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I. INTRODUCTION

Digital dithering is the process of generating a
pattern of dots, within a limited number of levels, for
the reproduction of a continuous tone image. Digital
dithering is necessary for displaying continuous tone
images in media when the direct rendition of tones
is  impossible.  Accordingly,

many  dithering

techniques are included in printing algorithms.m
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Conventional  order  dithering uses linear

quantization through which input gray levels are
This

algorithm requires only simple processing and uses

equally divided by the printer resolution.

less computational time, however, it does not
consider the hardware characteristics of the printer,
therefore, differences in intensity are produced
between a monitor and a printed image.

To solve these problems, model-based dithering
of dot-pattern selection is proposed. The proposed
algorithm uses a dot-pattern database that models
overlapping phenomena among neighbor printing
dots. A dot-pattern is defined as a part divided
from a dot-profile which is the binary pattern
resulting from the dithering of a constant gray
level. In this paper, a dot-profile is generated using
conventional blue noise masking. Therefore, the
visual appearance of a dot pattern is similar to that
of a dot-profile produced using blue noise masking.
There are two steps involved in the proposed
algorithm: the generation of a dot-pattern database
and the

dot-pattern database to represent the gray level. To

selection of a dot-pattern from the

solve the gray level difference problem, the gray
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levels of the dot-pattern sets are calculated using
the circular dot-overlap model. Thereafier, the
dot-pattern  sets are reordered according to the
results. In this paper, in order to improve the
visual quality of the color dithering, the contrast
sensitivity function (CSF) of the human visual
system is used wherein the contrast sensitivity
decreases rapidly with an increasing spatial
frequency. Using this CSF, the visual difference
between the original image and the dithered image
can be computed as a numerical value. As a result,
the optimal dot-pattern can be selected from the
database.

. PROPOSED MODEL-BASED DITHERING
USING DOT PATTERN SELECTION
2.1 Construction of dot-pattern database

The proposed  algorithm  modifies  the
weaknesses of the existing color dithering methods
and constructs a dot-pattern database to represent
the exact color component of the original image
using a circular dot-overlap model™ A dot-pattern
database is constructed independently for each CMY
ink. The BNM used in the proposed method was
developed by Parker’™ and its size is 256 x256.
By thresholding the BNM with each gray level,
dot-profiles are constructed for every gray level
Using these dot-profiles, dot-patterns of Ny X Nw
size for adjusting the resolution of the printer can
then be recursively constructed by shifting 1 pixel.
At this point, all previously constructed dot-patterns
are excluded. The set of all the clipped dot-patterns
is defined as the dot-pattern set.

As it is clipped from a BNM, the dot-pattern
set already has blue-noise characteristics. When one
pixel of the original image is dithered with the
CMY dot-pattern databases independently, the color
of the dot-pattern in the pixel of the reproduced
image can be estimated as the average color of the
dot-pattern in each CMY plane. The average color

of one dot-pattern in a reproduced pixel,
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where (i, j) is the location of a pixel in an original

image and (x, y) is the location of a dot in the

dot-pattern, The values of PrysPry Pry are the
gray levels of one dot in a Ny X Ny dot-pattern. In
an ideal case, the gray leve! of each color dot is
255 and the value of a blank dot is 0. However,
an actual printed image has smaller color values
because the size of a dot is larger than that of an
ideal case die to ink absorption. The proposed
method modifies this error and represents the exact
color values by applying a dot-overlap model to the
dot-pattern. For color dithering, the dot-pattern set
is sorted and divided into a subset according to
color values between 0 and 255. This sorted dot
pattern is defined as the dot-pattern database.

The dot-overlap model used in the construction
of a dot-pattern database assumes that the dot is
circular and its ideal size covers the total area of
an ideal rectangular dot and its ink has no

absorption. Then the radius of an ideal dot is
T/\2. The dot overlap can be modeled as in Fig. 1.

|

(]
] .

I I

Figure 1. Circular dot-overlap model of ink.

The size of a dot-pattern is Ny X Ny. Therefore,
a dot-pattern database has a limited ability to
express all color values. Furthermore, a dot-pattern
may not exist for some color values. These color
substituted ~ with  the

values are, therefore,

dot-patterns of the closest color value that contains
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a few dot-patterns in both the up and down
direction. The error due to this compensation can
be reduced by a CSF dot-pattern selection algorithm
that chooses an appropriate dot-pattern for the color
value of a pixel in the original image.

