hitps:/ /doi. org/]O 2352 /1SSN.2470-1173.2020.15.COLOR-351

© 2020, Society for Imaging Science and Technology

Developing an inkjet printer II : CMY ink amounts to multibit

CMY halftones™

Baekdu Choi', Daulet Kenzhebalin', Sige Hu', George Chiu', Davi He?, Zillion Lin* and Jan P. Allebach'
! Electronic Imaging Systems Laboratory, School of Electronic and Computer Engineering, Purdue University, West Lafayette, IN

47907, US; choi504, dkenzheb, hu539, gchiu, allebach@purdue.edu

2 Sunvalleytek International Inc., Shenzhen, CHINA

Abstract

In this paper, we propose a novel error diffusion halftoning
algorithm for the conversion of cyan, magenta and yellow (CMY)
ink amounts to a multi-bit halftone image. We adopt the idea of
allowing multiple drops of colorants in order to achieve print re-
sults with better saturation, which is implemented by modifying
the classic Floyd-Steinberg error diffusion algorithm. For bet-
ter halftone texture and more efficient use of colorants, we add a
dot-off-dot feature to the classic Floyd-Steinberg error diffusion.
Blending-in the original input image with its DBS screened multi-
level halftone image as a preprocessing step to dot-off-dot error
diffusion is proposed as a measure to reduce halftone artifacts.
Digitally simulated halftone images will be presented to illustrate
the better halftone texture that can be achieved by applying the
proposed algorithm.

Introduction

Digital color halftoning processes a given continuous-tone
input image into an image with a limited number of colors [1].
Halftoning algorithms can be classified based on two criteria,
whether the dot placement is periodic or aperiodic, and whether
they are clustered-dot or dispersed-dot halftoning algorithms. All
four possible combinations are known to be employed in practice
[2]. The algorithm we propose in this paper can be classified as
an aperiodic dispersed-dot halftoning algorithm.

Halftoning algorithms can also be classified based on their
computational complexity. The least computationally expensive
type is screening, where each pixel of the input image is compared
to the corresponding index of a halftone screen to determine the
value of the pixel in the halftone image. Well-known algorithms
to generate the screen include the void and cluster algorithm in
[3] and the direct binary search (DBS) based screen generating
algorithm in [4], the latter of which we will be using for our algo-
rithm.

Another type of halftoning algorithm which tends to be
slightly more complicated is error diffusion. Here, an image is
quantized first, and the error between the pixel value of the input
image and that of the halftone image is diffused to nearby pix-
els. Error diffusion was first introduced by Floyd and Steinberg
in [5]. Our proposed algorithm will fall into the category of error
diffusion algorithms.

The most complex type of the halftoning algorithm involves
searching through the image to optimize a cost function, such as
direct binary search (DBS) algorithm in [6]. While this type of al-
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gorithm tends to generate the best quality halftone images, using
DBS to generate a halftone image could take a significant amount
of time, for instance as shown by Liao in [7]. Li and Allebach pro-
posed tone-dependent error diffusion [8] which provides a method
to generate halftone images with quality comparable to those gen-
erated with DBS but with the complexity of error diffusion algo-
rithms, by varying the filter weights and thresholds of the error
diffusion algorithm, based on the input pixel value.

Color image halftoning has also been a topic of interest in
multiple studies. For instance, Monga et al. [9] proposed an ex-
tension to [8] for color images. Color printing presents challenges
such as visibility of overlapping colorant drops, which results in
deteriorated texture of the halftone print. Therefore DBS-based
color halftoning with the goal to minimize the overlap between
colorants were proposed in papers such as Lee and Allebach [10],
Agar and Allebach [11], and He [12]. Schramm and Gondek
proposed tone-dependent, plane-dependent error diffusion [13]
where the combined tone of the color planes is used to determine
the threshold levels and error weights used for each color plane
when performing color error diffusion. A recent work with color
image halftoning that could be of interest is the work of Jiang et
al. [14], where the color image is converted into what is known
as a Neugebauer Primary Area Coverage (NPAC) image, and then
swap-only DBS is performed.

