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Abstract. The proposed new spectral reflection model enhances
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 colo-
rant surfaces. It comprises a weighted mean between a component
specifying the part of the incident light that 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 colo-
rants (Clapper-Yule component). We also propose models for taking
into account ink spreading, a phenomenon that occurs when printing
an ink halftone in superposition with one or several solid inks. The
ink-spreading model incorporates nominal-to-effective surface cov-
erage functions for each of the different ink superposition conditions.
A system of equations yields the effective ink surface coverages of a
color halftone as a weighted mean of the ink surface coverages
specific to the different superposition conditions. The new spectral
reflection prediction model combined with the ink-spreading model
yields excellent spectral reflection predictions for clustered-dot color
halftones printed on an offset press or on thermal transfer
printers. © 2005 SPIE and IS&T. [DOI: 10.1117/1.1989987]

1 Introduction

For more than 50 years, attempts have been made to build
models predicting the color of printed halftone images. To
offer accurate predictions, the models must take into ac-
count, at least to some extent, the phenomena determining
the interactions of inks and paper and of light and halftone
prints.

Many different phenomena influence the reflection spec-
trum of a color halftone patch printed on a diffusely reflect-
ing 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 sub-

Paper 04159R received Oct. 1, 2004; revised manuscript received Jan. 14,
2005; accepted for publication Jan. 24, 2005; published online Aug. 11,
2005.

1017-9909/2005/14(3)/033001/12/$22.00 © 2005 SPIE and IS&T.

Journal of Electronic Imaging

033001-1

strate (i.e., paper bulk), and the internal (Fresnel) reflec-
tions 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 the portion of light that enters the
print through an inked dot and exits the print through the
paper white and vice versa. This effect yields the optical
dot gain also known as the “Yule-Nielsen” effect. In addi-
tion, 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 “me-
chanical” dot gain). Effective ink surface coverages depend
on the inks, on the paper, and also on the specific superpo-
sitions of the different inks.

Currently, according to the literature, ' among the exist-
ing spectral reflection prediction models, only the well-
known Yule-Nielsen modified Neugebauer model®® seems
to be used in practice. Most other spectral prediction mod-
els (see Sec. 2) enable us to explore various effects, but are
either too complex or not accurate and comprehensive
enough to be usable in practice.

The model we propose is an enhancement of the classi-
cal Clapper-Yule model that models optical dot gain of
halftone prints by taking into account lateral scattering
within the paper bulk and multiple internal reflections. Our
model also takes into account the different physical dot
surface coverages that occur under different ink superposi-
tion conditions.

We developed our prediction model by adding succes-
sive enhancements to the basic Clapper-Yule model. The
benefits of each of these enhancements is verified by com-
paring measured halftone patch reflection spectra and pre-
dicted spectra, for 729 patches covering the full printable
gamut, produced by generating all combinations of inks at
nominal coverages of 0, 13, 25, 38, 50, 63, 75, 88, and
100%. We quantify the visual quality of color halftone
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patch predictions by converting measured and predicted
spectra first to Commission International de 1’Eclairage
(CIE) XYZ and then to CIELAB (Ref. 7, pp. 8-12). The
Euclidian distance AE,, in CIELAB (1976) space gives a
measure of the visually perceived distance between mea-
sured and predicted spectra. To derive successive model
improvements, we proceed as follows. When predictions
and measurements disagree, we observe the corresponding
predicted and measured reflection spectra, try to give an
explanation of the underlying phenomenon (e.g., ink
spreading), and propose an appropriate modeling step. The
measurements are carried out with a photospectrometer
having a 45 deg/0 deg geometry, i.e., with a D65 light
source illuminating the printed sample at an angle of
45 deg and a sensor capturing the reflected spectrum at
0 deg (normal to the printed sample).

2 Existing Approaches to Spectral Color
Prediction

In early prediction models of color halftone prints, the term
“dot gain” encompasses both the physical dot gain (the en-
largement of the printed dot) and the optical dot gain due to
the lateral propagation of light. Lateral propagation of light
occurs due to scattering within the paper bulk and to inter-
nal reflections at the print-air interface. The Neugebauer
model® predicts the CIE XYZ tristimulus values of a color
halftone patch as the sum of the tristimulus values of their
individual colorants weighted by their fractional area cov-
erages a;. By considering instead of the tristimulus values
of colorants their respective reflection spectra R;, one ob-
tains the spectral Neugebauer equations. They predict the
reflection spectrum of a printed color halftone patch as a
function of the reflection spectra of its individual colorants

R(\) = 2 a;Ri(N). (1)

In the case of independently printed cyan, magenta, and
yellow inks of respective coverages ¢, m, and y, the frac-
tional area coverages of the individual colorants are closely
approximated by the Demichel Egs. (2), which give the
respective surface coverages of the colorants as a function
of the surface coverages of the individual inks.’ The respec-
tive 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, ma-
genta and yellow) are, respectively,

white: a,,=(1-c)(1 =m)(1-y),
cyan: a,=c(l-m)(1-y),
magenta:  a,,=(1-c)m(l-y),
yellow: a,=(1-c)(1-m)y,
red: a,=(1-c)my,
green: a,=c(l -m)y,
blue: a,=cm(1-y),
black: a;=cmy. (2)
The Neugebauer model is a generalization of the Murray-

Davis model,'’ whose colorants are formed by only one ink
and the paper white.
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Since the Neugebauer model takes explicitly into ac-
count neither the lateral propagation of light within the pa-
per bulk nor the internal reflections (Fresnel reflections) at
the paper-air interface, its predictions are not accurate.'!
Yule and Nielsen’ modeled the nonlinear relationship be-
tween the reflection spectra of paper and solid ink and the
reflection spectra of single ink halftones by a power func-
tion, whose exponent 7 is fitted according to a limited set of
measured halftone patch reflection spectra. Viggiano4 ap-
plied the Yule-Nielsen relationship to the spectral Neuge-
bauer equations, yielding the Yule-Nielsen modified Spec-
tral Neugebauer model:

RO\ = (2 aiR,-()\)l/”)". (3)

This Yule-Nielsen modified spectral Neugebauer model has
been used by several researchers for the characterization of
various printers.z"‘_6 This model seems to play a significant
role for building color management systems.

