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Abstract

In this paper, we propose color design criteria for uniform
color textures, and present a new colorant-based halftoning
technique which meets these criteria, and hence generates
high quality color halftones. The basic idea behind our
halftoning method is to control the quality of each colorant
texture separately along with the total dot distribution. In
order to achieve this, we first set the total dot arrangement
and then color the dots optimally without altering the total
dot arrangement. This corresponds to a constrained op-
timization problem, and we solve this via the swap-only
direct binary search (DBS) heuristic. Examples of color
halftone images using our technique are compared to im-
ages obtained by a plane-independent color halftoning al-
gorithm and by the HP 970 Cx inkjet printer driver.

1. Introduction

Digital color halftoning is the process of generating a pat-
tern of pixels with a limited number of colors that creates
the illusion of a continuous-tone image. Color halftoning
presents many problems that we encounter in monochrome
halftoning. However, it also presents many problems that
are unique to color, mainly due to the interactions between
color planes. A recent trend in color halftoning research
has been toward approaches which explicitly account for
the differences in pattern visibility between textures com-
prised of different sets of colorants to reduce artifacts that
are unique to color halftoning. Take, for example, a solid
patch of 50% gray. The patch could be rendered with black
and white, yellow and blue, cyan and red, or magenta and
green dots. The color of the halftoned patch will, theoreti-
cally, be the same in all cases. However, noise effects will
be different. In order to yield smoother, less visible tex-
tures, several authors have considered approaches to con-
straining the primaries that are locally printed to yield a
particular visually averaged color [1] [2] [3] [4] [5]. Lau
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et al introduced the concept of stochastic moiré in their re-
cent paper [6], which is the aperiodic interference pattern
created by superimposing the aperiodic halftones of fre-
quency modulated screens. This stochastic moiré charac-
terizes the spatial fluctuations in color/texture of a halftone
image. The concept of stochastic moiré is closely related
to the color design criteria that we present in this paper.

In this paper, we take a DBS based color halftoning
approach as in [7] [8]. But whereas these references use a
complex color HVS model and operate in a linearized ver-
sion of the CIE L*a*b* uniform color space, our algorithm
operates directly in the CMY colorant space. This gives us
explicit control over the individual colorant textures and
the way in which these textures interact to determine the
overall visual appearance of the halftone. It allows us to
directly minimize dot-on-dot printing. In contrast, refer-
ences [7] and [8] rely completely on the color HVS model
to guide DBS toward good choices for the individual and
combined colorant textures. Explicit control of the amount
of each colorant used for a given RGB triplet is achieved
by a pre-halftoning calibration process. In [1], Lin and
Allebach took a similar approach when they jointly de-
signed a set of threshold arrays for color screening. They
designed the screens along the white-black neutral axis un-
der the criterion that the monochrome pattern, as well as
its decompositional color patterns be smooth and uniform.
They used a color HVS model similar to that employed
in [7] [8]. We employ only a luminance HVS model to en-
force exclusion of visually non-homogeneous patterns for
the total dot distribution, as well as for each individual col-
orant texture. We also present a technique for mapping the
color design criteria defined in terms of constant patches
to real images.

The remainder of this paper is organized as follows.
In Sec. 2, we describe our uniform color criteria and the
colorant-based halftoning algorithm. We also discuss how
we have used DBS with the uniform color criteria. Then,
we show some experimental results in Sec. 3. We will con-
clude the paper in Sec. 4.
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2. Colorant-based DBS algorithm

2.1. Criteria for Uniform Color Textures

In this paper, we restrict our discussion to bi-level 3-colorant
CMY printers. Our algorithm, however, can also be ap-

lied directly to bi-level 4-colorant CMYK printers where
ull undercolor removal is employed, i.e. at a given pixel
a black dot replaces cyan, magenta, and yellow dots if and
only if all three are present there. The proposed halftoning
algorithm is based upon the CMY colorant space. There-
fore, we first need to perform RGB-to-C! conversion
on the original continuous-tone color image. Aside from
the confounding complexity of color interpretation by the
HVS, RGB-to-CMY conversion for printing has proven
difficult because of the non-linear and non-ideal behavior
of printer colorants [9]. Generallﬁ, halftoning researchers
have favored simpler methods such as the ‘one-minus-RGB’
method that is based on an idealized model of block col-
orants with unity transmittance in all but non-overlapping
bands, i.e. only one colorant absorbs at any wavelength [8]
[10]. We also employ this one-minus-RGB method for the
conversion:

C = 1-R,
M = 1-B,
Yy = 1-G. (1)

We denote a continuous-tone color image by 3 scalar-
valued functions f;[m] : R? — R, i = C,M,Y. Sim-
ilarly, we denote a color halftone image by g;[m], i =
C,M,Y. We assume f;[m] takes values in units of ab-
sorptance between 0 and 1, where 0 means that there is no
colorant and 1 means that there is a maximum amount of
colorant present on the paper. The digital halftone image
gi[m] =0or1.

As mentioned in Sec. 1, the approach that we take here
to color halftoning focuses explicitly on the appearance
of the textures corresponding to each colorant, both sep-
arately and in combination. We treat the dots of each col-
orant as a distinct type of object, and strive to arrange these
objects in as uniform and homogeneous a manner as pos-
sible, mostly without regard for the colorimetric properties
of the individual colorants. Our HVS model is only used
to generate a measure of the visual quality of the manner
in which the objects are arranged. We have identified three
criteria of texture quality that are appropriate to this ap-
proach:

1. If we consider the dots of each color (C, M, Y, R,
G, B, or K) individually, we would like these dots
to be arranged as uniformly as possible.

2. If we treat the dots of the seven possible colors as
being an identical type of object, we would like the
overall composite texture consisting of all these ob-
jects to be as uniform as possible.

3. We wish to minimize dot-on-dot printing as much
as possible.
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The first two criteria are fairly self-evident. To understand
the third criterion, consider a situation in which we wish
to print a 100 x 100 pixel patch of constant gray with 7%
absorptance. To achieve this level of gray, we will need to
print 700 dots each of cyan, magenta, and yellow. If we
constrain the printing so that the cyan, magenta, and yel-
low dots are printed on top of each other, we will have 700
black dots, which by enforcing Criteria 1 and 2 above, can
be arranged in a uniform pattern with 7% fill. This situ-
ation is maximally dot-on-dot. At the other extreme, we
constrain the textures so that no dots of different colorants
may be printed on top of each other. In this case, enforce-
ment of Criteria 1 and 2 will result in a homogeneous tex-
ture consisting of a mixture of 2100 cyan, magenta, and
yellow dots. The overall fill is now 21%, which will be
perceived as a more uniform texture than a 7% fill, regard-
less of the color of the individual dots. In addition, each
of the cyan, magenta, or yellow dots will contrast less with
the white substrate than will the black dots, further reduc-
ing the overall visibility of the halftone texture. We refer
to this case as maximally dot-off-dot. Figure 1 compares
dot-on-dot and dot-off-dot printing for a 7% gray level.
In addition to producing a smoother, more homogeneous
texture [1] [11], dot-off-dot printing yields a larger color
gamut [11]. For darker colors, it is necessary to have some
dot-on-dot printing. This results in dots with secondary
colors, such as the blue obtained by printing cyan on top
of magenta. According to Criterion 1, we would like each
texture resulting from just the dots with a single secondary
color to be arranged as uniformly as possible.

(@ (b)

Figure 1. Two halftone patterns illustrating (a) dot-on-dot, and
(b) dot-off-dot printing for a 7% gray level printed at 100 dpi.

