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SUMMARY  Halftoning is an important process to convert a
gray scale image into a binary image with black and white pix-
els. The Direct Binary Search (DBS) is one of the well-known
halftoning methods that can generate high quality binary images
for middle tone of original gray scale images. However, binary
images generated by the DBS have clippings, that is, have no tone
in highlights and shadows of original gray scale images. The first
contribution of this paper is to show the reason why the DBS
generates binary images with clippings, to clarify the range of
tone in original images that may have clipping, and to present
a clipping-free DBS-based halftoning algorithm. The key idea is
to apply the ordered dither using a threshold array generated by
DBS-based method, to highlights and shadows, and then use the
DBS. The second contribution is to extend the DBS to generate
L-level multltone images with each pixel taking one of the inten-
sity levels Tl’ ﬁ e L—_} However, clippings appear in
highlights, middle tone, and shadows of generated L-level multi-
tone images. The third contribution of this paper is to modify the
multitone version of the DBS to generate a clipping-free L-level
multitone images. The resulting multitone images are so good
that they reproduce the tones and the details of the original gray
scale images very well.

key words: Image processing, Halftoning, Multilevel halftoning,
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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 5=, 5t=,.. ., 325, 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 con-
vert a gray scale image into a binary image [2],[11],
[12]. This process is necessary when a monochrome or
color image is printed by a printer with limited number
of ink colors.

A multitone image is an intermediate of a gray
scale image and a binary image [14], [16]. In an L-level
multitone image, each pixel takes one of the intensity
levels 72+, 71+, ..., =1, Usually, L takes small inte-
gers such that L = 3, 4, or 5. The process of multitoning
is to generate a multitone image for a given gray scale
image.
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Multitone images are used to print images using a
inkjet printer with light color inks to get photo quality
printing results [6]. For example, some inkjet printers
support light black ink in addition to black ink. In
the printing workflow, an original gray scale image is
converted to a 3-level multitone image. For pixels with
intensity ;, black ink is injected. If the pixel intensity

2, light black ink is used. The printing results can
be improved, because light black ink reproduces middle
tone better than black ink.

Further, some inkjet printers [13] support multi-
size dots, which can be achieved by adjusting the
amount of ink injected from the nozzle. Suppose that
each nozzle can inject 1pl (pico liter), 2pl, and 3pl
ink. To print an original gray scale image using such
a printer, it is converted to a 4-level multitone image.
For pixels with intensity %, %, and %, the nozzle injects
1pl, 2pl and 3pl ink, respectively. Since the size of dots
reproduces the original tone, the resulting image using
multi-size dot printers is better than that of single-size
dot printers.

Many halftoning techniques including Error Dif-
fusion [7], Dot Diffusion[8], Ordered Dither using the
Bayer threshold array[5] and the Void-and-Cluster
threshold array [15], Direct Binary Search (DBS) [1],
[3], Local Exhaustive Search (LES)[9],[10], have been
presented. The most well-known halftoning algorithm
is the Error Diffusion [7] method that propagates
rounding errors to unprocessed neighboring pixels ac-
cording to some fixed ratios. The Error Diffusion pre-
serves the average intensity level between the original
input image and the binary output image. Since the Er-
ror Diffusion produces good results, many inkjet print-
ers are using this technique [13]. However, the Error
Diffusion may generate worm artifacts, sequences of
pixels like a worm, especially in the image areas of flat
intensity. The readers should refer to Figure 3 for re-
sulting images for a ramp gray scale image that are
generated by various halftoning/multitoning method
including the Error Diffusion.

The Ordered Dither [5] uses a threshold array to
generate a binary image from an original gray scale im-
age. Each pixel of the original gray scale image is com-
pared with an element of the threshold array. From the
result of the comparison, the pixel value of the corre-
sponding pixel of the binary image is determined. Bi-



nary images generated by the Ordered Dither method
using the Bayer threshold array [5] have artifacts with
periodic dots arranged in a two dimensional grid as
shown in Figure 3.

