¢, on paper whiteis(1-c,’) (1-c3').
The proportion of the same patch printed on top of solid ink i, isc,’ (1-cg’), the proportion of the same patch
printed on top of solid ink iz is (1-c,’) c3' and the proportion of the same patch printed on top of solid inks i,
andiziscy’ c3'. We obtain the following system of equations:

c1’ =fi(cy) (1-¢7') (1-c3') +fa1(cy) €' (1-c3') +Fa3(Cp)(1-C2')c3' + faza(Cy) C2' €3
cy' =fy(cp) (1-¢1') (1-c3') + F1a(Cp) €1’ (1-c3') + fap(Co)(1-Cy')cs’ + Faza(Cy) €1 €3 (12
c3' =f3(cg) (1-c1) (1-cp') + fiz(ca) 1’ (1-Co') + fag(Ca)(1-Cq')Cy + f13(C3) €1 €

This system of equations can be solved iteratively: one starts by setting initial valuesof ¢;’, ¢’ and c3’ equal to
the respective nominal coverages c,, ¢, and c3. After one iteration, one obtains new valuesfor c;’, ¢,’ and c3'.
These new values are used for the next iteration. After a few iterations, typically 4 to 5 iterations, the system
stabilizes and the obtained coverages c,’, ¢,’ and c3’ are the effective coverages. The system of equations (eqg.
12) allows therefore to compute combined effective ink surface coverages (physical dot sizes) resulting from
the combination of elementary ink surface coverages present in different superposition conditions.

The effective colorant coveragesa,’, a,', .. ag’ are obtained from the effective coveragesc,’, ¢,’ and c3’ of the
inks according to the Demichel equations (eg. 2). With the spectral prediction model (eg. 10) and by taking into
account the combined effective ink coverages (physical dot coverages), we obtain a further improvement in
prediction accuracy (see Tablesin Appendix). CIE-LAB prediction errors are reduced by another 10% to 40%,
compared with the simpleink spreading model (ink spreading only on top of asingleink) described in section 6.

For the same offset prints as before (Table 1 in the Appendix), thanks to the new spectral prediction and the
advanced ink spreading models, at 75 Ipi, with parameter b=0.6, a mean error between predicted reflection
spectra and measured reflection spectra (in the present case 729 spectra) of AE =1.35 was obtained, the
maximal error is AE=3.92 and no value has a AE greater than 4. At 150 Ipi, with parameter b=0.1, a mean
error between predicted reflection spectra and measured reflection spectra (729 spectra) of AE =1.60 was
obtained, the maximal erroris AE=4.56 and 8 values have a AE greater than 4.

Although the model is presented here for the combination of any freely chosen set of three inks, it has been
extended to four inks. Thisextension is straightforward: it requires to extend the Demichel equations (eg. 2), the
spectral prediction modd (eg. 10) and the equations allowing to compute the effective surface coverages in
different superposition conditions (eg. 12).

In contrast to Stollnitz's model [20], our model only fits effective dot sizeswhen printed alone or in combination
with other inks (physical dot gain, ink spreading), but predicts spectra (36 components). It does not fit neither
the transmission spectra of any of the inks nor the reflection spectrum of paper. All internal spectra are
calculated from measured spectra, according to the model. Therefore the model reflects at least to a certain
extent the underlying physical phenomena.