Ruckdeschel and Hauser™ analyzed the Yule-Nielson
model by modeling the lateral propagation of light within
the paper bulk by a point spread function H(x,y). They
proposed the following 2-D convolution integral for the
reflection spectrum R at position (x,y):

R(x,y) = T(x,y)RpJ f T(x',y ) H(x—x',y —y')dx'dy’

(4)

Light enters at all positions (x’,y’), located in the neigh-
borhood 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 R, exits the paper bulk,
is attenuated by the ink layer transmittance T(x,y) and
emerges at position (x,y). The integral simply sums up the
contributions of all light components incident at positions
(x’,y"), attenuated by H(x-x',y-y'), which exit at position
(xx,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'>"* and exponential point spread functions were
proposed.mﬁ16 Since the point spread function can also be
viewed as a probability density, probability models were
proposed to describe the lateral scattering of light within
the paper bulk.'”%

The models described by Eq. (4) assume that light
traverses the ink layer, is laterally scattered and reflected by
the paper, traverses a second time the ink layer (at a differ-
ent position due to lateral scattering), and exits from the
printed paper. However, as is known from optics, Fresnel
reflections occur at a planar interface between two media of
different indices of refraction. Paper is formed by a net-
work of layered cellulose fibers plus filler pigments and is
often coated with a coating whose index of refraction is
generally assumed to be 1.53.

In this context, we consider the Clapper-Yule model,*!
which was developed to predict the reflectance of photo-
graphic prints. The Clapper-Yule model has the advantage
of modeling the specular reflections at the air-paper inter-
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Fig. 1 Attenuation of light by multiple reflections on a halftone
printed patch. Specular reflection: r;. First reflection: (1-rg)ry(1-r)
X(1-a+at®. Second reflection: (1-ry)r,(1-r)(1-a+ah?rr(1-a
+af?). nth reflection: (1-ry)r,(1-r)(1-a+ab?(rry(1-a+af))™".

face and the multiple internal reflections between the paper
bulk and the paper-air interface (Fresnel reflectivity). It as-
sumes that lateral light propagation due to light scattering
within the paper bulk is large compared with the period of
the halftones. Therefore, the probability of light exiting
from a given colorant is set equal to the colorant’s frac-
tional surface coverage.

Rogers22 generalizes the Clapper-Yule model by model-
ing lateral scattering within the paper as a point spread
function and by deducing the probabilities that light enter-
ing through a colorant n emerges from the coated paper
through a colorant m, possibly traversing, due to multiple
reflections, further intermediate colorants. Emmel and Her-
sch’s unified model™ also takes into account multiple inter-
nal reflections and modelizes lateral scattering probabilities
by an exponential function with a circular symmetry and a
strong radial decay.

Within the framework of their work on the reproduction
of color images by custom inks, Stollnitz ef al. 2 predict the
reflection spectra of solid colorants by using Kubelka’s lay-
ering model® to combine the paper layer and the ink layers
and by applying Saunderson’s correction”™ to take into ac-
count multiple reflections at the interface between the paper
coating and the air. They predict halftone colors by com-
bining the resulting solid colorant colors according to the
Neugebauer equations, extended so as to account for dot
gain and trapping.

3 Basic Clapper-Yule Spectral Color Prediction
Model

Among the classical color prediction models, ! only the
Clapper-Yule model®' takes simultaneously into account
halftone patterns and multiple internal reflections occurring
at the interface between the coated paper and the air.

To introduce the Clapper-Yule 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 #(\) and a probability
(1—a) of reaching the substrate without traversing the ink
layer. Since r, is the specular reflection at the air-paper
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interface, only portion (1—r,) actually enters the coated pa-
per. The light reaching the paper substrate is reduced by a
factor (1-r,) (1—a+ar). It is diffusely reflected by the pa-
per substrate according to the paper substrate reflectance
ro(N). Traveling upward, 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 a reflection factor r; (Fresnel reflec-
tivity integrated over all incident angles). A part (1—r;) of
the light exits. At the first exit, the spectral attenuation of
the incident light is therefore (1-r,) r,(1-r,) (1-a+ar)*.
The part reflected at the coated paper-air interface travels
downward, is diffusely reflected by the paper, and travels
upward again. At the second exit, the spectral attenuation is
(1=ry) ry(1-r) (1-a+at)? rirg(1 —a+at?).

With K giving the fraction of specular reflected light
reaching the photospectrometer (when the specular compo-
nent is discarded by the photospectrometer, we set K=0),
and by considering the light emerging after 0, 1, 2,..., n
—1 internal reflections (Fig. 1), we obtain the reflection
spectrum

RN =Kry+[(1-r)(1 - r,»)rg(l —a+at)?]
X[1+ (rir(1 = a+at*)]+[rir,(1 - a+a)]?
+ o+ [rrgla+ at?)] .

For an infinite number of emergences (geometric series),
we obtain the Clapper-Yule expression

(A=r)r,(1=r)(l-a +at)?
I =rr(l-a+ at?)

RO\ =Kr,+ (5)

The light components that have been summed in Eq. (5) are
fractions of the incident irradiance. Therefore, Eq. (5) ex-
presses a reflectance, i.e., the ratio between exiting irradi-
ance and incident irradiance. Ideally, incident and exiting
irradiances should be measured with a spectrophotometer
having an integrated sphere geometry. However, as shown
in Appendix B, when the specular component is discarded
(K=0), for the index of refraction n=1.53 of coated paper,
the exact expression for the spectral reflectance factor pre-
dicted according to a 45 deg/0 deg measuring geometry !
is numerically very similar to Eq. (5). One can therefore, in
the context of color reproduction, carry out all measure-
ments with a photospectrometer having a 45 deg/0 deg ge-
ometry, i.e., an instrument where light illuminates the
printed sample at an orientation of 45 deg and where re-
flected light (radiance) is captured at an orientation normal
to the sample.

In the case of paper printed with three inks such as cyan,
magenta, and yellow, the surface coverages a; of the result-
ing eight basic colorants, i.e., white™, cyan, magenta, yel-
low, red, green, blue, and black are obtained according to
the Demichel Egs. (2). By inserting the relative amounts of
colorants a; and their transmittances ¢; in Eq. (5), we obtain
for the predicted reflectance of a color patch printed with
combinations of cyan, magenta, and yellow inks

*The internal transmittance ¢,, of white (no ink) is 1 at each wavelength.
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(=r)r(1=r)(Z ] ap)?
R(\) =Kr,+ . (6)

8 2
1- rgrizjzl ait

Both the specular reflection r, and the internal reflection r;
at the paper-air interface depend on the refraction indices of
the air (n,=1) and of the coated paper (n,=1.53), indepen-
dently of whether the considered surface is white or printed
(the ink is located within the coated paper surface). Accord-
ing to the Fresnel equatlons ¥ for collimated light at an
incident angle of 45 deg, the specular reflection factor is
r,=0.054. With light diffusely reflected by the paper (Lam-
bert radiator), by summing the contributions at all incident
angles, " we obtain the internal reflection factor r;. For
coated paper, r;=0.614. Values of r; for different 1ndlces of
refraction are tabulated by Judd® and by Emmel.*