While a majority of the work about halftoning is on bi-level
halftoning, there has been work on multi-level halftoning as well.
Elias et al. [15] introduced a multi-level printing process by
adding four more channels (light cyan, light magenta, gray, photo
gray, and gray) to the conventional CMYK (cyan, magenta, yel-
low and black) printing to result in eight-channel printing. Lin
and Allebach [16] discussed the use of a DBS screen with the
goal of reducing contours that occur when multilevel screening
is naively implemented. Chandu et al. [17] proposed an exten-
sion to DBS that they refer to as direct multi-bit search (DMS) to
generate a multi-level screen. Multi-level halftoning enables us
to perform multi-drop printing, which in an inkjet printer is im-
plemented by simply locating multiple drops at a single printer-
addressable pixel [18]. This will give us a wider printer gamut,
including more saturated colors that can be printed, which is de-
sirable for our application.

In this paper, we propose a novel error diffusion algorithm
for multi-level color halftoning. The paper is organized as fol-
lows. First, we discuss how the bi-level error diffusion algorithm
in [5] can be extended to multi-level halftoning. The simple ex-
tension independently processes each color plane of the input im-
age. But this does not give us a method to control the amount of
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overlap of colorant drops, which tend to be highly visible, thus
degrading the texture of the halftone image. To address this issue,
we propose a dot-off-dot halftoning method, which will result in
reduced overlap of the colorant drops. Finally, a preprocessing
step for the error diffusion algorithm that gets rid of the artifacts
in the halftone image commonly associated with error diffusion is
proposed. For each section in the paper, halftone images will be
compared in order to illustrate the effects of the proposed algo-
rithm.

2-drop error diffusion

We start with a simple extension of the Floyd-Steinberg error
diffusion algorithm in [5], which is a one-drop halftoning algo-
rithm. We will first describe it for a single-channel monochrome
image, and later discuss the extension to color. Analogous to the
Floyd-Steinberg error diffusion algorithm, we keep track of the
error diffused image, which is initialized as a copy of the original
input image f[m,n]. Here, we assume that 0 < f[m,n] < 1, where
0 denotes white and 1 denotes black. Let us denote the error dif-
fused image as f[m,n] where the brackets [-] indicate that the pixel
locations are discretized. For each pixel in one color plane of the
error diffused image, we quantize the pixel value of f[m,n] and
assign corresponding values to the tri-level halftone image g[m, n]
by :

0, if flm,n] < %
glm,n] = %, if % < flm,n] < % )
1, if flm,n] > %

Note that the pixel values for g[m,n], 0, 1 and 1, represents 0, 1
and 2 drops of colorant, respectively. After the quantization step,
the error between the error diffused image and the halftone image
is computed and diffused to nearby pixels in the error diffused
image as

e[m>n] :f[mvn] _g[man] (2)

Flm+k,n+1] « Flm+k,n+1) + e[m,n]hlk,1] 3)
where

hkl—75kl 1 35k 1,1+1 4

[7]*E[7_]+T6[_7+} ()

5 1
e Olk— L1+ -8l — 1.0~ 1]

is same as the error diffusion filter for [5].

For our work, the serpentine raster has been chosen as the
direction in which the scan is performed for the image. When
performing a serpentine raster scan, the image is first scanned in
the first row from the left to the right. As we proceed to the next
row, instead of starting from the first column again, we alternate
the scan direction; e.g., for the second row, we scan from the right-
most column and proceed to the left. Serpentine raster scan is
known to reduce halftone artifacts associated with error diffusion
([19], pg. 266). But at the same time, its effect tends to be rather
limited, especially with vertical artifacts ([20], pg. 374). As an
illustration, consider Figures 2, 3, 5 and 6; it is easily noticed
that the halftone images contain unwanted vertical artifacts and
thus are not suitable reproductions of the original images.

