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Abstract

As the spectral prediction model for color halftone prints
using the microscopic measurement, the conventional spectral
reflection image model (SRIM) is extended by introducing the
concept of the conventional spectral Neugebauer Model, and
a new prediction model, the Neugebauer modified spectral re-
Sflection image model (NMSRIM), is proposed. Compared to the
SRIM, the NMSRIM abstracts the spatio—spectral transmittance
distribution of ink layer using the limited number of base color
Sfunctions and the spatial position function for each base color
function in order to efficiently predict the reflectance of color
halftone prints from a small number of measurements. The NM-
SRIM separately analyzes the mechanical dot gain and the op-
tical dot gain. The NMSRIM can predict not only the spectral
reflectance but also the microscopic spatial distribution of re-
Sflectance. The spatial distribution of reflectance is related to the
appearance of halftone prints. The methods to obtain the pa-
rameters of NMSRIM are also proposed. Several parameters
are obtained by measurements and the others are obtained by
computational estimations. To evaluate the validity of the NM-
SRIM, the spatio—spectral distribution of reflectance printed with
two inks, cyan and magenta (testing data) is predicted from the
measurements of the halftone prints printed with one ink, the un-
printed paper, and the solid prints of inks which are the cyan,
magenta and blue (training data), where the blue corresponds
to the combination of cyan and magenta inks. The spectral pre-
diction accuracy was significant since the average and maximum
values of AEo4 in all samples were 0.66 and 1.30, respectively.
We also obtained the interesting results according to the spatial
prediction accuracy.

Introduction

In recent years, the image information is changed to dig-
ital form with dizzying speed. The digital image is captured,
recorded, transferred, analyzed, printed and output with various
imaging devices such as digital still cameras, scanners, various
types of printers and various types of displays. To share the color
information of image between imaging devices efficiently, the
color management system (CMS) is important. The concept of
CMS is that the color information of image is managed in the
form of not a device dependent color but a device independent
color such as the CIE XYZ value, the CIE L*a*b* value and the
spectral reflectance. The spectral reflectance is the most versatile
value since it is not influenced by the illumination environment.
The CIE XYZ (or L*a*b*) value on the arbitrary illumination
environment can be calculated from the spectral reflectance.

To incorporate an imaging system to CMS, the color repro-

444

duction of the system need to be comprehended. From its linear-
ity of the additive color mixture, it is not a hard work to predict
the color reproduction of cameras, scanners and displays from a
small number of measurements. However, compared to systems
based on the additive color mixture, it is difficult to predict the
color reproduction of the “printing” system based on the subtrac-
tive color mixture due to its nonlinearity. The printing system
prints the image as a halftone image where it is constituted as an
on—off image of ink dots microscopically. Since the input light
into the halftone print is mainly attenuated by the ink region, the
reflectance is related to the coverage of ink. However, since the
light scattering in paper causes the optical dot gain, the nonlinear
relationship is occurred between the reflectance and ink cover-
age.

A lot of color patches are printed and their color characteris-
tics are obtained by the reflectance measurement. The most prim-
itive solution to comprehend its reproduction is to measure the all
combinations of inputs to printer. However, it is not a practical
method since too many color patches need to be measured. The
second solution is the interpolation—based method using a look
up table (LUT). The LUT is generated from not measurements of
all combinations but several measurements. The unknown color
values are mathematically interpolated and estimated using LU'T.
However, due to the nonlinearity of printing system mentioned
above, one still needs a lot of measurements for high estimation
accuracy. The third solution is the prediction-based method us-
ing prediction models. This is the most efficient solution since
the nonlinearity can be described in the prediction models. Us-
ing the limited measurement values, the unknown color values
are predicted by the prediction model. The problems are how the
prediction model is defined and how the parameters included in
the model are obtained.

The reflectance measurement can be done by the macro-
scopic measurement or the microscopic measurement. The
macroscopic measurement is generally based on the point mea-
surement with the spectrophotometer, the spectroradiometer and
the macro—densitometer. On the other hand, The microscopic
measurement is based on the image measurement with the re-
flection optical microscope and the micro—densitometer.