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

R, —Kr,
re= .
1+(0=K)rig+rR,—ry—r;

()

We then extract the transmittance of the individual solid
inks and solid ink superpositionsa #,,, f, t,, fy, t,, t,, I, and
t; by inserting in Eq. (5) as R(\) the measured sohd (100%)
ink (respectively solid ink superpositions) reflectance R;
and by setting the ink coverage a=1:

R, - Kr 172

1

=
l rgri(Ri_er)*'rg(l_ri)(l_r.v)

(8)

We must also take a possible physical dot gain into account.
For each ink, we fit" according to Clapper-Yule [Eq. (5)]
the unknown physical surface coverages of the measured
single ink patches at nominal surface coverages of for ex-
ample 10, 20,..., 90% by minimizing the sum of square
differences between measured and predicted spectra com-
ponents (similar to the dot area optimization proposed by
Balasubramanian?). For the basic Clapper-Yule model, fit-
ted single ink surface coverages are lower than the nominal
surface coverages, i.e., we obtain a negative dot gain [Fig.
2(a)]. This is due to the fact that spectra predicted by the
Clapper-Yule model are darker than the corresponding mea-
sured spectra. The fitted negative dot gain tends to bring
both spectra to the same levels, i.e., the predicted and mea-
sured spectra intersect each other [Fig. 2(b)].

To set a base line for improvements, we test the accu-
racy of the basic Clapper-Yule model taking into account
single ink dot gain (i.e., single ink physical dot surface
optimization, see Ref. 2, Section 4) by printing at the con-
sidered screen frequencies a set of 729 patches. Screen fre-
quencies are expressed in lines per inch (Ipi). These patches
are produced by generating all combinations of cyan, ma-
genta, and yellow ink superpositions at nominal coverages
0, 13, 25, 38, 50, 63, 75, 88, and 100%. Measured and
predicted spectra are converted to CIELAB (1976) values

‘Fitting of a surface coverage is carried out with MATLAB’s fininsearch function,
which uses the downhill simplex search method to find the surface coverage yielding
the minimum of the function expressing the sum of square differences between
measured and predicted reflection spectra components.
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Fig. 2 (a) Negative dot gain induced by the too dark Clapper-Yule
predictions and (b) corresponding measured (continuous) and pre-
dicted (dashed) reflection spectra.

and the resulting prediction error AE, . 1s computed. With
the Clapper-Yule model, for offset prlnts at a screen fre-
quency of 150 Ipi, a mean error of AEab—3 95 is obtained,
the maximal error is 10.98 and 352 values have a AE
greater than 4. At a screen frequency of 75 Ipi, a mean error
of AE,,=4.49 is obtained, the maximal error is 9.19 and
438 values have a AEab greater than 4 (see Appendix A,
Table 1).

4 New Spectral Color Prediction Model

Spectra predicted by the Clapper-Yule model (without the
negative dot gain compensation) are too dark, because ac-
cording to the modulation transfer function of paper hght
does not travel significantly more than 0.13 mm (95th per-
centile according to the Gauss1an line spread function
model of Ruckdeschel and Hauser'?) within coated paper.
With screen frequencies between 20 to 60 lines per cm
(50 to 150 Ipi), 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.

To enhance the basic Clapper-Yule model, we assume
that a certain part b of the incident light through a given
colorant is reflected back and exits from the same colorant.
The part (1-5) of the incoming light behaves in the same
way as in the basic Clapper-Yule model described in the
preceding. We also make the simplifying assumption that
the part b of the incident light that is reflected onto the
same colorant also exits from the same colorant after one or
several reflections at the paper-air interface.

Again taking multiple reflections into account, the at-
tenuation 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
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Table 1 Prediction accuracy (AE,,) for offset cyan, magenta, and yellow halftone prints, printed on

matte coated offset paper.

Number of Number of
Offset printing Max Mean Samples Max Mean Samples
729 test samples AE AE AE>4 AE AE AE>4
75 Ipi, b=0.6 150 Ipi, b=0.1
Clapper-Yule with single-ink dot gain only ~ 9.19  4.49 438 10.98 3.95 352
Clapper-Yule, dot gain and ink spreading  7.87 2.76 162 465 2.06 20
according to print order
Clapper-Yule, dot gain and ink spreading  8.05 2.44 129 423 1.70 6
for all superposition conditions
New spectral prediction model, with 459 213 7 10.15 3.55 292
single-ink dot gain only
New spectral prediction model, dot gain 3.79 157 0 470 1.95 14
and ink spreading according to print order
New spectral prediction model, dot gain 392 1.35 0 4.56 1.60 8
and ink spreading for all superposition
conditions
(1—rs)rg(1—ri)(1—a+at2), 8 P
. . RO =Kry+ (1 =r)r(1-r)| b2 —L—
at the second exit, the attenuation is =1 1- rirgl;
8 2
(1=r)r,(1=r)(rr)(1 —a+at*s), (2-:1 ajt))
/08 i g " (1 _ b) J (10)

at the third exit, the attenuation is
(1=r)ry(1- rl-)(rgr,-)z(l —a+at*th),

and at the nth exit, the attenuation is

(1= r)r(1=r)(r ¥ OI(1 = @) + a0 V]

The sum of all light components that exit after an infinite
number of reflections yields the reflection spectrum

(1-a)r,
1- (r,-rg)

2
ar,t
1- (r,-rgtz)

RN =(1=r)(1-r) ©)

Equation (9) reflects the application of the Saunderson
correction” accounting for multiple internal reflections at
the paper-air interface: the first term within the sum models
the paper without ink (internal reflectance r,), and the sec-
ond term models the paper printed with the solid ink (in-
ternal reflectance: rgtz). For single ink halftones, Eq. (9)
can also be conceived as a Saunderson corrected Murray-
Davis equation.

The enhanced model for three inks [Eq. (10)] comprises
a part b of light propagated along short and middle dis-
tances [Eq. (9), generalized to eight colorants] and a part
(1-b) of the light propagated along long distances

[Eq. (6)].
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8 2 |-
1- rgr,«Ej:l ajt;

In Eq. (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->0) represents the Clapper-Yule com-
ponent.