3512

Dot-off-dot 2-drop error diffusion

The previously implemented 2-drop error diffusion pro-
cesses each color plane in cyan, magenta and yellow (CMY) in-
dependently. However, it is more desirable to locate the colorant
drops on different pixel locations than to locate them on top of
each other, which is commonly known as dot-off-dot halfton-
ing. Dot-off-dot halftoning has the following potential benefits:
First, it could result in using less ink compared to overlapping
the colorant drops, since it reduces interaction between the col-
orant drops. A discussion of similar effects can be found in [18].

Figure 1.  Original input image 1 to be halftoned. While this image is
in the sRGB color space, R = G = B for all the pixels; so the image looks
monochrome. The blue and red box are not parts of the original image; they
are used to illustrate which part of the image will be magnified for Figures 2
and 9.

Figure 2.  Magnified view of the red box area of Figure 1. In CMY color
space, the absorptance values slowly increase from C =M =Y = 0.616 to
C =M =Y =0.655 from left to right. Conversion from sRGB color space
to CMY color space was performed with the simple conversion formula C =
1-RM=1-G,Y=1-B.
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Second, it could result in halftone images with smoother texture,
since we reduce the number of overlapping drops which tend to
be more visible compared to single drops of colorants.

We propose a way to perform dot-off-dot 2-drop halfton-
ing by limiting the number of all colorant drops possible for
each pixel. Our proposed algorithm first looks at the sum of
the color planes at the current pixel. Based on the sum, it de-

Figure 3. Halftoned image of Figure 2 using the 2-drop error diffusion algo-
rithm. Note that the image contains only gray and black pixels even though
the halftoning algorithm uses three colorants C,M,Y and not K. This is be-
cause all the pixels in Figure 2 have the same absorptance values in CMY
color space, and since the simple 2-drop error diffusion algorithm halftones
each color plane independently, the halftones for each color plane are identi-
cal to each other. Therefore, when they are combined together, the colorants
all overlap and end up as pixels with monochromatic colors. The gray pixels
are the overlap of one drop of all the colorants; and the black pixels are the
overlap of two drops of all the colorants.

R
Figure 4. Original input image 2 to be halftoned. The red box is not a part
of the original image. It is used to illustrate which part of the image will be
magnified for Figure 5.
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Figure 5. Magnified view of the red box area of Figure 4. In CMY color
space, the image consists of cyan pixels with absorptance values of almost
1, and magenta pixels with absorptance values around 0.5. The yellow pixels
have absorptance values around 0.06. The magenta level decreases from
around 0.569 to around 0.412 from top to bottom. Conversion from sRGB
color space to CMY color space was performed with the simple conversion
formulaC=1-RM=1-G,Y =1—B.

Figure 6.  Halftoned image of Figure 5 using the 2-drop error diffusion
algorithm. The halftone image mostly consist of four different pixels - light
green, light blue, medium blue, and dark blue. Light green pixels are the
overlap of two drops of cyan, one drop of magenta, and one drop of yellow.
While the combination of drops of colorants for the light green pixel should
appear as desaturated cyan, it appears light green in this image since it
is surrounded by more saturated blueish colored pixels. When the color is
isolated it appears to be desaturated cyan as expected. Light blue pixels are
the overlap of two drops of cyan and one drop of magenta. Medium blue
pixels are the overlap of two drops of cyan and magenta. Dark blue pixels
are the overlap of two drops of cyan, two drops of magenta, and one drop of
yellow.

351-3



termines the maximum number of all colorant drops to locate at
the pixel. The maximum number of colorant drops with respect
to the sum of color planes is defined in Eq. (5). We denote
flm.n] = fclm,n] + fu[m,n] + fy[m,n] as the sum of the color
planes.

