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Cluster-Dot Halftoning based on the Error
Diffusion with no Directional Characteristic
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Abstract —Digital halftoning is a process to con-
vert a continuous-tone image into a binary image with
black and white dots.
print a continuous-tone image using printers.

This process is necessary to
The
Error Diffusion is one of the most popular methods
of digital halftoning, because it can generates high
quality output images with relatively low computing
time. Binary images generated by the Error Diffu-
sion are fine grained in the sense that they have a
lot of isolated small black and white dots. However,
fine binary images are not appropriate for practical
printing, because isolated black and white dots may
disappear by dot-gain or dot-loss. Hence cluster-dot
halftoning, which generates binary images has no iso-
lated black and white dots are important. It is known
that the Error Diffusion with some feedback operation
can generate clustered-dot binary images. However,
the resulting binary images have strong directional
characteristic, which spoils the printing results. The
main contribution of this paper is to presents new fil-
ters of the Error Diffusion for cluster-dot halftoning
with no directional characteristic. Quite surprisingly,
it can generate cluster-dot binary images with no di-
rectional characteristic using our new filter. Also, the
size of cluster can be adjusted by an additional feed-
back operation. The experimental results show that
the Error Diffusion using our new filter can generate
better quality binary images than the previously pub-
lished know results.

Keywords: D:igital halftoning, Error Diffusion,
Cluster-dot, Green-notise halftoning

1 Introduction

A gray scale image is a two dimensional matrix of pixels
taking a real number in the range [0,1]. Usually a gray
scale image has 8-bit depth, that is, each pixel takes one
of the real numbers %, ﬁ, ey %, which correspond
to pixel intensities. A binary image is also a two dimen-
sional matrix of pixels taking a binary value 0 (black) or
1(white). Halftoning is an important process to convert
a gray scale image into a binary image [1, 2, 3]. This
process is necessary when a monochrome or color image
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Figure 1: The binary images generated by regular
halftoning and cluster-dot halftoning

is printed by a printer with limited number of ink colors.

One of the most popular halftoning algorithms is Error
Diffusion [4] that propagates quantize errors to unpro-
cessed neighboring pixels according to some fixed ratios.
The Error Diffusion preserves the average intensity level
between the original input image and the binary out-
put image. Further, the Error Diffusion produces good
halftone images despite relatively low cost. However,
since the Error Diffusion may generate worm artifacts es-
pecially in the image areas of flat intensity, various mod-
ification are proposed [5, 6, 7].

When we print digital images using printers, dot-gain and
dot-loss are very important issue that we need to consider.
In ink-jet printers, a small isolated black dot (pixel) gains
a lot by the ink blur (i.e. dot-gain), and isolated white
dots may also disappear. In laser printers, small isolated
black dots may not be printed because toner is not trans-
fered for minimum-size dot (i.e. dot-loss). Therefore, it is
desirable that dots in a binary image are clustered, that
is, it has no isolated pixels and two or more same pix-
els with the same color are adjacent [8] as illustrated in
Figure 1.

Although the Error Diffusion generates good halftone im-
ages, they have many isolated dots and it has no toler-
ance both for dot-gain and for dot-loss. There are sev-
eral previously published works for cluster-dot halftoning
based on the Error Diffusion technique. Levien [9] de-
veloped Error Diffusion with Output Dependent Feedback
(EDODF), Velho and Gomez [10] are using halftoning
on space filling curves. In particular, the EDODF, which
is one of the most popular algorithms in cluster-dot Er-
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ror Diffusion, modifies the threshold process based on the
output at previous locations. However, the EDODF gen-
erates structured worm-like artifacts in midtones and has
strong directional characteristics.

The main contribution of this paper is to propose a new
cluster-dot Error Diffusion using a cluster-dot error fil-
ter. The filter does not diffuse the quantization error to
neighboring pixels and decide the filter weights by exper-
imental evaluation. Quite surprisingly, it can generate
cluster-dot halftone images using our new filter instead
of the Floyd and Steinberg filter. Since we just use new
filters for the Error Diffusion, our halftoning algorithm is
simple and low computational complexity. Also, the size
of cluster can be adjusted by the feedback operation. The
experimental results show that the Error Diffusion using
our new filter can generate better quality binary images
with no directional characteristics than the EDODF.