To obtain factor b for a given screen frequency, we es-
tablish the prediction accuracy for 729 patches and select
the value for b that yields the smallest mean AE,, error
between predicted and measured reflection spectra. For
cyan, magenta, and yellow offset printing on matte coated
paper, with screens mutually rotated by 30 deg and a screen
frequency of 75 Ipi, the fraction b yielding the smallest
mean error for all considered test patches is »=0.6. Under
the same conditions, at 150 Ipi, we obtain a smallest mean
error at b=0.1, i.e., the enhanced spectral prediction model
is very close to the classical Clapper-Yule model.

5 Physical Dot Coverages Accounting 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 (Ref. 32,
pp- 103-105). Our model automatically takes care of trap-
ping by computing the internal transmittances of the red,
green, blue, and black colorants from spectral reflection
measurements according to Eq. (8). However, we observed
an ink-spreading phenomenon when a second ink halftone

Jul-Sep 2005/Vol. 14(3)
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Fig. 3 Tone reproduction curves for yellow alone, yellow over solid
cyan, yellow over solid magenta, and yellow over solid cyan and
magenta, with effective coverages fitted according to the spectral
prediction model.

is printed in superposition with a first solid ink or when a
third ink halftone is printed in superposition with two solid
inks. In a manner similar to the physical dot gain of a
printed single ink halftone patch, ink spreading tends to
enlarge the effective surface of a printed dot (Fig. 3) and
tends to lower the resulting reflection spectrum, i.e., it
yields slightly darker colors. However, effective surface
coverages due to ink spreading are not always larger than
the corresponding effective surface coverages of the same
halftone patch printed alone on paper.

In the past attempts were made to model effective sur-
face coverages when printing overlapped ink halftones. Iino
and Berns introduced an empirical dot-gain scaling factor
when an ink halftone is printed in superposition with an-
other ink.° They assume that for superpositions of more
than two inks, dot-gain scaling factors are multiplicative.
More recently, an ink-spreading model was developed that
relies on the geometry of configurations of hexagonal dot
overlaps.33 These ink-spreading models do not, however,
seem to be general enough to be applicable to a large vari-
ety of printing technologies.

We develop a first model for computing effective surface
coverages (physical coverages) that accounts for ink
spreading. This first model assumes that when printing two
successive ink layers one on top of another, ink spreading
occurs only on the top layer. The top layer does not influ-
ence the effective surface coverage of the ink 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 cover-
ages of magenta over solid cyan f,,,(m), yellow over solid
cyan f,,(y), yellow over solid magenta f,,,(y), and yellow
over solid cyan and magenta f..,,,(y) by minimizing the sum
of square differences between measured spectra and spectra
predicted according to Eq. (10), for a number of nominal
surface coverages, e.g., 25, 50, and 75%.

We also fit the effective coverages of each single ink
printed on paper at the selected nominal coverages. The
continuous functions f.(c), f,.(m), f,(¥), fem(m), fey(c),
Smy(y), and f,,,,(y) mapping nominal to effective coverages
are obtained by linear interpolation between points in the
graph (Fig. 3) formed with pairs of nominal and effective
(fitted) coverage values.

In front of our new spectral prediction model, we intro-
duce a stage taking into account effective surface coverages
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Fig. 4 Spectral prediction model with dot gain and ink spreading
when an ink is printed on top of another ink.

induced by dot gain and ink spreading (Fig. 4). An input
color with nominal coverages cmy is converted to an inter-
mediate color with effective coverages ¢'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.

¢ =f.(c) effective surface coverage of cyan only,

m, =fm(m)(1 - C’) +fcm(m)c,
magenta alone and magenta on top

of solid cyan (blue),

y' =0 =c)1-m') yellow alone,
+ [y = )m" + fo, ()" (1 =m") + fo, (y)c"m’
yellow on top of solid magenta (red),
of solid cyan (green) and of solid cyan
& magenta (black). (11)

The performance of this simple ink-spreading model is il-
lustrated by the prediction accuracies in the second row
(“dot gain and ink spreading according to the print order”)
of the tables shown in Appendix A, both for the Clapper-
Yule model and for our new spectral prediction model. The
increase in prediction accuracy, compared with classical
single ink dot gain optimization is important: for offset
prints, the mean error between predicted and measured
spectra, expressed in CIELAB (1976) AE,, is reduced by a
factor of 1.3 to 2. Such an increase in prediction accuracy is
true both for the Clapper-Yule model and for the new spec-
tral prediction model.

6 Effective Coverages in Ink Layer
Superpositions: Advanced Model

A more advanced model for computing the effective sur-
face coverages in layer superpositions relies on the assump-
tion that when a halftone layer is printed either beneath or
on top of a solid layer, its effective surface coverage is
modified.

Jul-Sep 2005/Vol. 14(3)
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One ink One ink One ink One ink
on top on top of on top of on top of two
of paper another ink another ink other inks
1 1 1 1
c ¥ 100M_C 100Y_C A 100MY_C
cyan 05 a 05 05 ¥ 05
0 0 0 0
0 0.5 1 0 0.5 1 0 0.5 1 0 0.5 1
1 1 1 i
M A 100C_ M X 100Y_M 100CY_M
Magenta 0.5 0.5 0.5 . 05
0 0 0 0
0 0.5 1 0 0.5 1 0 0.5 1 0 0.5 1
1 1 1 1
Y < 100CY ~ 100M_Y 100CM_Y
yellow 05 0.5 0.5 : 0.5
0 0 0 0

0 0.5 1 0 0.5

1 0 0.5 1 0 0.5 1

Fig. 5 Example of effective ink coverages for different superposition conditions (offset prints). Vertical
axis: effective coverage. Horizontal axis: nominal coverage.

We separately model as functions of nominal coverages
(1) the surface coverages of single ink halftones, (2) the
surface coverages of single ink halftones superposed with
one solid ink, and (3) the surface coverages of single-ink
halftones superposed with two solid inks. To obtain the
effective coverages (¢’,m’,y’) of the inks of a color half-
tone patch as a function of the nominal coverages (c,m,y),
we appropriately weight the contributions of the different
surface coverage functions.

During calibration of the model, 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 cover-
ages (e.g., at 25, 50, and 75% nominal coverages) of an ink
using the spectral prediction model given by Eq. (10). This
enables us to associate effective (fitted) surface coverages
to the nominal surface coverages, for a limited set of half-
tone patches of each ink, in each ink superposition condi-
tion. By linear interpolation between the so-obtained effec-
tive coverages, we obtain the functions mapping nominal to
effective surface coverages of each ink for each ink super-
position condition.