1, iff[m,n]<%
2, if% < f{mn} <3
3, itz < flmn] <2
Narops =4 0 3 =1 5
drops 4, if2< flmn] <} )
5, if%gf[m,n]<3
6, if flm,n] >3

After determining the maximum possible number of drops for the
pixel, the pixel is quantized in the same way as shown in Eq. (1).
However, since we have put a limit on the maximum number of
all colorant drops, the order of the quantization matters, and the
color plane with the largest absorptance should be quantized first.
For this, at each pixel, the color planes are ranked from the highest
absorptance level to lowest absorptance level. Then, we quantize
the color planes in the order of decreasing rank using Eq. (1).
But the allocation of the colorant drops is limited by the leftover
number of drops, which is the difference between the maximum
number of drops and the number of drops already allocated from
processing the color planes with higher rank at the current pixel.
After allocating the colorant drops, the diffusion of the error is
performed in the same way as with the previously discussed al-
gorithm, mainly according to Eq. (2) and Eq. (3) using the filter
described in Eq. (4). Limiting the number of drops for each pixel
is the main factor that results in dot-off-dot halftoning.

For the sake of naming, we will refer to the 2-drop halfton-
ing algorithm without the dot-off-dot property as the simple 2-
drop error diffusion algorithm from now on. Comparing Figures
2 and 3 with Figure 7, we can see that dot-off-dot halftoning in-
deed produces smoother halftone texture and less visible artifacts
compared to the simple 2-drop halftoning algorithm. Comparing
Figures 5 and 6 with Figure 8 leads to a similar conclusion.

However, dot-off-dot halftoning has a limitation that not all
the artifacts are removed. To illustrate, consider Figures 9, 10
and 11. Comparing the halftone images, we can easily see that
the halftone image generated by the dot-off-dot error diffusion
has vertical structured artifacts in the left of center region of the
image, which are similar to those that appear in the halftone im-
age generated with the simple 2-drop error diffusion algorithm.
Furthermore, dot-off-dot 2-drop error diffusion has a fundamental
limit that if one color plane component in the image is predom-
inant and has much larger absorptance values compared to the
other two color plane components, the dot-off-dot strategy will
not have much effect on the quality of the resulting halftone im-
age. If we consider an extreme case where only one color plane
component has nonzero absorptance values, dot-off-dot 2-drop er-
ror diffusion will become simple 2-drop error diffusion, and thus
all the artifacts will still remain in the resulting halftone image.

DBS screen blending-in

The direct binary search (DBS) algorithm introduced in [6]
is known to generate high-quality halftone images. Since the DBS
algorithm is computationally expensive, it cannot be used for the
printer we are developing. One way to take advantage of the DBS
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algorithm is to use a DBS-generated screen. The method for gen-
erating a DBS screen can be found in [4]. Using a DBS-generated
screen to halftone a continuous-tone image will eliminate the arti-
facts commonly associated with error diffusion, but the resulting
halftone images tend to be considerably noisier than those result-

Figure 7. Halftoned image of Figure 2 using the dot-off-dot 2-drop error
diffusion algorithm. Note that compared to Figure 3, this halftone image
contains pixels with colors such as dark cyan, dark magenta and dark yellow
along with gray pixels. This is because dot-off-dot error diffusion tries to
discourage colorants from overlapping with each other. The dark cyan pixel
is the overlap of two cyan drops, one magenta drop and one yellow drop.
The dark magenta pixel is the overlap of one cyan drop, two magenta drops
and one yellow drop. The dark yellow pixel is the overlap of one cyan drop,
one magenta drop and two yellow drops. As in Figure 3, the gray pixels are
the overlap of one drop of each colorant.

Figure 8. Halftoned image of Figure 5 using the dot-off-dot 2-drop error
diffusion algorithm. Compared to Figure 6, the vertical line artifacts that span
the image horizontally in the middle region of Figure 6 do not appear in this
figure.
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ing from error diffusion.

