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Abstract

In this paper, we look into the superposition of two peri-
odic clustered-dot color halftones, which are widely used for elec-
trophotographic printers due to their print stability. The scope of
our research lies in understanding how to make the best color
assignments to the two regular or irregular halftones in order to
minimize the perceived error. We develop a model that agrees
with a human observer and allows fast implementation. In order
to account for the difference in the responses of the human viewer
to luminance and chrominance information, we use the Y,C,C,
color space, which is a linearized version of the L*a*b* uniform
color space. The perceived error helps us identify the configu-
ration of colors and screens that will improve the appearance of
the superposition image. We believe that making the right color
assignments is essential for developing high quality color images.

Introduction

The purpose of our research! is to design a predictor that will
help us assign colorants to different screens that will minimize the
perceived error. In addition, we would like to find out what are
the advantages and disadvantages in using regular and irregular
halftones for the superposition. In our previous work, which was
based on a single separation, we made a conclusion that choosing
an irregular halftone screen has an advantage of getting closer to
the target screen tile vector. However, it results in higher grain-
iness levels. Whereas with a regular screen, the distance from
the target screen tile vector is increased, but the graininess levels
may improve [4]. Another challenge that we are facing is that as
we explore the superposition of two irregular color halftones, we
need not only take into account the effects of superposition but
also the effects of digitization. In order to eliminate dot-on-dot
printing in the superposition image, the screen of each colorant is
rotated to a different angle. However, this causes other problems
such as moire and rosette artifacts, which are the result of the in-
teraction between two lattices. The moire phenomenon refers to a
low-frequency structure, which has a very visible pattern and can
be observed at the superposition of two halftones, and not in the
individual halftones separately [3]. In contrast, a rosette pattern
has a circular or polygonal pattern, which is formed as a result
of rotating halftone screens [3]. The superposition of two color
halftones is a very important question to study because the arti-
facts such as moire, rosette and misregistration can lead to color
shifts. Baqai and Allebach presented a systematic method for de-
signing moire- and rosette- free clustered-dot color screens for
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discrete raster color systems [3]. Whereas Ufuk and Allebach de-
veloped a model-based color halftoning method which minimizes
the perceived error between the continuous tone original color im-
age and the color halftone image [2]. In our research, we integrate
the HVS based model that takes into account the spectral repre-
sentation of color and the difference in the responses of the human
viewer to luminance and chrominance information in order to ob-
tain the perceived error metrics. Specifically, we are interested in
investigating the new challenges that occur as a result of super-
imposing the two irregular halftone screens in comparison to the
two regular halftone screens.

Method

The procedure implemented in our research consists of three
parts. The first part involves generating the three gx [m], gy [m],
and gz [m] images of the superposition halftone. In the second
part, in order to account for the difference in the responses of the
human viewer to luminance and chrominance information, we use
a linearized version of the L*a*b* uniform color space, which is
Y,C.C; [1]. And lastly, in part three we apply separate luminance
and chrominance frequency responses; and we obtain the average
squared perceived error.

Color device model

We start by considering the superposition of two colorants.
The halftone patterns of the cyan and magenta colorants associ-
ated with their periodicity matrices N, and N,, are represented
as g.[m] and g,, [m] in Fig. 1. The superposition of these two
halftones generates three colorant areas (Neugebauer primaries)
¢, m, cm, and a white w area. In order to transform to a device-
independent space CIE XYZ, we use the Neugebauer primaries
generator to obtain a gyp [m] image. Next, we obtain the XYZ
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Figure 1. The procedure for generating images in CIE XYZ.

matrix using the spectral reflectance, the CIE XYZ color match-
ing functions (CMF’s), and a D65 Illuminant, depicted in Figs. 2,
3,and 4. X, Y, and Z values are obtained using the following
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Figure 3. CIE XYZ Color Matching Functions.

equations:
700
X = /400 S(A)F(A)dA
700
Yy = / S(A)F(A)dA (1)
400
e
z - [‘00 S( )X( )
where
S(A) = I(M)R(A). @)

Here, we define /(1) to be the Illuminant function, for example
D50 Iluminant or D65 Illuminant, and R(2) to be the Reflectance
function corresponding to the specific Neugebauer primary, in-
cluding the media on which the colorant is placed. It is unique
to the target printer. In this paper, we use the Ideal Block Re-
flectance functions, shown in Fig. 4 for the cyan and magenta
colorants only, and the D65 Illuminant to illustrate our results.
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Figure 4. Ideal Block Reflectance for cyan and magenta colorants.