It is known that, in many cases, the DBS [1],[3]
generates better quality images than the Error Diffu-
sion. The key idea of the DBS is to find a binary image
whose projected image onto human eyes is very close to
the original image. The projected image is computed
by applying a Gaussian filter, which approximates the
characteristic of the human visual system. Let the total
error of the binary image be the sum of the differences
of the intensity levels over all pixels between the origi-
nal image and the projected image. In the DBS, a pixel
value is toggled if the resulting image has smaller total
error. Also, neighboring pixel values are swapped if the
total error of the resulting image decreases. The DBS
generates a sharp binary image, especially, for middle
tone areas. However, the generated binary image by
the DBS has no tone in highlights and shadows. Fig-
ures 3 and 4 show the binary images generated by the
DBS. The resulting image has clippings, that is, high-
lights and shadows have no minority pixels and lose
the tone of the original image. For example, several
columns from the leftmost of Figure 3 have no white
pixel, although the original image has tone. Also, there
is no black pixel in several columns from the rightmost
and a pseudo border line appears.

Halftoning methods are required to generate bi-
nary images reproducing the tone of original gray scale
images. Thus, the linearity of the intensity level of bi-
nary images that we define next is important. Suppose
that the average intensity level of a small region of s
pixels in an original gray scale image is p (0 < p < 1).
The corresponding region of the generated binary im-
age should have nearly ps white pixels out of s pixels to
reproduce the intensity level. If this is the case, the lin-
earity of the intensity level is preserved. More generally,
the linearity can be confirmed using flat tone images as
follows: Let A, (0 < p < 1) denote a flat tone gray scale
image of size n xn with every pixel taking intensity level
p. Suppose that a binary image generated for 4, using
some halftoning method. Clearly, if the binary image
has s white pixels, its average intensity level is -%. Let
f(p) (0 < p < 1) denote the average intensity level of
the binary image obtained from A,. The halftoning
method preserves the linearity of the intensity level if
f(p) =~ p, that is, the intensity level is correctly repro-
duced for all intensity levels. Clearly, Error Diffusion
satisfies the linearity, because error of the intensity level
is compensated by diffusing it. However, DBS gener-
ates binary images with clipping, that is f(p) = 0 for
small p and f(p) =1 for large p. Hence, DBS does not
preserve the linearity and cannot reproduce the tone of
highlights and shadows. Figure 2 shows the graphs of f
for DBS and our DBS-based halftoning method. From
the figure, we can see that our DBS-based halftoning
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method preserves the linearity while DBS does not pre-
serve it.

For most printing devices, black pixels gain by dot-
gain [10]. In other words, the average intensity level of
the actual printed image is smaller than that of a bi-
nary image used for printing. If this is the case, the
intensity levels of an original gray scale image are cal-
ibrated such that the actual printed image reproduces
the intensity of the original gray scale image correctly.
For example, suppose that intensity level 254/255 of an
original gray scale image is adjusted to 1023/1024. Af-
ter that, the adjusted gray scale image is converted to
the binary image. Clearly, the binary image thus ob-
tained have fewer black pixels and the average intensity
is 1023/1024. However, black pixels gain by dot-gain,
and the intensity level of the actual printed image will
increase to 254/255. This means that, halftoning meth-
ods are required to generate the binary image with av-
erage intensity level 1023/1024. If this is not possible,
actual printed images cannot reproduce intensity level
254/255, and should have tone jumps.

The first contribution of this paper is to clarify the
reason why the DBS generates binary images with clip-
pings and present a new DBS-based halftoning method
that generates clipping-free binary images. The key
idea is to apply the Ordered Dither method using a
threshold array generated by the DBS to highlights and
shadows of an original gray scale image. We preserve
minority pixels, that is, black pixels in the highlights
and white pixels in the shadow areas, and apply DBS
to the whole image. The resulting binary images have
no clipping and reproduce the original tones very well.
Further, our DBS-based halftoning preserves the lin-
earity of intensity levels. In general, visually pleasing
halftone textures are perceived as smooth, contain a
large variety of patterns, and exhibit accurate tone ren-
dition [20]. In other words, our resulting binary images
also have high texture quality.

There are several methods proposed to deal with
the clipping problem in other papers. In paper [17],
Pulse Density Modulation (PDM) and DBS are com-
bined to generate a binary image. Halftone areas of
the image are halftoned using DBS, and PDM is used
in highlight and shadow areas. Since the ordered dither
used in our halftoning method can generate more uni-
formly distributed dot pattern, our halftoning method
is a better choice to be used in the highlight and shadow
areas. In paper [18], tone-dependent Human Visual
System (HVS) models are used in different tone areas
to get binary images with few clippings. In paper [19],
a pair of two-component Gaussian models with two
sets of fixed parameters are combined through a pair
of tone-dependent weights to generate binary images
with few clippings. However, since this method uses
a Gaussian-based filter, all the clippings cannot be re-
moved and the linearity is not preserved. In partic-
ular, it is impossible to generate a binary image that
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reproduces the intensity level 1023/1024, which may be
required by printers with gaining dots.