In the current printing industry, the macroscopic measure-
ment is generally used because of its advantages where the mea-
surement time and data size are smaller than that of microscopic
measurement. Additionally, a lot of prediction models for data
obtained by the macroscopic measurement have been proposed
such as Murray—Davies equation [1], Yule-Nielsen equation [2],
Neugebauer equation [3], Yule-Nielsen modified Neugebauer
equation [4], Clapper—Yule model [5], extended Clapper—Yule
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model [6, 7], Williams—Clapper model [8], extended Williams—
Clapper model [9], generalized model of Clapper—Yule and
Williams—Clapper models [10], reflectance and transmittance
model for recto-verso halftone prints [11, 12, 13], Kubelka—
Munk model [14, 15], revised Kubelka—Munk model [16, 17,
18], models considering the ink penetration into paper [19, 20,
21], and a model considering the fluorescent effect [22].

On the other hand, the microscopic measurement has sev-
eral disadvantages where it is time—consuming for measurement,
the measured data size is large since the data is the (spectral) im-
age, few prediction models have been proposed to analyze the
data obtained by the microscopic measurement, and the parame-
ters of the models are difficult to obtain compared to the case of
the macroscopic measurement. However we use the microscopic
measurement in this research because of the following advan-
tages.

e Accurate dot gain analysis can be done since the dot gain
effect can clearly be observed in halftone micro—structure.

o The measured data can be applied to analyze not only color
reproduction but also granularity and sharpness since the
measured data is the microscopic image (spatial or spatio—
spectral reflectance distribution).

e The detail analysis can be done for paper and ink them-
selves. The results would directly be applied to the devel-
opment of paper and ink.

In this research, we propose a new prediction model based
on the microscopic measurement in order to efficiently pre-
dict the spatio—spectral reflectance distribution of color halftone
prints from a small number of measurements. The validity of the
proposed model is evaluated and discussed through a prediction
experiment.

Conventional Spectral Prediction Models
Spectral Neugebauer Model

The Neugebauer model [3] predicts the CIE XYZ tristimu-
lus values of a color halftone patch as the sum of the tristimulus
values of their individual colorants weighted by their fractional
dot coverages a;. By considering instead of the tristimulus values
of colorants their respective reflection spectra r;(A), one obtains
the spectral Neugebauer equation [23] given by

r(2) =Y airi(2), 1

where r(A) is the spectral reflectance of color halftone patch and
the suffix 7 indicates the color of ink. In color prints using three
inks, cyan, magenta and yellow, for example, 7 indicates cyan c,
magenta m, yellow y (primary colors), red r, green g, blue b (sec-
ondary colors), black k (tertiary color) or white p (paper). The
spectra r;(A) corresponds to the solid prints spectra using the
ink i. Equation (1) is a simple linear equation with the param-
eters a;. However, Eq. (1) cannot precisely predict the spectra
of color halftone prints due to the dot gain effect. Dot gain is
phenomena in printing whereby the printed image becomes to be
darker than intended. The dot gain effect can be classified to two
types: One is a mechanical dot gain and the other is an optical
dot gain. Due to the viscosity of ink, the shape of printed ink dot
is changed compared to the intended shape. This phenomenon is
called as the mechanical dot gain or the physical dot gain. Due
to the mechanical dot gain, the printed dots are generally printed
bigger than intended, In other words, the dot coverage of actu-
ally printed is bigger than that of intended, where the intended
dot coverage is called as a nominal dot coverage and the actually
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printed dot coverage is called as a effective dot coverage. On the
other hand, the optical dot gain called also as the Yule—Nielsen
effect is caused by the light scattering in paper. Due to the light
scattering in paper, the printed dots are perceived bigger than
actually printed. Additionally, the perceived ink dot is blurred.
Therefore, the optical dot gain affects not only color reproduc-
tion of the print but also granularity and sharpness of the print.
Even if the dot coverages a; denote the effective dot coverage,
the prediction accuracy of Eq. (1) still poor due to the optical dot
gain.