Now let us consider in some detail how we actually can
design halftone textures for constant patches according to
our criteria. Suppose we want to halftone a color image
which is a constant patch consisting of 20% cyan, 20% ma-
genta, and 40% yellow. Without any dot-on-dot printing,
the dot area coverage will be 20 + 20 + 40 = 80%. Ac-
cording to our criteria, we want to generate CMY ™ halftones
which are individually homogeneous and for which the to-
tal dot distribution covering 80% of the entire image is also
as uniform as possible. To achieve this goal, we first set a
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homogeneous binary pattern for the total dot arrangement,
and then color the dots so that each plane has uniform tex-
ture, without altering the total dot distribution.

However, we have found that better overall halftone
quality is obtained when we control only the total distri-
bution of the C' and M dots, and halftone Y completely
independently. This is because the Y colorant is much
less visible than those of C' and M. By not including Y
in the constraint for C' and M, we obtain a better total
CM texture. Therefore, in our color halftoning scheme,
we jointly halftone only the C' and M planes, do the Y
plane independently, and finally combine their halftones.
For the above halftoning example, we establish the dot ar-
rangement for C M by generating a 20 + 20 = 40% fill
bitmap image, color the bitmap with C' and M so that each
of C' and M halftones has uniform texture, and overlay the
independently generated Y halftone onto them.

Before extending our analysis to more general situ-
ations, let us consider another halftoning example for a
constant-tone image which consists of 80% cyan, 50% ma-
genta, and 0% yellow. We exclude Y from this example
since we are interested now only in the C' and M compo-
nents for the total dot distribution constraint. The sum of
C + M is greater than 100%, which implies that at least
some portions of C' and M have to be piled up together
thereby introducing the color blue (B). Let C' = C — B
and M’ = M — B denote the portions of pure cyan and ma-
genta colors in the halftone image, respectively. To avoid
dot-on-dot printing as much as possible, C’, M’, and B are
given by

C'=1-M,
M =1-C,

B=C+M—1. 2)

The color halftoning process for this example is quite sim-
ilar to that for the previous example. We set the dots for
C’" + M’, optimally color each of dots either by cyan or
magenta, and finally fill the holes by blue. Figure 2 shows
bitmaps for this example produced at the four stages of our
halftoning scheme.

2.2. Extension to General Images

The above two examples give us an idea how to extend our
approach to real imagery. We begin by defining additional
grayscale functions

, if + <1,
forlm] = { {C_[I}IL [m], ;t}{;%e, Fulm]

, if + <1
far[m] = { {Ai[r;;][m], Lt}{éerAI/rils]e, Fufon

fem[m] = for[m] + frr[ml], ©)

where fo:[m] and fy, [m], respectively, are the amount of
the cyan and magenta components which do not contribute
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(c)

(CY)

Figure 2: The steps of our color halftoning algorithm for the case
where C' = 50%, M = 80%, and Y = 0%: (a) set overall dot
arrangement, (b) color the dots randomly, (c) refine the halftones

for C" and M, and (d) fill holes by B.

to blue. Note that 0 < fepr[m] < 1. In order to optimally
set dots for CM, we apply the monochrome DBS halfton-
ing algorithm to fops[m]. We denote the halftone version
of fom[m] by goa[m]. Then, the O-pixels of gcas[m]
will be either W or B, while the 1-pixels of goas[m] will
be either C or M. Let scp[m] : R? — {W,C, M, B}
be the function that represents the coloring of go s [m). To
the 0-pixels of goar[m], we assign B if fo[m]+ fas[m] >
1; otherwise we assign W. We initially color the 1-pixels
by random thresholding. At this stage, scas[m)] is given
by

W, if gom[m] = 0and fo[m] + fu[m] <1,
B, ifgom[m] = 0and folm| + far[m] > 1,

som[m] = C, ifgem[m]=1and W% >r,
M, otherwise.