Our second contribution is to extend the DBS to
generate an L-level multitone image. The key idea to
generate a multitone image is as follows. Let p be the
intensity of a pixel of the original gray scale image, and
t be an integer such that ﬁ <p< itll holds. The
intensity of the corresponding pixel of the binary image

is rounded to 74 or £tL. We use the DBS to deter-
mine if each pixel is rounded to Lil or itll Figure 3

and 5 show the resulting 3-level multitone images. The
middle tone areas of pixels whose intensities are close to
% have no tone. In general, for L-level multitoning, the
resulting multitone image has no tone in the pixel areas
whose intensities are close to ﬁ for every integer i.

The third contribution of this paper is to present
a clipping-free DBS-based multitoning method. To re-
produce the tone correctly, we use the Ordered Dither
for the range of intensity that may have clippings,
and then apply the DBS. The threshold array used by
the Ordered Dither is generated by a DBS-based tech-
nique. Using our multitoning method, we can generate
a clipping-free high quality multitone image that repro-
duces the tones and the details of the original gray scale
image.

This paper is organized as follows. Section 2 re-
views the Ordered Dither method and the Direct Bi-
nary Search method to obtain binary images. In Sec-
tion 3, we show the reason why the DBS generates a
binary image with clippings, and clarify the range of in-
tensity that may have no tone. In Section 4, we present
our clipping-free DBS-based halftoning method. Sec-
tion 5 presents two multitoning methods using the Or-
dered Dither and the DBS to generate L-level multitone
images. Section 6 presents our DBS-based multitoning
method that generates clipping-free L-level multitone
images. Section 7 offers conclusion.

2. The Ordered Dither and The Direct Binary
Search

The main purpose of this section is to review the Or-
dered Dither [5],[15] and the Direct Binary Search [1],
[3], which are key ingredients of our new DBS-based
halftoning/multitoning methods.

Suppose that an original gray scale image A =
(ai;) of size n x n is givenf, where a;; denotes the
intensity level at position (i,7) (0 < 14,5 < n—1) taking
a real number in the range [0,1]. The goal of halfton-
ing is to find a binary image B = (b;;) of the same
size that reproduces the original image A, where each
b; ; is either O(black) or 1(white). The Ordered Dither
uses a threshold array 7" = (t; ;) of size m x m, with
each element taking a real number %, %, 254

.. .,0r 355"
More specifically, the pixel value of each pixel b;; is

fFor simplicity, we assume that images are square.

determined by the following formula:

— 0 if g, j S ti mod m,j mod m
i, .
/ 1 if aj,j > ti mod m,j mod m

Note that the threshold value never takes 222, because

bi; is always 0 if i mod m,j modm = 3e2. The Bayer
halftoning uses the Bayer threshold array which is de-
fined recursively [5]. As shown in Figure 3, the resulting
binary image generated by the Ordered Dither using
the Bayer threshold array has artifacts with periodic
dots.

The idea of the DBS is to measure the good-
ness of the output binary image B using the Gaus-
sian filter that approximates the characteristic of the
human visual system. Let V = (vg,;) denote a Gaus-
sian filter, i.e. a 2-dimensional symmetric matrix of size
(2w+1) x (2w+1), where each non-negative real number
Vgt (—w < k,1 < w) is determined by a 2-dimensional
Gaussian distribution such that their sum is 1. In other
words,

_ k242
Vg = C-€ 207 (1)

where o is a parameter of the Gaussian distribution and
c is a fixed real number to satisfy Z_w<k7l<w vgy = 1.
Let R = (r;;) be the projected gray scale image of
a binary image B = (b; ;) obtained by applying the
Gaussian filter as follows:

rig =)

—w<k,l<w

Vkbitr . (0<i,j <n-—1)(2)

Clearly, from wa<k7l<w vgy = 1 and wg; is non-
negative, each r; ; takes a real number in the range [0, 1]
and thus, the projected image R is a gray scale image.
We can say that a binary image B is a good approxi-
mation of original image A if the difference between A
and R is small enough. Hence, we define the error of B
as follows. The error e; ; at each pixel location (i, j) is
defined by

eij = (aij —1i4)° (3)
and the total error is defined by
Error(A,B) = Z €ij 4)
0<i,j<n—1

Since the Gaussian filter approximates the character-
istics of the human visual system, we can think that
image B reproduces original gray scale image A if
Error(A, B) is small enough. The best binary image
that reproduces A is a binary image B which is given
by the following formula:

B = argm];n Error(A, B). (5)

It is very hard to find the optimal binary image
B* for a given gray scale image A. The idea of the



DBS is to find a near optimal binary image B such
that Error(A, B) is sufficiently small. For this pur-
pose, the DBS repeats improvement of binary image
B. The value of a particular pixel b;; is modified by
the following two operations:

Toggling This operation is to toggle the value of b; ;,
that is, b; ; <+ 1 — b; j. The value of b; ; is toggled
if Error(A, B) decreases.