Let us consider three inks i, i,, and i3 with nominal
coverages ¢y, C,, and c3. The “dot gain” functions mapping
nominal coverages to effective coverages for single ink
halftones are f|(c;), f»(c,), and f5(c3). 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 and for single ink halftones super-
posed with two solid inks are:

for ink i; of coverage c; superposed with solid ink

ir:f21(cy),
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for ink 7; of coverage ¢, superposed with solid ink
i3:f31(c1)s
for ink i, of coverage ¢, superposed with solid ink
i1:f1aea)s

for ink i, of coverage ¢, superposed with solid ink

i3:f3(c),

for ink i3 of coverage c; superposed with solid ink

i1:f13(c3),

for ink i3 of coverage c¢3 superposed with solid ink

i2:f23(c3),

for ink 7; of coverage c¢; superposed with solid inks

fzsl(cl),

for ink i, of coverage ¢, superposed with solid inks

f132(C2),

for ink i3 of coverage c5 superposed with solidinks

fis(cs).

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

Figure 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 (second and third col-
umns), and for wedges printed in superposition with two
solid inks (right column). Wedges of cyan are shown in the

ir and i5:

iy and i5:

i; and i,:
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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 (second row)
depend if magenta is printed alone (second row, first col-
umn), in superposition with cyan (second row, second col-
umn), in superposition with yellow (second row, third col-
umn), or in superposition with cyan and magenta (second
row, fourth column). One can observe the same phenom-
enon for the yellow wedges (third row).

Once surface coverages are fitted according to the spec-
tral prediction model, linearly interpolating between these
surface coverages (in Fig. 3, solid line segments connecting
the round black dots) yields the functions mapping nominal
to effective (i.e., physical) surface coverages for ink half-
tones printed in different superposition conditions.

To obtain the effective coverages ¢y, ¢5, and ¢} of a color
halftone patch, it is necessary, for each ink i;, to weight the
contributions of the corresponding mapping functions f,
Sfis Fmi and f,x. The weighting functions depend on the
effective coverages of the considered ink alone, of the con-
sidered ink in superposition with a second ink and of the
considered ink in superposition with the two other inks. For
the considered system of three inks iy, i,, and i3 with nomi-
nal coverages cy, ¢, and c3 and effective coverages c{, cé,
and ¢}, assuming that inks are printed independently of
each other, by computing the relative weight, i.e., the rela-
tive surface of each superposition condition, we obtain the
system of Egs. (12). In analogy with Demichel’s Egs. (2),
the proportion (relative effective surface) of a halftone
patch printed with ink i; of coverage c¢; on paper white is
(1-c¢5) (1-c5). The proportion of the same patch printed
on top of solid ink i, is ¢; (1—c¢j3), the proportion of the
same patch printed on top of solid ink i3 is (1—c}) ¢} and
the proportion of the same patch printed on top of solid
inks i, and i3 is ¢-c;. We obtain the following system of
equations:

cr=file)(I =)l —c3) + frr(cpes(1 —c3)
+ fu(ep(d

—cy)ey + fasiler)eses,

ey =frea)(1 =1 = ¢5) + fralea)ei (1 = ¢3)
+ fa(cr)(1

—cpes + finlea)eies,

ch=file3) (1= )1 = c)) + fiales)ei(1-ch)
+f23(C3)(1 —Ci)Cé+f123(C3)C{C£. (12)

This system of equations can be solved iteratively: one
starts by setting initial values of ¢{, ¢;, and ¢5 equal to the
respective nominal coverages c;, ¢,, and c3. After one it-
eration, one obtains new values for ¢|, ¢j, and c}. These
new values are used for the next iteration. After a few it-
erations, typically four to five iterations, the system stabi-
lizes and the obtained coverages ¢, ¢5, and ¢} are the ef-
fective coverages. The system of Egs. (12) enables us
therefore to compute combined effective ink surface cover-
ages (physical dot sizes) resulting from the combination of
elementary ink surface coverages present in different super-
position conditions. The effective colorant coverages aj,
aj, ...,ag are obtained from the effective coverages cy, c;,
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c2 €3 Nominal coverages

Weighting of superposmon conditions (Egs. 12)

101‘ lC2' lce,'

Demichel equations (Egs. 2) I

I
N S T N N T

| Spectral prediction model (Eq. 10) |

—e
> M

:
|

Effective coverages

Predicted reflection spectrum

Fig. 6 Spectral prediction model with dot gain and ink spreading in
all superposition conditions.

and ¢} of the inks according to the Demichel equations
[Egs. (2)]. The complete model comprising dot gain and
ink spreading in all superposition conditions is illustrated in
Fig. 6.

With the spectral reflection prediction model [Eq. (10)]
and by taking into account the combined effective ink cov-
erages (physical dot coverages), we obtain a further im-
provement in prediction accuracy (see Tables 1 and 2 in
Appendix A). CIELAB prediction errors are reduced by
another 10 to 40%, compared with the simple ink spreading
model (ink spreading only on top of one or two inks) de-
scribed in Sec. 5.

For the same offset prints as before (Table 1 in Appendix
A), thanks to the new spectral prediction and the advanced
ink spreading models, at 75 Ipi, with parameter »=0.6, a
mean error between predicted reflection spectra and mea-
sured 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:b greater than 4. At 150 Ipi,
with parameter »=0.1, a mean error between predicted re-
flection spectra and measured reflection spectra (729 spec-
tra) of AE,,=1.60 was obtained, the maximal error is
AEZb=4.56 and eight values have a AE:b greater than 4.

Although the model is presented here for the combina-
tion of a freely chosen set of three inks, it can be extended
to four inks. Such an extension (Appendix C) requires to
extend the Demichel equations [Egs. (2)], the spectral pre-
diction model [Eq. (10)], and the equations enabling us to
compute the effective surface coverages according to the
weights of the occurring superposition conditions [Egs.

(12)].

In contrast to Stollnitz et al. model,** our model fits
neither the transmission spectra of any of the inks nor the
reflection spectrum of paper. These internal spectra are cal-
culated from measured spectra, according to the model’s
equations. Our model fits only effective dot sizes when
printed alone or in combination with other inks (physical
dot gain, ink spreading). Nevertheless, the model accurately
predicts 36 components reflection spectra. The model is
therefore robust and seems to reflect, at least to a certain
extent, the underlying physical phenomena.
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Table 2 Prediction accuracy (AE;D) for thermal transfer color halftone prints (calendered paper).