Here, we propose DBS screen blending-in as a preprocess-
ing step prior to dot-off-dot error diffusion to find a compromise
between the noisiness of the screened halftone images and the
artifacts associated with error diffused halftone images. The pro-
cedure for applying DBS screen blending-in to generate halftone
images is as follows: First, for each color plane CMY of the orig-
inal continuous-tone image fc, fi» and fy, we apply a tri-level
DBS screen to obtain tri-level halftone images g., & and gy. For
the three color planes CMY, we obtain mixtures f., f,, and f, of
the tri-level screened image and the original continuous-tone im-

Figure 9. Magnified view of the blue box area of Figure 1. In CMY color
space, the absorptance values slowly increase from C =M =Y = 0.106 to
C =M =Y =0.153 from left to right. Conversion from sRGB color space
to CMY color space was performed with the simple conversion formula C =
I-RM=1-G,Y=1-B.

i

"

" e
AT
L L R ]

ll..
A
T

.
=]
Lt Ly

e e

Figure 10. Halftoned image of Figure 9 using the simple 2-drop error dif-
fusion algorithm. Similar to Figure 3, the colorants overlap for all gray pixels
and end up looking monochromatic.
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age following Eq. (6). After that, we perform dot-off-dot 2-drop
halftoning on f.

fk[mvn] = Oka[mJl} +02gk[m7n]a ke {C,M,Y} (6)

To use the DBS screen for tri-level screening, we first start
with a set of three different bilevel DBS screens, one for each
colorant C, M, and Y, generated following the method explained
in [4]. Let us denote one color plane among CMY of the original
continuous-tone input image as f[m,n], the bi-level DBS screen
of size Ny x Ny as s[m, n], and the resulting tri-level halftone image
as g[m,n]. As before, we assume that the continuous-tone input
image and the screen are normalized so that all the elements are in
the range [0, 1]. First, we divide the screen s[m,n] by 2 and use the
resulting scaled screen to halftone the image to generate a bilevel
halftone image & [m,n] as in Eq. (7) :

31 [mon] = 1, if f[m,n] > 0.5-s[m mod Ng,n mod Nj]
s1m = 0, otherwise

The operator mod stands for the modulo operation. Then, we
subtract 0.5 from each pixel of f[m,n], and use the same scaled
screen again to halftone the image to generate another bilevel
halftone image g»[m,n] as in Eq. (8) :

O]

if f[m,n] —0.5 > 0.5-s[m mod Ny,n mod Ny]

- L
gz[m,n]—{ 0, otherwise

®)

The last step for generating a tri-level screened image is to com-
bine g; and g, to generate g simply by letting g[m,n] = 0.5-
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Figure 11. Halftoned image of Figure 9 using the dot-off-dot 2-drop error
diffusion algorithm. Six different colors in addition to white are observed -
light cyan, light magenta, light yellow, light red, light blue and light green.
Light cyan, magenta and yellow are single drops of each colorant with no
other colorants overlapping. Light red is the overlap of one drop of magenta
and one drop of yellow. Light green is the overlap of one drop of cyan and
one drop of yellow. Light blue is the overlap of one drop of cyan and one drop
of magenta.
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81[m,n] +0.5- g>[m,n]. As mentioned earlier, we use a differ-
ent screen for each color plane of CMY, which will have an effect
somewhat similar to that of dot-oft-dot halftoning.

Combining the DBS screen blending-in with the dot-off-dot
2-drop error diffusion, the entire algorithm proposed in this pa-
per can be summarized as in Algorithm 1. In the algorithm, fc,
fm and fy refer to the continuous-tone color planes CMY of the
original input image, and sc, sy and sy refer to the DBS screens
to be used for screening each CMY color plane, respectively. The
image size is denoted as Ny x Ny, where N, is the number of rows
and N, is the number of columns, and the screen size is Ny X Nj.