The final XY Z matrix has the following form:

Xe Xm Xem Xw
XYZ=|Y. Y Yem Yol (3)
Ze Zm Zem Zw

Lastly, to get the gx [m], we use the previously obtained gyp [m]
and the Xvalues for ¢, m, cm, and w:

“

[m]
oxfm] = % VP Pn} _
[(m)]

0
1
Xm, gnp(m| =2
Xcm-, gNp M| = 3

The gy [m] and gz [m] images are similarly obtained.

Opponent color space

Next, we implement the human visual model that accounts
for the difference in the responses of the human viewer to lumi-
nance and chrominance information. We use a linearized version
of L*a*b* color space in order to preserve local averages, which
are crucial for faithful tone reproduction [1]. The transformation
that we use is:

Y
Y, = 116
n
X Y
Ce = 500|——— 5
- [ ®
Y V4
C, = 200|———"|,
‘ {Yn ZJ

where (Xy,Yy,,Z,) is the D65 white point for the XY Z color space.
The Y, component represents luminance, and Cy and C; compo-
nents represent the R — G and B —Y opponent-color chrominance
components. In order to look at each channel separately, we con-
vert each channel to SRGB by setting the other two channels to
0 or a constant value [1]. For example, in order to look at the Y
channel, we set Cy, and C, channels to 0 resulting in (Y;,0,0).
After that we transform back to XYZ and to sSRGB [1]. Figure 5
summarizes the procedure. It turned out after the transformation
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Figure 5. Visualization of Y,, C, and C. channels in sRGB. Y, is the
midpoint between the maximum and the minimum values in the Y, component

of (Ypia,Cx,0) and (Y,,;4,0,C;) from XYZ to sRGB, there were
negative values in SRGB at some pixels. In order to not lose any
data, we developed a procedure, that will fit all the data inside
the range [0,1]. Figure 6 depicts the procedure for visualizing
(Ynia,0,C;). A similar approach is used to display (¥,,q,Cx,0).
In addition to Fig. 6, a detailed derivation for obtaining the o
parameter is provided in the Appendix.

Y 0, 0] HYCXCltosRGB |—>| (RGB)y g
[0,0,C] ch,cztosRGB |—)| (RGB),

Gamma
correction

Figure 6. Procedure for visualizing (Y,i4,0,C;).

Spatial Frequency Response and Error Metrics
The next step is to apply separate luminance and chromi-
nance frequency responses to Yy, Cy and C;, which are chosen
based on the spatial sensitivity of the human eye to them. For the
luminance channel, we use Daly HVS, which is given as:
H(p) = {a(b+0ﬁ)exp (= @P)"). P> Pnan ©
1, else,

where a =2.2,b = 0.192,¢ = 0.114,d = 1.1, pypax = 6.6, and
p = Vu? +v2 [5]. For the chrominance channel, we use the ap-
proximation by Kolpatzik and Bouman to experimental data col-
lected by Mullen, which is given as:

W (p) =Aexp(—«a|lpl]), O

where & = 0.419, and A = 100 [1], [3]. The procedure is demon-
strated in Fig. 7. After obtaining &y, (i, j), &c, (i, ]). &c, (i, j) for
each pixel of the image located at (i, j), and scaling ey, (i,/) by 4,
we calculate AE (i, j) in the following way:

AE (i, ) = \/ (e (. +ec, (. +ec. (.)°). ®)

Finally, we obtain the AEgyerqg. value, using:

Y Y AE (), ©)

i=1j=1

1
AEavemge -
mn
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where the size of the image is mxn. Knowing AEgyerqg. helps us
identify which color should be assigned to which screen in order
to decrease the graininess of the superposition image.
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Figure 7. The procedure for obtaining the main components for calculat-
iNg AEaerage- Gy, (u), Ge, (u), and Gc, (u) represent the perceived Fourier
Transforms of their corresponding images gy, [m], gc,[m|, and gc, [m].

Results

Since the scope of our research lies in investigating the be-
havior of irregular clustered dot halftones, we chose to work with
two irregular halftone screens and 3 colorants: cyan, magenta,
and yellow. The first screen is an irregular screen with a period-
9/2 -1

icity matrix Ny = { 19

} , and the second screen is also an

10/3 —-10/ 3}
10/3  10/3 |”
For the HP Indigo press with resolution 812.8 dpi, these screens
have frequencies 176.32 and 172.42 1pi, respectively. Their angles
are 12.53 and 45 degrees, respectively. Since we have 2 halftone
screens and 3 colorants, we need to compare 6 different sets of
data, defined and indexed in Table 1. Based on Table 1, with Su-

irregular screen with a periodicity matrix N, = {

Table 1. 6 configurations for 2 halftone screens and 3 col-
orants: cyan, magenta, and yellow

