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Abstract

It is very important to fully understand the relationship
between ink amounts placed on the paper and resultant
colors for a dye-based inkjet printer (IJ). In the field of
printing, many predicting models such as the Neugebauer
model (NM), the Yule-Nielsen Neugebauer model (YNNM),
and the Cellular Neugebauer model (CNM) have been
proposed. However, it is very difficult to precisely predict
the resulting printed colors as reflectances or tristimulus
values from ink amounts because of the nonlinear
relationship between them.

In the previous study, the CNM only achieved
sufficient prediction accuracy among a variety of predicting
models, when the set of primaries was 5V (N is the
number of colorants used). In this paper, it is necessary to
print and measure many primaries for prediction of
reproduced tristimulus values. For example, 6-colorant
prediction needs 5° =15,625 primaries.

The purpose of the present study is to further decrease
the number of Neugebauer primaries that the CNM needs to
predict with sufficient prediction accuracy. Further, the
novel approach is to propose by taking into account dot gain
for the present-day subtractive color 1J.

Introduction

Recently, 1J technology has been rapidly advancing. Among
a variety of factors controlling image quality of IJs,
granularity and tone reproduction have been improved
considerably by ink dilution and small droplet technology.
Further, quality of a coated paper for a dye-based 1J has also
been improved drastically. In particular, ink amounts
absorbed in the paper has been increased for larger color
gamut, and ink absorption speed has been improved for
high-speed printing.

However, improvement of image quality for the coated
paper makes it difficult to predict reproduced tristimulus
values from ink amounts easily. The used 1J has actually
become 2.8 dots per pixel at 100% area coverage, so it can
be expected that dot gain becomes much larger in the coated
paper.

In the field of printing, there are many models used to
predict reproduced tristimulus values from ink amounts,
include the NM and the YNNM."™ Among a variety of
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predicting models, the previous study’ revealed in that the
CNM only achieved sufficient prediction accuracy of
AE,, =1.0, and that the set of primaries was 5!

The purpose of the present study is to further decrease
the number of Neugebauer primaries that the CNM needs to
predict keeping good prediction accuracy. The present study
has focused on 3-colorant prediction by the CNM. For the
prediction by 3’ =27 and 4’ = 64 primaries, all sets of area
coverages have been calculated for each colorant, including
0%, 12.5%, 25%, 37.5%, 50%, 62.5%, 75%, 87.5%, and
100%. Further, the YNNM has been modified taking into
account dot gain in a coated paper for the present-day dye-
based 1J.

Predicting Models

Yule-Nielsen’ modified the NM’ that has been widely used
for modeling binary color printers to predict results in the
presence of light scattering. The YNNM is written as

follows:
)

where R, (L) is the predicted spectral reflectance, R,U(k)
represents the measured spectral reflectance of Neugebauer
primaries, and n is the Yule-Nielsen factor. Typically » is
determined through minimizing some metrics such as AE,,
or spectral reflectance RMS error. p, is the weight applied
to the " Neugebauer primary. If the dot locations for
colorants are placed using a random or rotated screen,”’ the
Demichel equation' is assumed to hold, and the primary set
is shown below for a set of 2 colorants:

M

0= [z PR

b= (1 - amzumm(l)xl - a('v/umnl(Z))
b, = awlomnt(l)(l - awlm,f(z))
Py = (1 - amzomm(l))ar-olnmm(z)
D=

@

aca[orant(l )amlamm(z)

where a_,,, 1s the area covered by primary colorant. This
area can often be calculated by regression.

To better predict reflectance, the CNM" restricts the
effective area coverage used by the NM within narrow
limits geometrically as shown in Fig. 1, and in Eq. 2 it can
be written as follows:
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where a,, is normalized effective area coverage based on
the upper and lower bounding area coverage of the cell.
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Figure 1. lllustration of two-colorant model. Left side is the NM
that has 4 primaries and area coverages of 0% and 100%. Right
side is the CNM that has 3’ = 9 primaries and area coverages of
0%, 50%, and 100%. Solid circles show the Neugebauer primaries.