“)

Here r is a random variable which is uniformly distributed
in the interval (0, 1). Starting with this random initial pat-
tern, we iteratively seek an optimal color pattern for s¢ s [m]
by swapping C' and M pixels to reduce an error metric. It

should be pointed out that during this process, the monochrome

dot pattern of g ps[m] is not altered. Every 0- and 1-pixel
retains its original state, since we only consider swaps be-
tween C' and M pixels, both of which belong to the 1-
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Figure 3. Block diagram for the flow of the proposed halftoning
algorithm.

pixels of goar[m]. Thus, the dot distributions of W and B
remain unchanged. After the algorithm has converged, i.e.
no changes are made during a single iteration, g¢[m] and
gnr[m] are obtained from sy [m] as follows:

_ 1, ifscm[m]=C or B,

gem] = 0, otherwise, )
o 1, if scm[m] =M or B,

gu(m] = 0, otherwise.

Figure 3 summarizes the flow of the proposed halftoning
algorithm. In the next section, we will describe the error
metric and the error minimization technique used in the
proposed algorithm.

2.3. Error Metrics

Let go/[m] and g [m] denote the halftone images for
fer[m] and fas[m], respectively. It is important to appre-
ciate the relationships among gcv [m], gar [m], and s¢ s [m]:

1 iffSCM[m] ZC,
1 iff scu[m] = M.

gcr[m]
gnr [m]

(6)

We assume that the printer spot overlap is insignificant or
the overlap is additive if it is not negligible. It is possible to
relax these assumptions by using non-linear dot interaction
models, as is done in [8] [10]. The halftone image rendered
by the printer is then given by

gl(x) = Zgl[m]p(x - Xm)7 1= Clv M/7 (7)

where p(x) is the spot function of the printer and X is
the periodicity matrix whose columns comprise the basis
for the lattice of printer addressable dots. We define the
perceived error images as

€i(x) = h(x) * (g:(x) = fi(x)) ,

Here * denotes the convolution operation, h(x) represents
the point spread function of the HVS, and f;(x) is the
continuous-tone original image. We will assume that the
continuous-tone original images f;(x) can also be expressed

i=C' M. (8)
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in terms of their samples f;[m] according to (7). Equation
(8) can then be expressed as

é(x) = Z e;[m]p(x — Xm),

m

i=C"\ M, 9

where

el[m] :gl[m] _fi[m]7 1= Cllev (10)
and p(x) = h(x) * p(x) embodies the effect of cascad-
ing the printer rendering and HVS models. In general, the
printer spot profile p(x) is sufficiently narrow compared
to h(x) so that p(x) & h(x). This is the situation when
output from a printer with at least moderate resolution is
viewed at a normal distance. Throughout this paper, we
will assume that this relationship holds and refer to the
point spread function of the HVS as j(x). Our error mea-
sure is based on the total squared value of (9), which is
given by

& :/|e~i(x)|2dx, i=C'\ M. (11)
The problem of optimally coloring s¢ps[m] is to minimize
Ecr and &y within the context of gops[m]. This problem
can be stated as

(12a)
(12b)

minimize &,

subject to  ge[m] + gays [m] = gear[ml,

where & = afcr + BE- is a dual error measure which
penalizes the use of both C' and M halftone textures that
lead to a visually unpleasing appearance. Here « and 3 are
weights for C and M, respectively. The constraint (12b)
ensures that the monochrome pattern of g s [m] remains
unchanged.

2.4. Error Minimization

As mentioned earlier, the method we use to solve the con-
strained optimization problem (12a) is swap-only DBS.
Starting with the initial s¢s[m] which has random C' and
M assignments, we iteratively visit each C' and M pixel
and swap it with any of its neighbors within a 7 X 7 win-
dow that differ in color state. The swap takes place only
between C and M pixels. With smaller window sizes such
as a 3 x 3 window, we observed color shifts due to an in-
sufficient search area. We accept that trial change, if any,
which most reduces the value of £. When no changes are
accepted during a single iteration, the algorithm has con-
verged. Note that the swap between pixels mg and m; in
soar[m) causes changes to gor[mg], gor[m1], gar [mo],
and gp[m;]. We can reduce the complexity for com-
puting the effect of trial halftone changes by using an ap-
proach similar to that proposed in [12] [13]. To develop
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this more efficient method to evaluate the effect of a trial
change, we first define the autocorrelation function

eap(x) = / By)B(x + y)dy. (13)