2 Error Diffusion and EDODF

The main purpose of this section is to review the Er-
ror Diffusion method [4], and the Error Diffusion with
Output Dependent Feedback (EDODF) [9]. A gray scale
image G = ¢(i,7) is an N x N two dimensional matrix
of pixels taking real intensities number in the range [0, 1]
(0 <4,j < N—1). For simplicity, we assume that images
in this paper is square. A binary image B = b(i, j) is the
two dimensional matrix of pixels taking a binary value
0 (black) or 1 (white). The Error Diffusion algorithm is
designed to preserve the average intensity level between
input and output images by propagating the quantiza-
tion errors to unprocessed neighboring pixels according
to some fixed ratios.

In the Error Diffusion algorithm, the pixel values b(3, j)
of binary image is determined in raster scan order (Fig-

ure 5 (a)). The value of b(7, j) is determined by simply
thresholding as follows:
. 1 ifg(i,j) > 3,
bigj) =4 L 90> (1)
0 ifg(i,j) <3

Clearly, the quantizer error e(i, 7) is computed by

Note that the Error Diffusion select the pixel values of
binary image which minimize the absolute value of error
le(7,7)]. We then distributed the weighted error to a set
of unprocessed pixels.

gli+k,j+1) «— gli+kj+1)+wri-e(i,j), (3)

where wy,; is the the error filter.

Figure 2 shows the block diagram of the Error Diffusion
algorithm and the Floyd and Steinberg error filter.
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Figure 2: The block diagram of the Error Diffusion and
its error filter

Levien [9] developed the EDODF that modifies the
threshold based on the output at previous locations. This
feedback encourages the output at the current location
to be the same as the outputs at past locations. Equiv-
alently, this method can be realized by modifying the
quantization process in the conventional Error Diffusion
as follows:

. 1 if g(i, j) + h(i, 5) >
6.0 ={ g o) i 2 W

The output feedback h(i, j) can be represented as

1
)

h(i,§) = H-> npq-bli—p,j—q), (5)

where H is the hysteresis constant, and 1), 4 is the hystere-
sis weights filter. Large values of H leads to larger clus-
ters. Figure 3 shows the block diagram of the EDODF
and its error filter.

3 Owur New Cluster-Dot Error Filters

This section is devoted to show our new cluster-dot Er-
ror Diffusion. The key idea of our Error Diffusion based
halftoning method is using the cluster-dot error filter.
Conventional error filters distribute the quantization er-
ror to neighboring pixels (Figure 4 (a)). On the other
hand, cluster-dot error filter does not distribute the quan-
tization error to neighboring pixels (Figure 4 (b)). Neigh-
boring pixels have the nearly intensity level with the cur-
rent pixel intensity level. Therefore, neighboring pixels
may be quantized to the same color with the current pixel
as the quantization error is not distributed.

In our cluster-dot Error Diffusion, the error filter in Fig-
ure 6 (a) is used for the conventional Error Diffusion.
Sometimes, the resulting binary image by just using our
error filter in Figure 6 (b) is sufficient. Also, if we need
to adjust the size of cluster dots, we use the error filter
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Figure 3: The block diagram of the EDODF and its error
filter
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Figure 4: Conventional and cluster-dot error filters

with feedback in Figure 6 (b). By adjusting the hystere-
sis coefficient H, we can change the size of cluster dots.
We also use a serpentine scan illustrated in Figure 5 (b),
which can generate better quality of binary images.

We discuss how we find a new cluster-dot error filter il-
lustrated in Figure 6. We have three important points to
design this filter that we have considered as follows:

1. No error diffuse area

The filter does not distribute 2 x 2 area including
the current pixel (indicated by e). The size of this
area can affect the cluster-dot size of the halftone
images directly. However, when the area is larger
than 2 x 2, the halftoning decrease the image quality
due to increasing the isolation dots. Therefore, we
decide the size of this area to 2 x 2.

2. Symmetric error filter weights
We divide the cluster-dot error filter in five areas
which is illustrated by bold lines in Figure 6 (a). The
sums of the error weights in the left-bottom and in
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Figure 5: Two commonly used scanning path for the Er-
ror Diffusion
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Figure 6: Our new cluster-dot error filter

the right-bottom area are equal. The sums of the
error weights of the bottom and right area are also
equal, because, if the two sums are not equal, then
the resulting binary images will have artifacts.