Experimental Results

A CANON S900 was used as a dye-based 1J. Its printing
resolution is 1200dpi x1200dpi . In this present study, three
inks: cyan (C), magenta (M), and yellow (Y), and a coated
paper (Professional Photo Paper) were wused. A
GretagMacbeth SpectroScan spectrophotometer was used to
make all the spectral measurements. The predicting models
described above were used and compared for YNNM
(n=10.0) and CNM (n=10.0)

3-Colorant Prediction by the CNM

In the previous study’, the CNM only resulted in the
target prediction accuracy of AE,, =1.0 when the number of
primaries was 5" . Area coverages of 0%, 25%, 50%, 75%,
and 100% were selected for each colorant.

The purpose of this study is to decrease the number of
primaries (less than 5V) and keep the present prediction
accuracy. This study has focused on 3-colorant prediction
by 3°=27 and 4’=64 primaries, and all sets of area
coverages at detailed intervals of 12.5% have been
calculated for each colorant: 0%, 12.5%, 25%, 37.5%, 50%,
62.5%, 75%, 87.5%, and 100%. Optimization of area
coverage has been obtained by minimizing AE,, and RMS .
400 random printed samples that were composed of C, M,
and Y were used. The results are summarized in Table 1
and Figs. 2 to 4.

It can be seen in Table 1 that optimum 4° =64
primaries ' arrived at sufficient prediction accuracy as
AE,, =1.0 and RMS =0.009 . However, optimum 3’ =27
primaries” could not achieve the same level of prediction
accuracy. A decrease from four to three in Y primary
(4x4x3=48 primaries) ~ improved the target prediction
accuracy with AE,, =1.17 and RMS =0.009 . Further,
prediction by 4° =64 primaries could get a performance of

AE,, =1.19 and RMS =0.009 when each colorant had the
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same area coverage of 0%, 25%, 62.5%, and 100%.

Table 1. 3-colorant prediction accuracy by the CNM

The set of primaries | 4°=64 | 3 =27 | 4x4x3=48

Average AE,, D65 1.00 1.62 1.17
Standard deviation 0.56 1.00 0.75
Maximum 3.52 4.68 4.46
Minimum 0.15 0.18 0.22
Average AE,, A 1.08 1.74 1.17
RMS spectral error 0.009 0.016 0.009

The sets of area coverages are shown below:

*L.CMY) = (0%, 25%, 62.5%, 100%) (0%, 50%, 75%, 100%)
(0%, 25%, 62.5%, 100%)

*2.(CMY) = (0%, 50%, 100%) (0%, 62.5%, 100%) (0%, 62.5%,
100%)

*3.(CMY) = (0%, 25%, 62.5%, 100%) (0%, 50%, 75%, 100%)
(0%, 62.5%, 100%)
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Figure 2. Measured spectral reflectances (solid lines) and
predicted spectral reflectances obtained by the CNM used 4x4x4
primaries (dotted lines) for 10 examples out of 400 samples.
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Figure 3. Measured spectral reflectances (solid lines) and
predicted spectral reflectances obtained by the CNM used 3x3x3
primaries (dotted lines) for 10 examples out of 400 samples.
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Figure 4. Measured spectral reflectances (solid lines) and
predicted spectral reflectances obtained by the CNM used 4x4x3
primaries (dotted lines) for 10 examples out of 400 samples.

A Limitation of Prediction by the YNNM

For 3-colorant precise prediction, the CNM needs at
least 4x4x3 =48 primaries. However, if it is not necessary
to achieve sufficient prediction accuracy, the YNNM that
needs 2°=8 primaries can easily predict reproduced
tristimulus values. For example, prediction accuracy of 33-
step ramps of cyan (C) is AE,, =4.00 and RMS = 0.032 .

The dot diameter of the used 1J is 40um " so the area
of a droplet on the paper can be calculated by the equation
of ' =n ><(20><10’3 . Dot area factor af is defined as the
area covered by printed dots, and hence the dot area factor
of the 100% area coverage for 1200 dots per inch is written
as follows:
12001200 x 77’

25.4%25.4

af =2.80 4)

The relationship between dot area factor and the values
of AE, and spectral reflectance RMS error has been
studied for prediction of 33-step ramps of each colorant and
is shown in Fig. 5. The Neugebauer primary was taken as
spectral reflectance of each dot area factor. It can be seen in
Fig. 5 that when the value of af <2.0, it is possible to
achieve prediction accuracy of AE,, <1.0 and RMS <0.010.