Swapping Let by j; be a neighbor pixel of b; ;, that is,
both |i —i'| <1 and |j —j'| <1 hold. This opera-
tion is to exchange the values of b; ; and b; jr, that
is b; ; ¢+ by j». Swapping operation is performed if
Error(A, B) decreases.

Clearly, toggling and swapping operations do not in-
crease the error and improve the binary image B. In
the DBS, these operations are executed in the raster or-
der. Further, this raster order improvement is repeated
until no more improvement by toggling or swapping op-
erations is possible.

3. Clippings of binary images generated by the
DBS

Although the DBS generates high-quality binary im-
ages, it does not work well in highlights and shadows.
It has clippings, that is, the highlight and the shadow
areas have no dots and lose the tone of the original im-
age. Figure 3 shows the resulting binary images by the
DBS. The left shadow area has no white dots and the
tone is lost. Similarly, in the right highlight area, black
dots disappear. Figure 4 shows the resulting binary im-
age generated by the DBS. Black dots in the woman’s
face are lost and pseudo borders appear. Also, white
dots in her hair are removed. The main purpose of this
section is to show the reason why binary images gener-
ated by the DBS have clippings and clarify the range
of intensities that may have clippings.

As before, let V' = (vg;) denote a Gaussian filter of
size (2w +1) x (2w+1). Let A; denote a flat tone gray
scale image of size (2w+1) X (2w + 1) such that a; ; = d
(0 <i,j < 2w) for an intensity level d. Also, let B be
a initial binary image with each pixel taking value 0.
Suppose that the center pixel b, ,, of B is toggled, and
let B’ be the resulting binary image. Let e(d) be the
improvement of B’ over B in terms of the error for A,
that is,

e(d) = Error(Aq, B') — Error(Ag, B)

= Z (d — ’UkJ)Z — Z d2

—w<k,lI<w —w<k,lI<w

- ¥

—w<k,l<w

U]%:,l —2d

If d is much smaller than the minimum of vy, then

ed = Y

—w<k,l<w

/U]%:,l >0
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On the other hand, if d is larger than the maximum of
Vk,1, then

e(d) =-2d<0

Thus, there exists a real number D such that e(d) > 0
for all d < D, and e(D) = 0. For d (d < D), the tog-
gling operation does not decrease the error. Therefore,
B is the best binary image with the minimum error,
although it has no white pixel. It follows that shad-
ows consisting of pixels with intensity smaller than D
have no white pixel in the corresponding areas of the
binary image if we use the DBS. By the same reason,
highlights with intensity larger than 1 — D have no
black pixel. Table 1 shows the resulting binary im-
ages for Aﬁls, A%, ey A% using the DBS. Since the
DBS with Gaussian parameter ¢ = 1.2 generates good
quality binary images[4],[9],[10], we have also selected
oc=12 Ifo=12,v33 = 555 and vy 0 ~ 555, while
vp,0 = c. Thus, since we are assumes 8-bit gray scale
images and the minimum intensity level is %, w=3is
large enough for o = 1.2. Also, we have performed a lot
of experiments on different values of w, and found when
w is larger than 3 the DBS works almost the same as
w = 3. The resulting images for Aﬁls, Az, .. A

5 755
have no white dots. It follows that, D is between ->-

255
and%ifa:lQandw:?).

Let us analyze the relation between the threshold
value D and the parameter o of the Gaussian filter. Let

e(d) =0, then we can get D(o) as follows:

1
— 2
D(o) = 3 E Vi
—w<k,l<w
1 , e
= = E c-e 2 .
2
—w<k,l<w
1
¢ = k2412
T 2.2

Z—wgk,lgw e

To make the observation of D (o) more easily, the dis-
crete integral is converted into the continuous integral
as follows:

w w 2, 2
E :/ / e_%dmdy
c —w J—w
2 \/iw 2
:/ d0/ e 2.2 rdr
0 0

2
= 2710 (1 — 67%).