3. Ratio of the error filter weights

We also consider the ratios of the five areas in cluster-
dot error filter illustrated by bold lines. The ratio of
sum of the error weights between right area and bot-
tom area is 9 : 7. This ratio can affect the form
of the cluster-dot. Figure 7 shows examples of var-
ious halftone images by the difference of the ratio.
(top) is ratio = 2 : 1. The cluster-dots forms di-
agonal clusters. (bottom) is ratio = 1 : 1. The
image appear the artifact in the midtone. (middle)
is ratio = 4 : 3. The experiment shows that this
ratio 4 : 3 can generate the best halftone images. To
reduce the computational complexity, the weighs of
the filter are denominated by a power of two num-
bers, because the division by a power of two can
be simply implemented by the bit shift operation.
Thus, we construct our cluster-dot error filter such
that their elements are multiple of 6%1, and the ratio
is 9 : 7 which is close to 4 : 3.

4 Experimental Results

This section shows the experimental results of our new
error diffusion filter and compares the resulting images
with binary images obtained by the EDODF.
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Figure 7: Variation the output images: (top) the weights
ratio is 2 : 1, (middle) the weights ratio is 4 : 3, and
(bottom) the weights ratio is 1 : 1.
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Figure 8: The pair-correlation (top) and the RAPSD
(bottom) of the ideal binary image.

We first evaluate the resulting image using the spatial and
the spectral statistics. The pair-correlation [11] is used as
a spatial statistics within the halftone image, and The Ra-
dially Averaged Power Spectrum Density (RAPSD) [12] is
used as a spectral statistics within the halftone pattern.
Due to the stringent page limitation, we omit the de-
tails of the explanation of the pair-correlation and the
RAPSD. The ideal cluster-dot halftone image has the
pair-correlation and the RAPSD shown in Figure 8. In
general, good halftoning algorithms generate binary im-
ages with the pair-correlation and the RAPSD close to
those in Figure 8. In particular, the pair-correlation con-
verges to 1.

We compare the cluster-dot error filter Error Diffusion
with the EDODF by the actual halftone images, the pair-
correlation, and the RAPSD. Figure 9 shows the results
by each of the methods for a solid patch with g = %
The EDODF images (Figures 9 (a) and (b)) generated by

the hysteresis parameter H = 0.5 and 0.75 have strong
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horizontally directional characteristic. Furthermore, the
pair-correlation does not converge to 1, and the RAPSD
is too sharp. Figure 9 (c) show the resulting binary image
by our cluster-dot Error Diffusion using the cluster-dot
error filter. Figures 9 (d) and (e) are the results by the
cluster-dot Error Diffusion with feedback with hysteresis
parameter H = 0.1 and 0.15. All of the three images
have the pair-correlation and the RAPSD close to the
ideal one. Also, the image Figure 9 (¢) has no directional
characteristic. Further, we can confirm that the size of
cluster dots can be changed with small variance of the
hysteresis H. Therefore, images in Figures 9 (d) and (e)
have few horizontally directional characteristics. Conse-
quently, our new Error diffusion filter can generate better
binary images.

Figure 10 shows the results by the EDODF and the our
cluster-dot Error Diffusion for a ramp image. We can
see strong horizontally directional characteristic in the
binary images by the EDODF (Figure 10 (a) and (b))
On the other hand, by using our new cluster-dot error
filter, we can generate binary images with no directional
characteristic and no artifacts.

Figure 11 shows the resulting binary images by our
cluster-dot Error Diffusion and the EDODF for a woman
image. Clearly, our cluster-dot Error Diffusion gener-
ates better quality halftone images compared than the
EDODEF. The binary images generated by our cluster-
dot Error Diffusion reproduces more details and tones of
the original image and have no or few directional charac-
teristic and artifacts.

5 Conclusions

We have presented a cluster-dot Error Diffusion methods
using the cluster-dot error filter. The key idea of our error
filter is not to diffuse the quantization error to neighbor-
ing pixels. Also, the coefficient of the filter is decided such
that the resulting binary image has no directiona charac-
teristics and no artifacts. The experimental results show
that our new filter based Error Diffusion can generate
better quality binary images than the EDODF.
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Figure 10: The resulting bianry images for a ramp image.
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