Prediction of 33-step Ramps by the Modified YNNM

Base on the result above, it is impossible for the
YNNM to precisely predict reproduced tristimulus values,
when dot area factor is more than 2.0. It is assumed that
only the Yule-Nielsen factor cannot correct dot gain in this
area that changes from halftoning to continuous tone.
Therefore, a predicting model is proposed by taking into
account dot gain. The modified YNNM is written as
follows:

D, (»)=1.0-(1.o-D, (1)) )
b=f(c) ©)

R, ,(x)=10",t=-D; () 0
26)-( Zole 0] ®
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where D, (?») is the measured spectral density of the
Neugebauer primary, D, (k) is the modified spectral
density of the Neugebauer primary, and R, (k) is the
modified spectral reflectance of the Neugebauer primary.
The value of b can be obtained by the Simplex method
through minimizing spectral reflectance RMS errors, and
the same value is used for each colorant unless dye
concentration of each colorant is greatly different. The
values of b and D, (L) after normalizing to 1.0 peak
density are shown in Figs. 6 and 7.

Compared with the result obtained by the YNNM
( AE,, =4.00 ), the modified YNNM achieved a good
performance in Table 2.
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Figure 5. The relationship between dot area factor and AE,,
(solid line) and RMS (dotted line).

Table 2. Prediction accuracy of 33-step ramps by the
modified YNNM

The set of primaries C M Y

Average AE,, D65 1.45 0.94 0.65
Standard deviation 0.59 0.47 0.27
Maximum 2.47 1.54 0.98
Minimum 0.28 0.12 0.18
Average AE,, A 1.54 0.74 0.67
RMS spectral error 0.011 0.011 0.015

Conclusion

For 3-colorant prediction by the CNM, the set of optimum
4’ = 64 primaries achieved the target prediction accuracy of
AE,, =1.0 and RMS =0.009 . A decrease from four to three
in Y primary ( 4x4x3=48 primaries) resulted in the
reduced target prediction accuracy with metrics values as
AE,, =1.17 and RMS =0.010 . Further, the set of 4’ =64

primaries achieved a performance of AE,, =1.19 and
RMS =0.009 when each colorant has the same area
coverages of 0%, 25%, 62.5%, and 100%. Based on the
results above, the CNM can precisely predict reproduced
tristimulus values when the set of primaries is more than 4",
and area coverages of each colorant are selected at the same
intervals for a dye-based 1J.
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Figure 6. The value of b obtained by the Simplex method.
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Figure 7. Modified spectral density distributions of 12-step ramps
of C after normalizing to 1.0 peak density.
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Figure 8. Measured spectral reflectances (solid lines) and
predicted spectral reflectances obtained by the modified YNNM
(dotted lines) for 12 examples out of 33-step ramps.

For prediction of 33-step ramps, the YNNM could not
precisely predict reproduced tristimulus values from ink
amounts, when dot area factor is more than 200%.
Therefore, the modified YNNM was proposed by taking
into account dot gain. For prediction of 33-step ramps, the
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modified YNNM got a good performance of AE,, =1.01
and RMS =0.012. As a result of the present study, the
predicting model for a dye-based IJ should use the CNM
with 4" primaries and the modified YNNM with 2"
primaries depending on the case.

Acknowledgement

The author would like to thank N. Ohta and F. H. Imai for
their helpful suggestions.