Yule—Nielsen Modified Spectral Neugebauer
Model

Yule and Nielsen proposed their model to correct the predic-
tion error caused by the dot gain for the black and white prints
[2]. Viggiano applied the Yule-Nielsen model to the Neugebauer
equation [4] . The Yule-Nielsen modified spectral Neugebauer
equation is given by

r(A) = {Zairi(/l)l/"} . 2)

Equation (2) is a nonlinear equation which corrects the predic-
tion error caused by the dot gain by a parameter n. However, the
parameter 7 is just an empirical value and has no physical mean-
ing. If one changes the printing conditions such as the usage of
different paper, different ink and different resolution of print, the
parameter n has to be re—estimated from a lot of measurement of
spectra.

Spectral Reflection Image Model

Ruckdeschel and Hauser [24] and Inoue er al. [25] have
proposed the same kind of prediction model having parameters
which can provide the physical meaning of the dot gain effect
given by

r(,y) = § 1 [F{e(x,y)} MTE, (u,v)] rpt (x,y). (3)

where (x,y) denotes the spatial coordinates, (u,v) denotes the
spatial frequency coordinates, r(x,y) is the spatial distribution
of reflectance from the halftone print, ¢(x,y) is the transmittance
spatial distribution of ink layer, MTF(u,v) is the modulation
transfer function (MTF) of paper, r, is the reflectance of pa-
per, and § and §~! denote the operation of Fourier transform
and inverse Fourier transform, respectively. Inoue et al. named
this equation as a reflection image model (RIM). Figure 1 illus-
trates the light transfer behavior of RIM. The RIM expresses the
halftone print as a spatial distribution of reflectance where the ink
dots are superposed on paper, and it is assumed that the ink layer
and paper can be optically separated. The light transfer behavior
of RIM can be explained as the following steps.

1. The halftone print is illuminated by the input light.
2. The light is partly absorbed and transmitted in the ink layer
by its transmittance ¢(x, ).

. The transmitted light enters into the paper.

4. The light is scattered in paper by MTF, (u,v) and reflected
by the reflectance 7.

5. The reflected light is partly absorbed and transmitted in the
ink layer by ¢(x,y) again before output.

W

In the RIM, the function r(x,y) is affected by the mechanical
dot gain and the optical dot gain, where the mechanical dot gain
effect is expressed in the function ¢(x,y), and the optical dot gain
effect is expressed in the function MTF ), (u,v).
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The RIM can directly be extended to a spectral form. The
spectral reflection image model (SRIM) is given by

r(x,yiA) =§ 1 [F{0(x, i A) } MTF, (u,v)] rp(A)1(x,734). (4)

where A denotes wavelength, r(x,y;A) is the spatio—spectral
reflectance distribution of the color halftone print, ¢(x,y;A) is
the spatio—spectral transmittance distribution of the ink layer
and r,(A) is the spectral reflectance of paper. To be ex-
act, the function MTF,(u,v) should also be a spectral form
i.e. MTF,(u,v;A). We, however, assumed the paper’s MTF is
independent on wavelength since the wavelength dependence of
paper’s MTF is not significant [26].

The functions r(x,y;A) and r,(A) in the SRIM can be mea-
sured with a reflection optical microscope attached with a liquid
crystal tunable filter (LCTF). A problem of the SRIM (RIM) was
difficulty to obtain the functions MTF,(u,v) and ¢(x,y;A). With
respect to MTF, (u,v), we have proposed a method to efficiently
and accurately measure the MTF, (u,v) with the reflection opti-
cal microscope [26], where MTF, (u,v) is calculated by the frac-
tion between two images of the pencil light response in Fourier
domain where the two images are reflection images from the pa-
per and the perfect specular reflector. From our measurement
results, we concluded that MTFE,, (u,v) of various types of paper
can be approximated by

1
MTF, (u,v) ~

) V14 2rd)2(u2 +v2) ®

where d is a fitting parameter which has different value in dif-
ferent paper. On the other hand, with respect to £(x,y;A), we
have proposed a method to estimate the function using a compu-
tational iteration algorithm [27] as a following procedure.

1. The iteration is performed to each wavelength A, respec-

tively.