Thermal transfer Number of Number of Number of

(ALPS MD-5000) Max Mean Samples Max Mean Samples Max Mean Samples

729 test samples AE AE AE>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-Yule with 7.21 2.96 170 7.59 3.34 241 8.16 3.30 224

single ink dot gain

only

Clapper-Yule, dot gain  7.42 2.63 103
and ink spreading

according to

print order

Clapper-Yule, dot gain ~ 7.74 2.51 108
and ink spreading for

all superposition

conditions

New spectral prediction 6.63 2.34 86
model, with single-ink
dot gain only

New spectral prediction 6.63 2.14 54
model, dot gain and ink

spreading according to

print order

New spectral prediction 4.56 1.50 5
model, dot gain and ink

spreading for all

superposition conditions

7.18 3.07 173 7.73 3.04 175

7.06 2.38 95 7.73 2.84 146

7.73 3.02 190 7.33 3.21 223

7.75 2.90 174 751 299 168

5.01 1.51 13 6.79 2.50 78

7 Application of the Model

The proposed spectral prediction model together with the
methods of computing effective surface coverages was ap-
plied to offset and thermal transfer printing, at various
screen frequencies, for the cyan, magenta, and yellow inks.
Classical clustered-dot halftoning was used, with screens
mutually rotated by 30 deg. We present the prediction ac-
curacies when printing with cyan, magenta, and yellow inks
on offset (Komori Lithrone 26) on coated matte paper at
screen frequencies of 75 and 150 Ipi and on a thermal
transfer wax printer (Alps MD-5000 at 600 dpi) on calen-
dered paper at screen frequencies of 50, 75, and 100 Ipi.
The tables in Appendix A give the mean prediction errors
(in terms of the CIELAB 1976 AE,;, values), 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, yield-
ing in case of single ink dot surface optimization (dot gain)
3 X 3=9 patches, in case of ink spreading when printed on
top of one or two inks 3 X 7=21 patches [Eq. (11)] and in
case of ink spreading for all superposition conditions 3
X 12=36 patches [Eq. (12)]. In addition, the reflectances of
the paper white and of all solid ink and solid ink combina-
tions are measured (eight patches). The model is tested on
729 patches, comprising all nominal coverage combina-
tions 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
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improve the prediction performance. One can also clearly
see that combined with the new spectral prediction model,
the two ink-spreading models bring considerable improve-
ments in prediction accuracy. The ink-spreading models
also bring an improvement to the classical Clapper-Yule
model, but as shown by the results obtained with the Alps
thermal transfer printer (Appendix A, Table 2, 50 and
75 1pi), the improvement is less pronounced than with the
new spectral prediction model. The proposed models pro-
vide excellent predictions (mean CIELAB prediction error
below AE,,=1.6) as long as the printed dot is stable (e.g.,
offset at 75 and 150 lpi, thermal transfer prints at 50 and
75 1pi). 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-Yule, but provide a lower accuracy
(mean AE:b of 2.5 at 100 Ipi for the thermal transfer Alps
printer).

The results also confirm that the factor b giving the rela-
tive weights of respectively the Saunderson-corrected Neu-
gebauer and of the Clapper-Yule components of the spectral
prediction model is related to the screen frequency. At a
higher screen frequency, the ratio of lateral light scattering
to screen element period is higher and therefore, the weight
of the Clapper-Yule component within the new spectral pre-
diction model becomes larger. Therefore, factor b, which is
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proportional to the weight of the Saunderson-corrected
Neugebauer component, becomes smaller (Table 2, second
line).

8 Conclusions

We proposed a new spectral reflection prediction model
that 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. The new model
comprises a Saunderson-corrected Neugebauer component
weighted according to a factor b, which specifies the part of
the incident light that emerges through the same colorant as
the colorant from which it entered, i.e., lateral light propa-
gation is short compared with the screen element period.
The model also comprises a Clapper-Yule component
weighted according to factor (1-5), which specifies the
part of the incident light that emerges from all colorants,
with a probability to emerge from a given colorant equal to
that colorant surface coverage (lateral light propagation is
middle to large, compared with the screen element period).
The new spectral prediction model is therefore a weighted
mean between Clapper-Yule and Saunderson-corrected
Neugebauer model components.

We also proposed two models for taking into account
ink spreading, a phenomenon that 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 considered in the first model the ink
spreading that occurs when an ink halftone is printed on top
of one or two solid inks. In the second more advanced
model, we generalized this concept to ink halftones printed
on top or below solid inks. We formulated for both models
systems of equations that enable us to compute effective
ink coverages as a weighted mean of the individual ink
coverages that occur in the different superposition condi-
tions.

For model calibration, i.e., the establishment of the func-
tions mapping nominal to effective surface coverages in the
different superposition conditions, effective coverage val-
ues are fitted by minimizing the sum of square differences
between measured and predicted reflection spectra compo-
nents. 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 samples, yielding
36 fitted surface coverages for 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) con-
siderably improved 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 A), the new spectral prediction model and the
advanced method for computing effective coverages im-
prove the standard Clapper-Yule predictions by reducing
the mean CIELAB (1976) error between predicted and
measured spectra by a factor of 2.4 (from AEZb=3.95 to
AEZb=1.60). At 75 Ipi, the Clapper-Yule mean prediction
error is reduced by a factor of 3.3 (from AE,,=4.49 to
AE;,=1.35). Errors below to AE,,=1.5 cannot be reduced
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further, since they correspond to the colorimetric variations
that occur when printing identical patches at different loca-
tions of the same printed page.

Since our new model fits surface coverages only 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 phenom-
ena. However, further efforts are necessary to verify that
indeed the computed effective surface coverages corre-
spond to physical dot areas.

Currently, the spectral reflection prediction model to-
gether with the advanced ink-spreading model yield excel-
lent results for clustered dots, in the case of offset and
thermal transfer technologies. This may be due to the fact
that both in offset and in thermal transfer technologies, ink
densities remains relatively constant at each superposition
condition. Further research is necessary to obtain similar
results for dispersed-dot or error-diffusion halftoning algo-
rithms, as well as for ink-jet and electrophotographic
printers.

9 Appendix A: Prediction Accuracies

Tables 1 and 2 present prediction accuracies for offset and
thermal transfer printing.

10 Appendix B: Equivalence between
Reflectance Factors Measured with
an Integrated Sphere and According to a
45 deg/0 deg Geometry

The spectral reflectance factor of a halftone print can be
obtained by dividing the spectral reflectance of the halftone
print by the spectral reflectance of a perfectly white dif-
fuser. Since for an integrated sphere, the spectral reflec-
tance of the perfectly white diffuser is 1 at each wave-
length, the reflectance factor is identical to the reflectance
given by Eq. (5) in the case of a single-ink halftone.