References
1. R.S. Berns, A. Bose, and D, Tzeng, “The Spectral Modeling
of Large-Format Ink-Jet Printers”, RIT Munsell Color Science
Laboratory Research and Development Final Report, 1996.
R. Balasubramanian, “Optimization of the spectral
Neugebauer model for printer characterization”, J. Electr.
Imaging, 8(2), 156-166 (1999).
H. Kang, “Applications of Color Mixing Models to Electronic
Printing”, J. Electr. Imaging, 3, 276-287, (1994).
L. A. Taplin and R. S. Berns, “Spectral Color Reproduction
Based on a Six-Color Inkjet Output System”, IS&T/SID Ninth
Color Imaging Conference, 2001.
T. Ogasahara and N. Ohta, “Verification of the Optimum
Prediction Model for Dye-Based Inkjet Printer”, IS&T
PICS2003 Conference, 2003.
J. A. C. Yule and W. J. Nielsen, “The Penetration of Light
into Paper and Its Effect on Halftone Reproduction”, Proc.
TAGA, 4, 66-75 (1951).
H. E. J. Neugebauer, “Die Theoretischen Granlagen des
Mehrfarbenedruckes”, Z.  Wiss.  Photog.  Photophy.
Photochem., 36, 73-89 (1937).
B. Kruse and S. Gustavson, “Rendering of Color on
Scattering Media”, Poc. SPIE, 2657, 422-431 (1996).
R. Balasubramanian, “Colorimetric Modeling of Binary Color
Printers”, Proc. of IEEE International Conference on Image
Processing, Washington, DC, 2, 327-330 (1995).
M. E. Demichel, Le Proce’de’, 26, 17-21, 26-27 (1924).
R. Rolleston and R. Balasubramanian, “Accuracy of Various
Types of Neugebauer Models”, Proc. of the First IS&T/SID
Color Imaging Conference, Scottsdale, AZ, 32-37 (1993).
T. Ogasahara, T. Makita, and J. Ushiroda, “Development of
Image Quality for photographic inkjet printer in the future”, S.
Photogr. Sci. and Tech. Japan Conference, 2001.

10.
11.

Biography

Takayuki Ogasahara received his BS and MS degrees in
nuclear engineering from Nagoya University in 1994 and
1996. Since then, he has been employed at CANON INC. in
VITD Lab. His work has primarily focused on the
development of image processing, including optimization of
subtractive color dyes, halftoning, and image quality issues.
He developed some inkjet printers such as S900 and S9000.
He is a member of the IS&T, and a visiting scientist at
Rochester Institute of Technology. E-mail: Takayuki0513 @
aol.com



	21929
	21930
	21931
	21932
	21933
	21934
	21935
	21936
	21937
	21938
	21939
	21940
	21941
	21942
	21943
	21944
	21945
	21946
	21947
	21948
	21949
	21950
	21951
	21952
	21953
	21954
	21955
	21956
	21957
	21958
	21959
	21960
	21961
	21962
	21963
	21964
	21965
	21966
	21967
	21968
	21969
	21970
	21971
	21972
	21973
	21974
	21975
	21976
	21977
	21978
	21979
	21980
	21981
	21982
	21983
	21984
	21985
	21986
	21987
	21988
	21989
	21990
	21991
	21992
	21993
	21994
	21995
	21996
	21997
	21998
	21999
	22000
	22001
	22002
	22003
	22004
	22005
	22006
	22007
	22008
	22009
	22010
	22011
	22012
	22013
	22015
	22017
	22018
	22019
	22020
	22021
	22022
	22023
	22024
	22025
	22026
	22027
	22028
	22029
	22030
	22031
	22032
	22033
	22034
	22035
	22036
	22037
	22038
	22039
	22040
	22041
	22042
	22043
	22044
	22045
	22046
	22047
	22048
	22049
	22050
	22051
	22052
	22053
	22054
	22055
	22056
	22057
	22058
	22059
	22060
	22061
	22062
	22063
	22064
	22065
	22066
	22067
	22068
	22069
	22070
	22071
	22072
	22073
	22074
	22075
	22076
	22077
	22078
	22079
	22080
	22081
	22082
	22083
	22084
	22085
	22086
	22087
	22088
	22089
	22090
	22091
	22092
	22093
	22094
	22095
	22096
	22097
	22098
	22099
	22100
	22101
	22102
	22103
	22104
	22105
	22106
	22107
	22108
	22109
	22110
	22111
	22112
	22113
	22114
	22115
	22116
	22117
	22118
	22119
	22120
	22121
	22122
	22123
	22124
	22125
	22126
	22127
	22128
	22129
	22130
	22131
	22132
	22133
	22134
	22135
	22136
	22137
	22138
	22139
	22140
	22141
	22142
	22143
	22144
	22145
	22146