2. Arbitrary spatial distribution is set to ¢(x,y;A) (Initializa-
tion).

3. One substitutes ¢(x,y; A ) to Eq. (4) and obtained a predicted
P(x,y;A).

4. A signed prediction error function e(x,y;A) is calculated
by

e(x,y:A) = r(x,y;A4) = #(x,y;4). ©)

5. A root mean square error (RMSE) of e(x,y; A) is calculated
by

1 bk RS
em-\/ oy ey @

where [ and [, are the horizontal and vertical lengths of
image e(x,y; ), respectively.

6. If the RMSE ¢(A) is sufficiently small value, the iteration
is stopped. The current #(x,y;A) is the estimation result.
Otherwise, one goes to the next step.

7. One sets ¢(x,y; A) +e(x,y; A) as anew ¢(x,y; A).

8. Return to process 3.

Proposed Model: Neugebauer Modified
Spectral Reflection Image Model

The spectral Neugebauer model described in Eq. (1) sim-
ply expresses the spectral reflectance of the halftone print as the
limited number of base functions #;(1) and their weights a;. The
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Figure 1. Light transfer behavior in RIM.

number of 7 is only eight when three primary inks are used; cyan,
magenta and yellow. In this section, the concept of the Neuge-
bauer Model is applied to the SRIM to increase the efficiency of
prediction. As an extended version of the SRIM, we propose a
new spectral prediction model named as a Neugebauer modified
spectral reflection image model (NMSRIM).

Transmittance—based Neugebauer Model

As mentioned above, Eq. (1) practically does not precisely
work due to the optical dot gain effect. We also mentioned
that the transmittance spatio—spectral distribution of ink layer
t(x,y;A) in the SRIM is not affected by the optical dot gain. It
implies that the Neugebauer Model practically works in the do-
main of transmittance of ink layer. Then, we have proposed the
transmittance-based spectral Neugebauer Model [27] given by

i(A)=Y aiti(A) ®)
i
with constraints

0<a;<1 and Y ai=1, ©)
i

where the suffix i contains ¢, m, y, r, g, b, k and p when three pri-
mary inks are used, 7(1) is the spatial average value of ¢(x,y; 1)
and 7;(A) is the spatial average value of 7(x,y;A) for the solid
prints of each color i. Note that when i denotes p, 7;(A) indicates
the transmittance of ink layer without ink, therefore

()= 1. (10)

Neugebauer Modified Spectral Reflection Image
Model

According to the concept of Eq. (8), we approximate the
spatio—spectral transmittance distribution of ink layer 7(x,y;A)
by an equation given by

1(x,y:A) = Y Ai(x,»)i(4), (11)
i
where
1 where ink of color i exists
Ai(x,y)—{ 0 otherwise (12)
with constraints
1 b
— Ai(x,y)dxdy = a; 13
lxly/o/o i(x,y)dxdy = a; (13)
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Figure 2. Training data and testing data for the prediction experiment of
spatio—spectral distribution of reflectance.

and

Y Ai(x,y)=1  atall positions in (x,y). (14)
1
The function A;(x,y) denotes the positions where the ink of color
i which spectrum is 7;(A ) exists. Equation 11 abstracts the spatio—
spectral transmittance distribution of ink layer, ¢(x,y; 1), using
the limited number of base color functions 7;(A) and the spa-
tial position function A;(x,y) for each base color function. From
Egs. (4) and (11) the proposed NMSRIM is obtained and given

by

r(x,y;A) = gt [S{ZiAi(x:.V)l_(l)}MTFP(“:V)] . (15)

.rp A,){Z,At(xyy)t_l(z')}

Spectral Reflectance Prediction using NM-
SRIM

In this section, an application of the proposed NMSRIM is
discussed through the experiment of spatio—spectral reflectance
prediction for a color halftone print. The experimental results
are discussed to evaluate the validity of NMSRIM.

Establishment of Research Problem

The research problem is as follows. With respect to the
halftone prints printed with cyan and magenta inks, how the
spatio—spectral distribution of reflectance printed with two inks
(testing data) is predicted from the measurements of limited
training data where the training data contain the halftone prints
printed with one ink, the un-printed paper, and the solid prints
of inks which are the cyan, magenta and blue (Fig. 2), where the
blue corresponds to the combination of cyan and magenta inks.