In the case of a 45 deg/0 deg measuring geometry,
when discarding the specular component, the exact expres-
sion for the Clapper-Yule reflectance factor, measured in
reference to a perfect white diffuser, is?’

(1 _ rO deg)

5

R45 deg/0 deg()\) — (1 _ VA,‘S deg)

ro(l—a+ at)?

(13)

1—rr(l-a +ar?)’

where r#° %€ and, respectively, r” “¢ are the Fresnel reflec-

tion factors for 45 and, respectively, 0 deg incident light at
the air-coating interface and where n, is the index of refrac-
tion of coated paper. The symbolic Eq. (13) for the reflec-
tion factor in case of a 45 deg/0 deg measuring geometry
differs from the symbolic Eq. (5) of the reflectance in case
of an integrated sphere measuring geometry only by (I
—rV %) /03 being replaced with (1-r;). By inserting the
corresponding numerical values

(1=r0%%)  (1-0.044)
k153

=0.408, (14)
and, respectively,
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(I-r)=(1-0.614)=0.386, (15)

in their corresponding Eq. (13) and, respectively, Eq. (5),
and by computing accordingly the paper’s internal reflec-
tance 7, [Eq. (7)] and the ink transmittance #; [Eq. (8)], one
can verify that for all surface coverages and ink transmit-
tance levels, the reflection factor components computed ac-
cording to Eq. (13) and according to Eq. (5) vary numeri-
cally by less than 2.5%.

In terms of CIELAB (1976) AE,, values, the distance
between reflection spectra measured according to an inte-
grated sphere and according to a 45 deg/ 0 deg geometry
yields color differences smaller than AE,,=0.5. As sug-
gested by Clapper and Yule, 2! we can therefore use a photo-
spectrometer with a 45 deg/0 deg geometry instead of an
integrating sphere for carrying out the reflectance measure-
ments necessary to obtain correct Clapper-Yule reflectance
predictions. Similar considerations also apply to the
Saunderson-modified Neugebauer model component and
therefore to the new spectral prediction model.

11  Appendix C: Extension of the Model to Four
Inks

The extension of the Demichel Egs. (2) to four inks i, iy,
i3, and iy with respective coverages c, ¢,, ¢3, and ¢, yields
the colorant coverages:

i] alone: Cllzcl(l—CZ)(l—CS)(l—C4),
i, alone:  ay=(1-c;)c(1 —c3)(1 —cy),
iz alone: az=(1—-c)(1=cy)es(l —cy),

igalone: ay=(1-c))(1=cy)(1=c3)cy,
ipand iy:  as=cic(l —c3)(1 —cy),
ipand iz: ag=c (1 —cy)esz(1—cy),
ipand iy:  ay;=c,(1=cy)(1 =c3)cy,
ip and i3:  ag=(1—c|)cycs(1 —cy),
ipand iy:  ag=(1-cp)ey(l —c3)ey,
iyand iy ajo=(1-c)(1 = cy)esey,

i1, iy, and i3:  aj =cjces3(l —c¢y),
is, i3, and iy:
i, i3, and iy:  apz=c (1 = cy)esey,

iy, i, and iy: ap=(1-c))(1=cr)ez(l —¢y),

iy, iy, 13, and iy a;5=cjCyC3Cy,

white:  a;g=(1—c)(1 =cy)(1=c3)(1 =cy). (16)

ap=(1-cp)eycsey,

The extension of Eq. (10) to four inks leads to

16 2

t
RO =Kry+ (1= r)r,(1-r)| b3 —21—
=1 1= r,rgt]

16 2
(E =1 ajtj)
16 2
I =r,r; E ajt;
Finally, the extension of Eq. (12) to four inks leads to
cr=file)( =e)(1 = c3)(1 = cg) + far(e)(1 = e3)(1
—c3)ey+ fale)ep(l = e3)(1 = cy) + fau (ees(l
—c3)ey+ fale)(1 = ex)es(1 = cy) + frale)(1

+(1-b) (17)
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- cé)céci +f231(Cl)CéC§(1 - Cz’;) +f2341(Cl)C£C§Cfp

ey =frle) (1 =ce)(1 = e3)(1 = cy) + far(er) (1= cp)(1
—c3)eq+ fiolea)ei(1=c3)(1 =) + fraaler)eq (1
—c3)ey+ frle)(1 = ces(1 =) + fraa(cr)(1

—cp)esey + finlea)eies(1 = cy) + fian(cr)eicsey,

cy=f3(c3) (1= D1 =) (1 = cf) + fas(e3) (1 = (1
—cy)ey+ fiales)ei(1 = ep)(1 =) + fras(es)e (1
—cy)ey+ frz(e3)(1 = ees(1 = ¢) + fauz(e3)(1

—cp)escy + fias(es)eies(l =) + fraus(cs)eiescy,

ci=Ffalca) (1 =c))(1 = e3)(1 = c3) + fralegei (1 = ex)(1
—c3) + faule) (1 = ep)ey(1 = e3) + fruley) (1 = ep)(1
= c3)es + fraalea)eies(l = e3) + fraaleg)ei(1 = ey)ey
+ faaa(ca) (1 = ci)eses + frazales)cieses. (18)

Equations (16)—(18) completely define the new model for
the case of four inks.

Acknowledgments

We thank Mathieu Hebert for fruitful discussions as well as
the Swiss National Science Foundation for its financial sup-
port (grants 2000-065167 and 200020-105119/1).

References

1. D. R. Wyble and R. S. Berns, “A critical review of spectral models
applied to binary color printing,” Color Res. Appl. 25(1), 4-19
(2000).

2. R. Balasubramanian, “Optimization of the spectral Neugebauer
model for printer characterization,” J. Electron. Imaging 8(2), 156—
166 (1999).

3. J. A. C. Yule and W. J. Nielsen, “The penetration of light into paper
and its effect on halftone reproductions,” Proc. Annu. Tech. Meet.,
Tech. Assoc. Graphic Arts 3, 65-76 (1951).

4. J. A. S. Viggiano, “Modeling the color of multi-colored halftones,”
Proc.-TAGA, 44—62 (1990).

5. K. Iino and R. S. Berns, “Building color management modules using
linear)optimization L. Desktop,” J. Imaging Sci. Technol. 42(1), 79-94
(1998).

6. K. Iino and R. S. Berns, “Building color management modules using
linear optimization II. Prepress system for offset printing,” J. Imaging
Sci. Technol. 42(2), 99-114 (1998).