8. APPLICATION OF THE MODEL

The proposed spectral prediction model together with the methods of computing effective surface coverageswas
applied to offset and thermal transfer printing, at various lineatures, for the cyan, magenta and yellow inks.
Classical clustered-dot halftoning was used, with screens mutually rotated by 30°. We present the prediction
accuracies when printing with cyan, magenta and yellow inks on offset (Komori Lithrone 26) at lineatures of 75
and 150 Ipi and on athermal transfer wax printer (Alps M D-5000 at 600 dpi) at lineatures of 50, 75 and 100 Ipi.
The tables in the Appendix give the mean prediction errors (in terms of the CIELAB 1976 AEvalues), the
maximal prediction error and the number of patches having an error larger than AE =4. For fitting the effective
dot surfaces, only 25%, 50% and 75% nominal coverages were used, yielding in case of single ink dot surface
optimization (dot gain) 3x3=9 patches, in case of ink spreading when printed on top of one or two inks 3x7=21
patches (eg. 11) and in case of ink spreading for all superposition conditions 3x12= 36 patches (eg. 12). In
addition, the reflectances of the paper white and of solid patches of all ink and ink combinations are measured
(8 patches). The model is tested on 729 patches, comprising al nominal coverage combinations at 0%, 13%,
25%, 38%, 50%, 63%, 75%, 88% and 100%.

The prediction results clearly show that the new spectral prediction model as well as the two ink spreading
models improve the prediction performance. One can also clearly see that combined with the new spectral
prediction model, the two ink spreading models bring considerable improvements in prediction accuracy. The
ink spreading models also bring an improvement to the classical Clapper-Y ule model, but as shown by the
results obtained with the Alps thermal transfer printer (Appendix, Table 2, 50 and 75 Ipi), the improvement is
less pronounced than with the new spectral prediction model. The proposed models provide excellent
predictions (mean CIE-LAB prediction error below AE =1.6) as long as the printed dot is stable (e.g. offset at
75 and 150 Ipi, thermal transfer prints at 50 and 75 Ipi). When the printed dot becomes somehow unstable (e.g.
Table 2, Alps thermal transfer printer at 100 Ipi), the proposed models still improve the prediction accuracy
compared with Clapper-Y ule, but provide alower accuracy (mean AE of 2.5 at 100 Ipi for the thermal transfer
Alps printer).

The results also confirm that the factor b giving the relative weights of respectively the Saunderson corrected
Neugebauer and of the Clapper-Y ule components of the spectral prediction model is related to the screen
lineature. At a higher lineature, the ratio of lateral light scattering to screen element period is higher and
therefore, the weight of the Clapper-Y ule component within the new spectral prediction model becomes larger.
Therefore, factor b which is proportiona to the weight of the Saunderson corrected Neugebauer component
becomes smaller (Table 2, second line).

9. CONCLUSIONS

We propose a new spectral prediction model which represents a considerable progress compared with the
classical Clapper-Yule model by taking into account the fact that proportionally more incident light through a
given colorant surface is reflected back onto the same colorant surface than onto other colorant surfaces. This
isexpressed by afactor b which specifiesthe part of theincident light which must exit through the same col orant
as the colorant from which it entered (i.e. lateral light propagation is short compared with the screen element
period) and a factor (1-b) specifying the part of the incident light whose emerging light components may also
exit from other colorants, with a probability to exit from agiven colorant equal to that colorant surface coverage
(laterd light propagation is middle to large, compared with the screen element period). One can conceive the
proposed spectral prediction model as aweighted mean between the Clapper-Y ule and the Saunderson corrected
Neugebauer model components.

We also propose two models for taking into account ink spreading, a phenomenon which occurs when printing
an ink halftone in superposition with one or several solid inks. Besides the physical dot gain present within a
single ink halftone print, we consider in the first model the ink spreading which occurs when an ink halftoneis



printed on top of one or two solid inks. In the second more advanced model, we generalize this concept to ink
halftones printed on top or below solid inks. We formulate for both models systems of equations which allow to
compute effective ink coverages as combinations of individua ink coverages which occur in the different
superposition conditions.

For model calibration, i.e. the establishment of the functions mapping nominal to effective surface coveragesin
the different superpaosition conditions, effective coverage values are fitted by minimizing the sum of square
differences between measured and predicted reflection spectra. In the case of three inks (cyan, magenta and
yellow), for the advanced ink spreading model, the calibration set can be as small as 44 samples. It comprises
the paper white, seven solid ink samples and 36 halftone samplesyielding 36 fitted surface coveragesfor the 12
linearly interpolating functions mapping nominal to effective surface coverages.