Experimental Conditions

As measurement samples, We used color patches with cyan
and magenta inks printed with an offset printer on a coated pa-
per (ISO12642, JAPAN COLOR 2007). The sample patches
are composed of twenty five sets of cyan—magenta combination
where each nominal dot coverage of cyan or magenta is 0, 0.20,
0.40, 0.70 or 1.00, respectively. The spatio—spectral images of
sample patches were measured with a reflection optical micro-
scope (BX50, OLYMPUS) attached with a LCTF (VariSpec CIS
Corp., CRI) and with a monochrome CCD camera (INFINITY4—
11M, Lumenera Corp., 12-bit quantization, USB 2.0). The im-
ages were captured with a spatial resolution of 1024 x 1024. An
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Figure 4. Measured data and fitted curve by Eq. (5) of paper's MTF.
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Figure 5.  Estimated spectal transmittance 7;(A) of cyan, magenta and

blue.

objective lens whose magnification power is 4 x was used and, in
this condition, the vertical and horizontal pixel pitches are 1.96
um. The spectral resolution of the measurement was set to 30nm
in the interval of wavelength 430—700nm [10 bands]. To remove
the specular reflection component, two polarizers were attached
in front of the camera and the light source, respectively. Divided
by a spatio—spectral image of white reference, the measured im-
ages were converted to spatio—spectral reflectance factor distri-
butions r(x,y;A).

Experimental Procedure for training

Figure 3 illustrates the schematic diagram for training. The
model parameters of the NMSRIM are measured or estimated by
a following procedure.

Spectral reflectance of paper r, (1)
From the measurement of un—printed paper, the spectral re-
flectance r,(A) is obtained. The function r,(4) is calcu-
lated from the spatial average of the measured image.
MTF of paper MTF, (u,v)
The MTF of the paper is measured by the our method [26].
We estimate the parameter d in Eq. (5) by a nonlinear op-
timization. We used a MATLAB function fininsearch as
the nonlinear optimization tool. In the case of the sample
coated paper, d was 0.030. The approximated one dimen-
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sional MTF curve of the coated paper is shown in Fig. 4
Spectral transmittance of solid ink layer 7;(1)
From the measurement of three solid patches with cyan,
magenta and blue, the spatio—spectral reflectance distribu-
tion r;(x,y; A) is obtained (i = {c¢,m,b}). Using ri(x,y;1),
rp(A) and MTF),(u,v), the spatio-spectral transmittance
distribution #;(x,y; A) is estimated by our computational it-
eration algorithm. From the spatial average of #(x,y;1),
the spectral transmittance 7;(A ) is obtained. Figure 5 shows
the estimated spectra 7;(4) of cyan, magenta and blue.
Note that we obtain 7,(A) not by multiplication of 7.(1)
and 7,,(A ) but by the measurement of the patch printed with
100% of cyan and magenta inks. In Fig. 5, one can clearly
observe that

Tp(A) £ Te(A) X im(R). (16)

Equation (16) is caused by several reasons. One is due to
that the SRIM (or RIM) does not consider the light scat-
tering effect in ink layer. If the cyan ink is printed firstly,
and the magenta ink is printed secondly on the cyan ink,
the larger amount of light input from the upper side of print
travels in the magenta ink than in the cyan ink since the
several amount of light is scattered and reflected in the ma-
genta ink and it travels only in the magenta ink. This fact
derives Eq. (16). The other is due to the lack of trapping
which is a phenomenon in the offset printing where in this
case the amount of magenta ink printed on the cyan ink
dons not correspond to that printed on the paper. The lack
of trapping also derives Eq. (16). From Eq. (16), in this
research, we obtain 7;,(A) by the measurement. In other
words, we consider that the superposition of two solid inks
yields a new colorant, e.g., the superposition of cyan and
magenta inks yields the blue colorant.
Spatial position of dots A;(x,y)

The spatial position of dots A;(x,y) of the halftone patches
printed with one ink (cyan or magenta) is estimated. In the
case of the print with one ink, Eq. (11) can be rewritten by