9/2 -1 10/3  —10/3
l(;;jex M= 9/2J 2_l10/3 10/3J
1 Cyan Magenta
2 Magenta Cyan
3 Yellow Magenta
4 Magenta Yellow
5 Cyan Yellow
6 Yellow Cyan

perposition #1 the halftone with periodicity matrix Nj is cyan, and
the halftone with periodicity matrix N, is magenta. It is presented
in Fig. 9. Figure 10 reveals the visualization of the opponent
channels in sSRGB. In order get a better insight of the opponent
color channels, the zoomed-in view of Yy, Cy, and C; is provided
in Fig. 8. The Y,C,C; matrix corresponding to the XYZ matrix
mentioned in Equation 3 has the following form:

Yy 101.51 33.03 11.75 122.80

Cy| = |—124.05 140.59 44.21 —27.67| (10)

C, -50.96 —145.85 —177.08 —19.73
COLOR-311.3



Similar to Equation 3, columns 1 through 4 correspond to the
cyan, magenta, cyan and magenta, and white pixels in the super-
position image. From Fig. 8, it can be seen that the magenta
pixel, which is the sum of red and blue, has a large red compo-
nent in the Cy channel with its corresponding value of 140.59 and
a large blue component in the C; image with its corresponding
value of -145.85 based on Equation 10. Whereas the cyan pixel,
which is the sum of green an blue, has a large green component
in the Cy channel with its value of -124.05, but a much smaller
blue component in the C; channel with its value of -50.96. Fig-
ure 11 is a visualization of the opponent color channels filtered
with their corresponding luminance and chrominance frequency
responses depicted in the Methods section. The filtered (Y;,0,0)
image has a strongly visible low frequency pattern, whereas the
filtered Cy, and C; images have no visible pattern due to the na-
ture of the chrominance filter. As a comparison to the Superposi-
tion #1 results, the detailed results for the Superposition #2, when
the halftone with periodicity matrix N, is cyan, and the halftone
with periodicity matrix N; is magenta, are presented in Figs. 12,
13, and 14. Based on Fig. 14, it can be deduced that the filtered
(¥y,0,0) image has a less visible low frequency pattern than the
(¥y,0,0) image of Superposition #1, which is also verified by the
calculated AEgyerage values, which are provided in Table 2, and
supported by their corresponding images in Fig. 15. Our results
emphasize that in the case of Ideal Block Reflectance and D65
Illuminant, we get a higher AE4yerqge When applying the magenta
colorant to a more irregular screen if choosing between either ma-
genta and yellow, or magenta and cyan configurations. In this
10/3 —10/3 ,
10/3 10/3].Thats
why the AEyerqge for configurations #1 and #3 is higher than their
complementary pairs. Similarly, AE,yerqge is higher for configu-
ration #6, when the cyan colorant is applied to a more irregular
halftone rather than the yellow colorant. The results may seem
intuitive for these simple cases. However, when considering dif-
ferent sets of regular and irregular screens, and different sets of
[luminants and Spectral Reflectance Functions, the results may
no longer be easily predicted.

paper, the more irregular screen is Np = {

Conclusion

We have presented the HVS-based model for the superpo-
sition of two clustered dot color halftones, which assists us in
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Figure 8. Zoomed-in view of Yy, Cx, and C. channels for the Superposition
#1.
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making the right choices when assigning colorants to a variety of
irregular or regular screens. We used the ¥,C,C; color space in
order to account for the difference in the responses of the human
viewer to luminance and chrominance information. Our model
can be used to improve the predictions concerning the visibil-
ity of color halftone textures. Next, we plan to study and learn
more about the superposition of three and four clustered dot color
halftones.

Appendix
Our goal is to display an image defined as (¥,,;4,0,C;) in
sRGB space, which we specify as

RGBryrL = (R, GEUME BEVEE). (11

However, when we convert directly, we have negative values in
sRGB space, which correspond to the opponency of channels
(Y,Cx,C;). We use the fact that

(Ymid707CZ) = (Ymid7070)+(0707CZ)' (12)

After converting an image (¥,,;4,0,0) from XYZ space to sSRGB
space, we obtain the image (Ry ¢, Gymid, Bymia)- Similarly, con-
verting an image (0,0,C;) from XYZ space to SRGB space, we
obtain the image (R¢;,Gc;,Bc;)-

Therefore,

(RgZULL7Gg§]LL’BgZULL) = A(RCUGCZvBCZ)+(RYmid7GYmidyBYmid)7

(13)
where
ARc(m,n) = Re (m,n) — Rypiq
AGe(m,n) = Gez(m,n) — Gypia (14)
ABCZ(mJl) :BCz(man) _BYmid-