Both the new spectral prediction model and the new methods of estimating effective coverages (dot sizes)
considerably improve the predictions. Tests were carried out with 729 color patches covering the complete
gamut of the output device. For offset prints, at 150 Ipi (see Table 1, Appendix), the new spectral prediction
model and the advanced method for computing effective coverages improves the standard Clapper-Y ule
predictions by reducing the mean CIE-LAB (1976) error between predicted and measured spectra by afactor of
2.4 (from AE=3.95to AE=1.60). At 75 Ipi, the Clapper-Y ule mean prediction error is reduced by afactor of
3.3 (from AE=4.49 to AE =1.35). Errors below to AE =1.5 cannot be reduced further, since they correspond to
the col orimetric variations which occur when printing identical patches at different locations of the same printed

page.

Since our new model only fits surface coverages when inks are printed alone or in superposition with other inks,
but predicts spectra (36 components), it seems to reflect, at least to a certain extent, the underlying physical
phenomena. However, further efforts are needed to verify that indeed the computed effective surface coverages
correspond to physical dot areas.

At the present time, the spectral prediction model together with the ink spreading modelization yield excellent
results for clustered dots, in the case of offset and thermal transfer technologies. Further research is needed for
obtaining similar results for dispersed-dot or error-diffusion halftoning algorithms, as well as for ink-jet and
electrophotographic printers.
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APPENDIX: PREDICTION ACCURACIES

TABLE 1. Prediction accuracy for offset cyan, magenta and yellow halftone prints

Offset printing Max [Mean|#samples|| Max |Mean |#samples
729 test samples AE | AE | AE>4 AE | AE | ABE>4
75 Ipi, b=0.6 150 Ipi, b=0.1

Clapper-Yule with singleink dot-gain only| 9.19 | 4.49 438 10.98| 3.95 352
Clapper-Yule, dot-gain and ink spreading
according to print order
Clapper-Yule, dot gain and ink spreading
for all superposition conditions
New spectral prediction model, with single
ink dot-gain only
New spectral prediction model, dot-gain
and ink spreading according to print order
New spectral prediction model, dot-gain
and ink spreading for al superposition | 3.92 | 1.35 0 456 | 1.60 8

conditions

7.87 | 2.76 162 4.65 | 2.06 20

8.05 | 244 129 423 | 1.70 6

459 | 2.13 7 10.15| 3.55 292

3.79 | 157 0 470 | 1.95 14




TABLE 2. Prediction accuracy for thermal transfer color halftone prints

Thermal transfer (ALPS M D-5000) | Max |Mean |#samples|| Max | Mean [#samples|| M ax |M ean [#samples
729 test samples AE | AE ABE>4 AE | AE AE>4 AE | AE AE>4
50 Ipi, b=0.5 75 Ipi, b=0.4 100 Ipi, b=0.3
Clapper-yulewith Singleink dot-gan | 77 | 206 | 170 || 750 [ 334 | 241 |{816|330| 224
only . . . . . .
Clapper-Yule, dot-gain and ink spreading| 7 4 | 563 | 103 || 7.18| 307 | 173 | 7.73| 304 | 175
according to print order ' ' ' ' ' '
Clapper-Yule, dot gain and ink spreading
for all superposition conditions 7.74 | 251 108 7.06 | 2.38 95 7.73| 2.84 146
New spectral prediction model, with sin-
gleink dot-gain only 6.63 | 2.34 86 7.73 | 3.02 190 7.33| 3.21 223
New spectral prediction model, dot-gain | g g3 | 514 | 54 || 775 | 200 | 174 ||751| 299 | 168
and ink spreading according to print order | ' ' ' ' '
New spectral prediction model, dot-gain
and ink spreading for all superposition | 4.56 | 1.50 5 501 | 151 13 6.79 | 2.50 78
conditions