Using the constructed dot-pattern database of
CMY color inks, the original image can be dithered
by randomly selecting the dot-pattern. The resulting
dithered image represents the color values of the
original image, however, it has a poor image
quality as it has lost its blue-noise characteristic.
Accordingly, a dot-pattern selection algorithm is

needed to maintain the blue-noise characteristics.

2.2 Dot-pattern selection algorithm

In this paper, a dot-pattern selection algorithm
is proposed that uses the characteristics of the CSF
of the human visual system and considers the
dot-patterns selected for neighboring pixels.

The CSF used in this paper is a model that
approximates the response of the human visual
system. This model is basically a low-pass filter
and can be represented as follows:

, _fa@rd e i > S
“ 10, otherwise 2)

where a = 22, b = 00192, ¢ = 0.114, and d =

1.1; Ju is the radial spatial frequency in
cycles/degree and fuar is the frequency at which the
function peaks. To make use of the human visual
model, a conversion from cycles/degree to
cyclesfinch is required. Let P be the printer
resolution, d the viewing distance from the eye to
the object, NXN the size of the image, (%, v) a

location in the FT (Fourier transform) domain and

Z, /i the spatial frequency in cycles/degree in the

two dimensions. It can be shown that

P ~
21;:/1 tan(0.5°), jﬁ,z—z‘)%tan(o.S"),

Jo= ®)

where a viewing distance of 20 inches is assumed.

The radial frequency can be given by

7,“ =4 iz + ]7\:2 . (@)

To incorporate the decrease in sensitivity at angles
other than horizontal and vertical, the radial

frequency is scaled such as shown

A () ®)

1-w 1+w
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T

where w is 0.7 as a symmetry parameter. Jis can

then be substituted into Equation (20).
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Figure 2. Global structure of dot-pattern selection
algorithm.

Using this CSF, the difference between the
visual responses to the original image and the
dithered image can be computed as a numerical
value. Therefore, an dot-pattern for a color value
can be selected from the database.

In order to select the most appropriate
dot-pattern for a current pixel from the cyan
database, a local block method is used. A local 2
x2 block of the

original image and its

-149-



20004 B

ABETTRE KFRELEHAE

mE FE234% F2H 2000/11

corresponding halftone block of dot-patterns are
compared using a CSF, FFT, and RMSE. Fig. 2
shows the global structure of the selection

algorithm for a cyan dot-pattern.

II. EXPERIMENTAL RESULTS

Fig. 3 shows images printed by various
halftoning techniques. Here, (a) is the result of
ordered dither, (b) is the result of error diffusion,
(c) is the result of blue noise masking, (d) is the
result of proposed dot-pattern selection method. In
(a), (b), and (c), the colors were degraded due to
the overlapping of printing dots. And (a) shows
blocking effect in the smooth region. As the result of
applying the proposed method, (d) had visual
characteristic of blue noise mask and reproduced
accurate gray levels. Thus, the proposed method can
substantiaily reproduce the color values of the pixels
in original image and obtain better image quality.

To compare the halftoning techniques, color
difference (JE ) was calculated. The reproduced
colors were measured by spectrophotometer. From
the result, JE » was calculated as follows;

AE o = J(L‘O —L'z)*+(d’0 —a.k)2 +(b'0—-b"r)? )

where L'oa'ob’o is CIEL'a'd’ values measured on
the monitor, L'ra'zb'r is CIEL'a’b’ values measured
on the printer. Table 1 shows the comparison of
the 4 £, in the Macbeth color chart by using two
conventional methods and the proposed method. The
two conventional methods are error diffusion and
blue noise masking. In the table, the proposed
algorithm takes less error than the conventional
methods,

Table 1. The comparison of JE & between colors
displayed on the monitor and colors reproduced on
the printer.

Ordered| Error |Blue noise|The proposed
dither |diffusion| masking method
AJE «| 22.13 | 21.88 19.96 14.20

(d

Figure 3. Fresh image printed by various halftoning
techniques. (a) Ordered dither. (b) Error diffusion.
(c) BNM. (d) The proposed method.

IV. CONCLUSION

In order to improve the visual quality of color
halftoning, model-based dithering of dot-pattern
selection was proposed. The proposed method could
represent linear color change, because it considered
the problem of dot-overlap. To solve the problem
of dot-overlap, the gray levels of dot-pattern sets
were calculated using a circular dot-overlap model
and then measured by a spectrometer. Thereafter,
the dot-pattern sets were reordered according to the
results. In this process, in order to improve the
visual quality of the color dithering, the contrast
sensitivity function of the human visual system was
used. As a result, the proposed techniques enable
limited-color output devices to display and print
high quality color images.
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