Then we can express (11) in the discrete form
2 :Zzei[m]ei[n]cﬁﬁ[m—n], i=C' M,

with the correlation function ¢;3[m] = ¢53(Xm). Con-
sider a trial swap between pixels mg and m;. The changes
in gov[m) and gy [m] are described by

Agilm] = a%0[m — my] + a}dm —my], i=C", M,
15)
where a? and a}, i = C’, M’ are given by
_ 1, if g;[1m;] is changed from O to 1, F—0.1
@ =\ —1, if gi[m;] is changed from 1 to 0, J=54
(16)

Since the pairs (g¢r [mo], gor[mi]), (gar [mo], gar [m1]),
(g9cr[mo], garr [myo)), and (g [my ], gasr [m4]) must all have
different binary states, we have the following relationships
among a! and a},i = C', M’,

al, = ay, = —ay = —aS. a7

It can be shown [12] [13] that the changes in error AE

and A&}, due to a trial swap described by (15) are given

by

AE; = ((a9)? + (ai)*)epp[0] + 2a7 e [mo]
+ Qa}c;é[ml] + QaQQ}Cﬁﬁ[ml — my), i=C", M,
(18)

where ¢4 [m] is the cross-correlation between e;[m] and

cpp[m]

che[m] =) " ei[n]epp[n — ml,

n

i=C", M. (19)

From (12b), (16), (17), and (18), the change in our dual
metric AE can be written as

AE = 2(a + B)css[0] + 2a% (acS: [mo] — Bt [mo))
+ 2aby (acgé/ [mi] — ﬂcg/g [m;])

—2(a + B)cps[m1 — mo.
(20)

The cost of computing AE can be greatly reduced by keep-

ing LUTSs for ¢j5 and ¢z, 7 = €', M’ as in [12] [13].
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3. Experimental Results

We compare color halftones from the proposed algorithm
CMYK -DBS, plane-independent DBS, and the HP 970 Cx
inkjet printer driver, which is based on error diffusion. We
use equal weights for C' and M, ie. « = § = 1, and
employ Nisinen’s model [14] to compute p(x) as in [13].
For plane-independent DBS, we apply monochrome DBS
to each CMY plane independently, and use the same p(x)
for all three color planes as in the proposed algorithm. The
HP 970 Cx inkjet printer is used in binary-only mode for
this experiment.

Figure 4 shows halftone images for the “Dining table”
image. Due to excessive color interference, the result of
plane-independent DBS (a) is overall much grainier than
that of the HP 970 Cx driver (b) or CMYK-DBS (c). It
also suffers from mottle. Comparing the halftones gener-
ated by the HP 970 Cx driver and CMYK-DBS, we see
that they are much closer to each other in appearance than
to the halftone from plane-independent DBS. However, the
HP 970 Cx driver halftone is less homogeneous. CMYK -
DBS yields smoother (apples and pears), more homoge-
neous (plates and table cloth), and less visible (coffee and
flowers) textures than the other two methods.

4. Summary and Conclusions

In this paper, we introduced a new color halftoning al-
gorithm based on the CMY colorant space. In order to
achieve high quality color halftones, we first formulated
color design criteria for uniform color textures, and then
developed a colorant-based color halftoning technique which
meets these criteria. We also presented a technique for
mapping the color design criteria, defined in terms of constant-
tone patches to real images. The basic ideal behind our
halftoning method is to set the total dot arrangement first,
and then to color the dots optimally without altering the
total dot arrangement. This corresponds to a constrained
minimization problem which we solved via the swap-only
direct binary search (DBS) heuristic. We showed that the
algorithm can be efficiently implemented by recursively
evaluating the effect of trial changes. Since the algorithm
operates in the printer colorant space, it controls the quality
of each colorant texture directly. At the same time, the al-
gorithm maintains the uniformity of the total dot distribu-
tion and minimizes dot-on-dot printing under constraints
defined by the criteria. To account for the fact that the
CMY colorants are not equally dark, we jointly halftoned
the C' and M planes, which have relatively high visibil-
ity. We halftoned the Y plane independently since it has
relatively low visibility. The proposed algorithm yields vi-
sually smooth and fine halftone textures.