16y A) = Ai(x,y)E(A) +{1 = Ai(x,y)}ip(4).  (17)
As we described in Eq. (10), 7,(A ) is one at all A, therefore,
1(x,3,4) = Ai(x,y)i(A) + 1= Ai(x,y), (18)

where the formula 1 — A;(x,y) corresponds to the spatial
positions of un—printed region:

=A,(x,y). (19)

Using Eq. (18), the spatial position of dots A;(x,y) is esti-
mated by a following algorithm.

lfAi('xvy)

1. From the measurement of the halftone patches
printed with one ink (cyan or magenta), the spatio—
spectral reflectance distribution r(x,y; 1) is obtained.
Using r(x,y;A), rp(A) and MTF,(u,v), the spatio—
spectral transmittance distribution ¢(x,y;A) is es-
timated by our computational iteration algorithm.
From the spatial average of ¢(x,y;A), the spectral
transmittance 7(A ) is obtained.

2. According to the transmittance—based Neugebauer
model described in Egs. (8) and (9), the effective
dot coverage a; of each halftone patch is estimated
by a constrained least square method using 7(A) and
7i(A). We used a MATLAB function Isqlin in Opti-
mization Toolbox as a tool of the constrained least
square method.
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3. A spatial distribution of mean square error E(x,y) is
calculated by

E(x,y) = A{t(x,y;l) —(A))2dA. (20)

4. Let N is the number of pixels of the error image
E(x,y). Then, the number of pixels of ink dot is a;N.

5. For initialization, A;(x,y) is set to zero at all pixels
(x,3)-

6. A certain position (Xpiy,Ymin) 15 searched, where
E (Xmin, Ymin) has the smallest value in E(x,y).

7. The pixel A(Xmin, Ymin) 1S set to one.

8. The pixel E(Xyin, Ymin) 18 st to oo,

9. The procedures 6, 7 and 8 are iterated ;N times.

Experimental Procedure for testing

Figure 6 illustrates the schematic diagram for testing of pre-
diction.

Let AI-C(x7 y) and A?’I (x,y) are A;(x,y) of the patches printed
with one ink (cyan or magenta), respectively. The functions
A[C (x,y) and Aﬁ” (x,y) were estimated in the previous subsection.
The first procedure for the prediction of testing patch is estima-
tion of ASM (x,y) using AY (x,y) and A¥ (x,y), where AS™ (x,y)
is Aj(x,y) of the patch printed with two inks (cyan and magenta).
The function AS™ (x,y) for each i is calculated by

c (xvy) = A(C(xvy)'{l_Ajr‘n/I(xvy)}

A%M(xay) = {I—Af(x,y)}Afn’I(xJ) (1)
AM(xy) = AS(x.y)-AM(xy) ’
AGM(x,y) {1-AS (60} {1 - A (x,y)}

respectively. Equation (21) is similar to the Demichel’s equation.
The second procedure is the prediction of the spatio—
spectral reflectance distribution by the NMSRIM described in
Eq. (15) using AiCM (x,y) and parameters measured or estimated
from the training data which are r,(4), MTFp(u,v) and ;(4).
Therefore, the spatio—spectral reflectance distribution of the
patch printed with two inks, 7“M (x,y; 1), is predicted by
M (x,yA) =

L {LAM (x, §) } MTF,(u,v)]
li

(A
< JZAM (x, )5 (2)

i(A)
(A)}
(22)

Results and Discussions

As an example of the prediction, a nominal dot coverage
combination is shown in Figs. 3 and 6 where that of cyan is 0.4
and that of magenta is 0.2. The predicted spatio—spectral distri-
buuon of reflectance, ¢ (x ¥;A), looks similar to the measured

CM (x,y;A). An advantage of the prediction with the NMSRIM
that it can predict not only the color but also the spatial appear-
ance. Any other prediction models based on the macroscopic
measurement cannot predict the spatial appearance.