7. H. R. Kang, Color Technology for Electronic Imaging Devices, SPIE
Optical Engineering Press, Bellingham, WA (1997).

8. H. E.J. Neugebauer, “Die theoretischen Grundlagen des Mehrfarben-
drucks,” Z. Wissen. Photog. 36, 36-73 (1937); reprinted in Neuge-
bauer Semin. Color Reprod., Proc. SPIE 1184, 194-202 (1989).

9. M. E. Demichel, Procédé 26, 17-21 (1924).

10. A. Murray, “Monochrome reproduction in photoengraving,” J. Fran-
klin Inst. 221, 721-724 (1936).
11. H.R. Kang, “Applications of color mixing models to electronic print-
ing,” J. Electron. Imaging 3(3), 276287 (1994).
12. E R. Ruckdeschel and O. G. Hauser, “Yule-Nielsen effect in printing:
a physical analysis,” Appl. Opt. 17(21), 33763383 (1978).
13. J. A. C. Yule, D. J. Howe, and J. H. Altman, “The effect of the spread
{uncti;)n of paper on halftone reproduction,” Tappi J. 50(7), 337-344
1967).
14. H. Wakeshima, T. Kunishi, and S. Kaneko, “Light scattering in paper
?nd it§ effect on halftone reproduction,” J. Opt. Soc. Am. 58, 272-273
1968).
15. P. G. Engeldrum and B. Pridham, “Application of turbid medium
theory to paper spread function measurements,” in Proc.-TAGA 47,
pp- 339-352 (1995).
16. S. Gustavson, “Color gamut of halftone reproduction,” J. Imaging
Sci. Technol. 41(3), 283-290 (1997).

Jul-Sep 2005/Vol. 14(3)



17.
18.
19.

20.

21.

22.
23.
24.

25.

26.
217.

28.
29.
30.

31.

32.
33.

Hersch et al.: Spectral reflection and dot surface prediction...

J. S. Arney, “A probability description of the Yule-Nielsen effect I,”

J. Imaging Sci. Technol. 41(6), 633-636 (1997).

G. Rogers, “Optical dot gain: lateral scattering probabilities,” J. Im-

aging Sci. Technol. 42(4), 341-345 (1998).

L. Yang, R. Gooran, and B. Kruse, “Simulation of optical dot gain in
multichromatic tone production,” J. Imaging Sci. Technol. 45(2),
198-204 (2001).

L. Yang, R. Lenz, and B. Kruse, “Light scattering and ink penetration
?ffects on tone reproduction,” J. Opt. Soc. Am. A 18(2), 360-366
2001).

F. R. Clapper and J. A. C. Yule, “The effect of multiple internal
reflections on the densities of halftone prints on paper,” J. Opt. Soc.

Am. 43, 600-603 (1953).

G. Rogers, “A generalized Clapper-Yule model of halftone reflec-
tance,” Color Res. Appl. 25(6), 402-407 (2000).

P. Emmel and R. D. Hersch, “A unified model for color prediction of
halftoned prints,” J. Imaging Sci. Technol. 44(4), 351-359 (2000).
E. J. Stollnitz, V. Ostromoukhov, and D. Salesin, “Reproducing color
images using custom inks,” in Proc. SIGGRAPH 1998, Computer
(Grap};ics Proc., Annual Conference Series, pp. 219-228, ACM Press
1998).

P. Kubelka, “New contributions to the optics of intensely light-
scattering material, part II: non-homogeneous layers,” J. Opt. Soc.

Am. 44, 330-335 (1954).

J. L. Saunderson, “Calculation of the color pigmented plastics,” J.
Opt. Soc. Am. 32, 727-736 (1942).

M. Hebert and R. D. Hersch, “Classical print reflection models, a
Eadior;letric approach,” J. Imaging Sci. Technol. 48(4), 363-374
2004).

{5. Hf;cht, Schaum’s Outline of Optics, McGraw-Hill, New York
1974).

D. B. Judd, “Fresnel reflection of diffusely incident light,” J. Res.
Natl. Bur. Stand. 29, 329-332 (1942).

P. Emmel, “Physical models for color prediction,” in Digital Color
fmagi;lg, G. Sharma, Ed., pp. 173-238, CRC Press, Boca Raton, FL.
2003).

S. Inoue, N. Tsumara, and Y. Miyake, “Measuring MTF of paper by
sinusoidal test pattern projection,” J. Imaging Sci. Technol. 41(6),
657-661 (1997).

H. Kipphan, Handbook of Print Media, Springer-Verlag (2001).

P. Emmel and R. D. Hersch, “Modeling ink spreading for color pre-
diction,” J. Imaging Sci. Technol. 46(3), 237-246 (2002).

Roger D. Hersch is a professor of com-
puter science and heads the Peripheral
Systems Laboratory at the Ecole Polytech-
nique Fédérale de Lausanne (EPFL), Swit-
zerland. He received his engineering and
PhD degrees, respectively, from ETH, Zur-
ich, in 1975 and from EPFL in 1985. He
has published over 100 scientific papers, is
the editor of four books, and is inventor or
coinventor of many patent applications. He
is interested in novel imaging techniques

(color prediction, color reproduction, artistic imaging, security print-

Journal of Electronic Imaging

ing, anticounterfeiting) and in high-performance server applications
(imaging servers, PC clusters).

Patrick Emmel heads color communica-
tion in the Masterbatch Division of Clariant.
His research interests include color predic-
tion, mathematical modeling, color printing,
and the history of mathematics. He gradu-
ated as an electronics and physics engi-
neer from CPE Engineering School, Lyon,
France in 1993, and in the same year he
received an MSc degree in computer sci-
ence from the University Jean Monnet of
Saint Etienne, France. Before joining Clari-
ant, he was research assistant at the Peripheral Systems Labora-
tory of the Ecole Polytechnique Fédérale de Lausanne (EPFL) in
Lausanne, Switzerland. He received his PhD degree in computer
science from EPFL in 1998.

Fabien Collaud received his engineering
degree from the Ecole Polytechnique
Fédérale de Lausanne (EPFL), Switzer-
land, in 2000. From 2000 to 2004, he was
an R&D engineer with EPFL and contrib-
uted to color prediction models for offset
printing.

Frédérique Crété received her engineer-
ing and MS degrees in 2003, respectively,
from ISTASE and from University Jean
Monnet of Saint Etienne, France. She was
active for 2 years at the Ecole Polytech-
nique Fédérale de Lausanne (EPFL) in the
fields of color prediction and reproduction.
She is currently working toward her PhD
degree, aiming at reducing MPEG artifacts.

033001-12 Jul-Sep 2005/Vol. 14(3)