1% T/ D Ninth Color Imaging Conference

Acknowledgment

The authors would like to thank the Hewlett-Packard Com-
pany for their support of this research.

References

[1] Q. Lin and J.P. Allebach, “Color FM screen design using
DBS algorithm,” in Color Imaging: Device-independent
Color, Color Hardcopy, and Graphic Arts III. Proc. SPIE
3300, 1998, pp. 353 —361.

[2] H. Haneishi, H. Yaguichi, and Y. Miyake, “A new method

(a) of color reproduction in digital halftone image,” in Proc.
IS&T 46th Annual Conf., Final Program and Advance

Printing of Paper Summaries, Cambridge, MA, May 1993.

[3] R.V. Klassen, R. Eschbach, and K. Bharat, “Vector error
diffusion in a distorted color space,” in Proc. IS&T’s 47th
Annual Conf./ICPS, Rochester, NY, May 1994.

[4] J. Shu, “Error diffusion with vivid color enhancement and
noise reduction,” in Human Vision and Electronic Imaging.
Proc. SPIE 2657, 1996, pp. 464 — 470.

[5] D. Shaked, N. Arad, A. Fitzhugh, and 1. Sobel, “Ink relo-
cation for color halftones,” in Proc. IS&T PICS, 1998, pp.
340 - 343.

[6] D.L. Lau, A.M. Khan, and G.R. Arce, “Stochastic moiré,”
in Proc. IS&T PICS, 2001, pp. 96 — 100.

[7]1 T.J. Flohr, B.W. Kolpatzik, R. Balasubramanian, D.A. Car-
rara, C.A. Bouman, and J.P. Allebach, ‘“Model based color
image quantization,” in Human Vision, Visual Processing,
czzgd Digital Display IV. Proc. SPIE 1913, 1993, pp. 270 —

1.

() [8] A.U. Agar and J.P. Allebach, “Model-based color halfton-
ing using direct binary search,” in Color Imaging: Device-
Independent Color, Color Hardcopy, and Graphic Arts V.
Proc. SPIE 3963, 2000, pp. 521 — 535.

[9] M. Rodriguez, “A graphic arts perspective on rgb-to-cmyk
conversion,” in Proc. IEEE Int. Conf. Image Process., Oct.
1995, vol. 11, pp. 319 — 322.

[10] T.N. Pappas, “Model-based halftoning of color images,”
IEEE Trans. Image Process., vol. 6, no. 7, pp. 1014 — 1024,
July. 1997.

[11] V. Ostromoukhov, P. Emmel, N. Rudaz, I. Amidror, and
R.D. Hersch, “Multi-level colour halftoning algorithms,”
in Imaging Sciences and Display Technologies. Proc. SPIE
Vol. 2949, 1996, pp. 332 — 340.

[12] M. Analoui and J.P. Allebach, “Model based halftoning
using direct binary search,” in Human Vision, Visual Pro-
cessing, and Digital Display II1. Proc. SPIE 1666, 1992, pp.

96 — 108.
[13] D.J. Lieberman and J.P. Allebach, “A dual interpretation
© for direct binary search and its implications for tone repro-
. . .. . i lity,” IEEE Trans. I P -
Figure 4: Halftones for the dining table image: (a) generated by 331?“90,“113?(11 lt’e;grfgqs%a_lt%lg&’ Nov. 5%}6% mage Frocess

plane-independent DBS, (b) generated by the HP 970 Cx inkjet

. . ~ . [14] R. Nisdnen, “Visibility of halftone dot textures,” IEEE
prt.nter driver, an4 (c) generated by CMYK -DBS. All images are Trans, Syst.. Man, Cyber, vol. 14, no. 6, pp. 920 — 924,
printed at 150 dpi. 1984.

204