Figure 7 compares the measured and predicted results of
average spectral reflectance in spatial coordinates with respect to
several testing samples:

M () / / CM (x y; A)dxdy. (23)
=y

Table 1 shows the AEg4 values between the measured and pre-
dicted average spectral reflectance in spatial coordinates with re-
spect to all testing samples. The prediction accuracy was signif-
icant since the average AEgq4 was 0.66 and the maximum AEyy
was 1.30.
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Figure 3. Schematic diagram for training.
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Figure 6. Schematic diagram for testing.
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Figure 7. Measured and predicted results of average spectral reflectance
in spatial coordinates with respect to several testing samples.

Table 1: AEy, values between the measured and predicted.
The average AEy, was 0.66 and the maximum AEy, was 1.30.
Cyan

0.2 0.4 0.7 1.0

0.2 | 1.30 0.78 0.82 0.63
Magenta 0.4 | 1.10 0.76 0.62 0.31

0.7 1 0.76 089 0.46 0.35

1.0 | 045 039 031

Significance of Optical Dot Gain

If one sets MTE, (u,v) to one at all spatial frequencies (u,v)
in Eq. (22), one can simulate the spatio—spectral distribution of
reflectance not affected by the optical dot gain. Figures 8(a) and
(b) show the images of simulation results with and without op-
tical dot gain, respectively, where the spatio—spectral reflectance
distribution is converted to CIE RGB image on the D65 standard
illumination and displayed. Compared to the simulated image
with optical dot gain, the simulated image without optical dot
gain looks significantly brighter and the dots looks sharper. The
optical dot gain significantly affects the appearance of halftone
print. Figure 9 shows the difference between average spectral re-
flectances with and without optical dot gain. It is considered that
the NMSRIM significantly corrects the prediction error caused
by the optical dot gain.

Conclusion

As the spectral prediction model for color halftone prints
based on the microscopic measurement, the conventional spec-
tral reflection image model (SRIM) was extended by introducing
the concept of the conventional spectral Neugebauer Model. The
proposed new prediction model was named as the Neugebauer
modified spectral reflection image model (NMSRIM). Compared
to the SRIM, the NMSRIM abstracts the spatio—spectral trans-
mittance distribution of ink layer, ¢(x,y;A), using the limited
number of base color functions 7;(A) and the spatial position
function A;(x,y) for each base color function in order to effi-
ciently predict the reflectance of color halftone prints from a
small number of measurements. The NMSRIM separately an-
alyzes the mechanical dot gain and the optical dot gain. The
NMSRIM can predict not only the spectral reflectance but also
the microscopic spatial distribution of reflectance. The spatial
distribution of reflectance is related to the appearance of halftone

450

LA LR LA T R T AT TR T et
.’. ". QeI .’. ". oo @
r...a::..c AV TR Y A T A Y

] ® ' 98,0870 & ®
o AV AT XY A TIAY )

o’o’q.}oo}’o QC.}Q

¥3LA YA YN TAY o YA Y
.". 'g. OJ.'Q"..'. ‘.2. .30 @'
o L34S YR A ) Y.
Y LA L IV Al Y LA TV LY
..Q ..‘.g... o"’."h‘Q 'Q. 0'1
%0t 0%t A2 %o 0N I 0%t

(a) (b)
Figure 8. Images of simulation results with and without optical dot gain.
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Figure 9. Difference between average spectral reflectances with and with-

out optical dot gain.

prints. The methods to obtain the parameters of NMSRIM were
also proposed. Several parameters were obtained by measure-
ments and the others were obtained by computational estima-
tions. To evaluate the validity of the NMSRIM, the spatio—
spectral distribution of reflectance printed with two inks, cyan
and magenta (testing data) is predicted from the measurements
of the halftone prints printed with one ink, the un-printed paper,
and the solid prints of inks which are the cyan, magenta and blue
(training data), where the blue corresponds to the combination
of cyan and magenta inks. The spectral prediction accuracy was
significant since the average and maximum values of AEy, in all
samples were 0.66 and 1.30, respectively. The predicted spatial
distribution was visually similar to the measured spatial distribu-
tion. The significance of the optical dot gain to the reproduction
of color and appearance was also discussed by comparing the
simulated results of the spatio—spectral reflectance distributions
with and without optical dot gain.
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