Since the range of RGBry 1 should be from O to 1 for each chan-
nel, we define the new parameter o such that

(REVEE GEVEE BEVEE) = a0 A (Rey, Gz, Bez) + (Rymids Gymids Bymia)-

(15)
We scale A(R¢;, Gez, Be;) by o, such that
0 < a(ARcz, AGez, ABc:) + (Rymid Gymid, Bymia) < 1. (16)
Therefore, for each channel, we have:
RE M (m,n)
Ged M (m,n)

FULL
B, (m,n)

=0r ARc; (m: ”) + Ry mid
= G A Geg(m,n) + Gymia an

= ap A Bc(m,n) + By miq;

such that
0 < ogARc(m.n)+Rymia <1
0 <agAGe(mn)+Gypg <1 (18)
0 < oagABc(m,n)+Bymiqg <1,
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and
o = min(ag, oG, o). (19)
The following assumptions have been made:

0 < Rypig <1
0 < Gypmig <1 (20)
0 < Bypig < 1

(ag, oG, ap) > 0.

We start by looking at the red channel.

0 < ag ARc;(m,n) +Rypmig < 1. (21)
Part 1. Given that

R A Rez(m) + Rymig < 1, (22)

we have

{aR < Allefi% if ARc,(m,n) >0 o)

1—Rymid 1
oR > W(mé), if ARCZ(mJ’l) <0.

The second equation in the system is satisfied by assumptions
stated in the beginning that

0 < Rymig <1
agr > 0.

Therefore,

1 — Ry
g > Ymid

S R¥mid_ e AR (mn) <0, 24
Z ARg(mon) | c(m,n) < (24)

is always true. As for the first equation, we have

1 —Ry,;
T < min{——mid o if AR 0}. 25
ag < (Ifnl,lr?){ARCz(mm)’ i cz(m,n) >0} (25)
Part 2. Given that
OR ARc;(m) + Ry pia > 0, (26)
(27)

we have

(28)

< ——Rvmia_4f ARCz(m’n) <0.

—RY mia ;
{(XRZMC:'M7 if ARcz(m,n)>0
OR = ARc,(mn)

The first equation in the system is satisfied by assumptions stated
before that

0 < Rypig <1
agr > 0.
Therefore
—Rymid

> i z .
oR > ARea(mn)’ if ARc;(m,n) >0 (29)
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As for the second equation, we have

—Rymia

> < min{——"%_ if ARc.(m, .
% < O AR (myy ARl <0} GO)
And lastly,
o = min(ag , 0 ). 31

0 and ap can be obtained similarly as og. And all three will be
used to find

o = min(ag, &G, OB). (32)
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(a) Cyan Halftone (b) Magenta Halftone (c) Superposition image
Figure 9. Superposition when the cyan halftone has a periodicity matrix Ny and the magenta halftone has a periodicity matrix N,

(a) (viovo) (b) ( mld7CX70) (C) ( mzd70 C )

Figure 10. Visualization ofY,, Cy, and C, in sRGB.

(a) (vioao) (b) mld7CX7 (C) mtde Cz
Figure 11. Visualization of Y,, Cy, and C., filtered with luminance and chrominance frequency responses, in SRGB.
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(a) Cyan Halftone (b) Magenta Halftone (c) Superposition image
Figure 12. Superposition when the cyan halftone has a periodicity matrix N, and the magenta halftone has a periodicity matrix Ny

(a) (viovo) (b) ( mld7CX70) (C) ( mzd70 C )

Figure 13. Visualization ofY,, Cy, and C, in sRGB.

(a) (vioao) (b) mld7CX7 (C) mtde Cz
Figure 14. Visualization of Y,, Cy, and C., filtered with luminance and chrominance frequency responses, in SRGB.
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(a) Superposition #1. AEgyerage = 0.6468
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(d) Superposition #2. AE,yerqge = 0.1917

is provided in Table 2.
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(e) Superposition #4. AE4yerage = 0.1463

Table 2. Comparison between 6 different configurations for cyan, magenta, and yellow.

(]
o
D L

(f) Superposition #6. AEyerage = 0.1099
Figure 15. Visualization of six configurations based on cyan, magenta, and yellow colorants and two periodicity matrices N; and N,. The detailed information

" 9/2 —1 10/3  —10/3
ISuperposmon Ny = { { y 2J Ny = LO% 10 /3 J AEqyerage
ndex
1 Cyan Magenta 0.6468
2 Magenta Cyan 0.1917
3 Yellow Magenta 0.6461
4 Magenta Yellow 0.1463
5 Cyan Yellow 0.0658
6 Yellow Cyan 0.1099
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