To illustrate that the algorithm is working as intended, we
now present the halftoned images. Figures 12, 13, and 14 are the
halftone images of Figures 9, 2, and 5, respectively, resulting from
DBS screen blending-in and dot-off-dot error diffusion. Compar-
ing the halftone images to the other halftone images included in
this paper, we can draw two conclusions: First, the halftone im-
ages produced with DBS screen blending-in and dot-off-dot error
diffusion do not seem to contain most of the artifacts associated
with error diffusion. And second, the halftone images produced
with DBS screen blending-in and dot-off-dot error diffusion have
smoothness comparable to halftone images generated with simple
2-drop error diffusion or dot-off-dot 2-drop error diffusion with-
out DBS screen blending-in.
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Figure 12. Halftoned image of Figure 9 using DBS screen blending-in and
dot-off-dot 2-drop error diffusion algorithm.

Conclusions

In this paper, we proposed a new halftoning algorithm that
generates good quality halftone images. We started with a 2-drop
error diffusion algorithm, which is a simple extension of Floyd-
Steinberg error diffusion. Halftone images generated with this
simple 2-drop error diffusion algorithm tend to show artifacts typ-
ically associated with error diffusion. Then dot-off-dot 2-drop er-
ror diffusion halftoning was proposed with the goal of ink savings
and smoother halftone textures. While dot-off-dot 2-drop error
diffusion somewhat alleviates the artifacts seen with standard 1-
drop Floyd-Steinberg error diffusion using a serpentine raster, the
effect was found to be rather limited. To address this issue, DBS
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Algorithm 1 The overall proposed halftoning algorithm including

all the steps.

for m =0to Ny —1do

forn=0to Ny—1do
for k€ {C,M.Y} do
if fi[m,n] > 0.5s;[m mod Ns,n mod N;| then

Gki[m,n] =1
else
&k1[m,n] =0
end if
if fi[m,n] — 0.5 > 0.5s¢[m mod Ny,n mod Ny then
&ra[m,n] =1
else
ng [m7n] =0
end if

8klm,n] = 0.58 [m,n] +0.58x2[m, n]
Sk [m,n] = 08fk[m7n} +02gk[man]

end for
end for
end for

for m=0to Ny —1do

if m mod 2 = 0 then
scan_order < 0 to Ny — 1

else

scan_order < Ny —11to 0

end if

for n in scan_order do
flm,n] < Lieiemyy flm,n]

L,
b
Ndrop — ’

I

WD AW N

’

6,

iff[m,n] < %
if < flm,n] < §
if 3 < flm,n] <2
if2 < flm,n] < §
if § < flm,n] <3
if flm,n] >3

K <+ Sorted result of k € {C,M,Y} in in the order of de-
scending absorptance in the current pixel

i+ 0

while Ny, > 0 do

k + KJi]

if fi[m,n] > % and Ny, > 2 then

bi[m,n] =1

Ndmp — Ndmp -2
else if fi[m,n] > % and Ny, > 1 then

bi[m,n] =

0.5

Ndrop A Ndrop -1

end if

if i = 2 then

break
end if
i+i+1
end while

ejm,n} = f[mJl} _g~[m7n}
fim+kn+1] < fim+kn+ 1]+ e[m,nlhlk,l], where
hlk,1] is given by Eq. (4)

end for
end for

return bym,n], k € {C,M,Y}
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screen blending-in was proposed as a preprocessing step prior to tion,” in Proc. SPIE, vol. 1913, San Jose, CA, USA, 1993, pp. 332—

dot-off-dot error diffusion. Blending-in the DBS screened image 343.

for dot-off-dot error diffusion results in halftone images without [4] J.P. Allebach and Q. Lin, “FM screen design using DBS algorithm,”

the artifacts associated with error diffusion and smoothness com- in Proc. IEEE Int. Conf. Image Process., Lausanne, Switzerland,

parable to those generated with simple 2-drop error diffusion or 1996, pp. 549-552.

dot-oft-dot error diffusion without preprocessing. [5] R. W. Floyd and L. Steinberg, “An adaptive algorithm for spatial
greyscale,” in Proc. S.1.D., vol. 17, no. 2, 1976, pp. 75-77.
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Figure 13. Halftoned image of Figure 2 using DBS screen blending-in and
dot-off-dot 2-drop error diffusion algorithm.
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