1
w w 22 4y2
/ / e = dxdy
27 \/iw 2
/ d@/ e sZrdr
0 0

2 _2w?
cmot(l—e” o7).

D(o) = 5

| S o G

Substitute for ¢, the expression of D(o) is:
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threshold value

Fig.1 The distribution of D depending on ¢ when w = 3 and
the distribution of D’ depending on o when L = 3 and w = 3

M)

w

1 14+e %7

D(o) = S 702(1 — e_UJ_2)

(6)

The relation of D to o when w = 3 is shown in Figure 1.
In the figure, we can see D decreases as o increases.
When w is larger than 3, the curve of D(o) doesn’t
have perceptible difference from that as w = 3.

4. Our clipping-free DBS-based halftoning

This section is devoted to show our clipping-free DBS.
The key idea of our DBS-based halftoning method is
to use the Ordered Dither for the pixels with intensity
smaller than D or larger than 1 — D and then use the
DBS.

We first determine a threshold array T' = (t;,;) of
size m x m used for shadows. Since this 7" is used for
the pixel values no more than D, it is not necessary
to determine threshold value larger than D. Thus, for
each i (0 <i < D), % elements in T takes value %
For highlight pixel with intensity larger than 1 — D, we
can use a threshold array T' = (¢; ;) such that #] ; =
1-— ti,j~

The goal of determining 7' is to distribute the
threshold values in T uniformly. The uniformity is de-
fined as follows. Let u(i,j) denote the Euclidean dis-
tance to a closest threshold value no more than #; ;. In
other words,

u(i,j) = min{\/(i — )2 + (j — )2 | tir.jo < ti;}-

The uniformity «(T") of T' is the sum of w; ;, that is,

W@ = S ulij)

0<i,j<m—1

Clearly, if threshold value distributed more uniformly,
the uniformity w(7T') is larger.

We first assign threshold value % to 2 elements

255

in T. For this purpose, we select % elements in T
at random and assign ﬁ to them. After that, we
move each 255 to a neighbor element if the uniformity
u(T) increases. The reader should have no difficulty
to confirm that, this operation is very similar to swap-
ping operation of the DBS. This swapping operation is

repeated until no more improvement on u(T) is pos-

sible. Next, we assign threshold value ﬁ to gz el-

ements in 7T Slmllarly, we select 2525 elements that
were not assigned 5 5 and assign ﬁ to them. After
that, the swapping operation 1s performed for these el-
ements with threshold value ﬁ The same procedure
is repeated until threshold values from ﬁ to D are
determined. If T is small, the generated binary image
may have periodic artifact with frequency m x m pixels.
Thus, T should be as large as possible. In our exper-
iment we found a threshold array of size 512 x 512 is
large enough. Table 1 shows the resulting binary image
obtained by using the threshold array 7" thus obtained.
In each binary image, white pixels are uniformly dis-
tributed. Also, please note that, it is easy to generate
a level threshold array with deeper depth using this
method. For example, we can generate threshold array
with values 1557, To51> Togz» - - - if they are necessary
for dot-gain calibration.

We are now in position to explain our clipping-free
DBS. Suppose that a gray scale image A = (a;,;) to be
halftoned is given. We first apply the threshold array T
to pixels a; j of A such that a; ; < D ora;; > 1-D, and
obtain a binary image B = (b; j). Next, we assign label
determined/undetermined to every pixel as follows:

b; j is determined, if (a; ; < D and b; ; = 1) or
(aj; >1—D and b;; = 0), and
bi ; is undetermined, otherwise.

In other words, if b; ; is minority pixel in shadows or
in highlights, then it is a determined pixel. After that,
the DBS is executed for all undetermined pixels, that is,
toggling and swapping operations repeated in the raster
scan order until no more improvement of the error is
possible.

To obtain these images, we have generated a
threshold array of size 512 x 512. We also use the Gaus-
sian filter with parameter ¢ = 1.2 and w = 3, and the
threshold value D = % is used. Figures 3(100 x 600
pixels) and 4(600 x 270 pixels) show the resulting bi-
nary images. We can see clearly the original tone is
preserved in shadows and highlights. The resulting im-
ages look smooth and contain more variety of patterns.
They take on good visual texture. In Figure 2, we also
show the DBS tone reproduction curve (TRC) [20] and
our clipping-free DBS tone reproduction curve, which
show the relation between a sequence of constant val-
ued gray scale images and the mean value of the cor-
responding binary images. From the curve, we can see
our halftoning method reproduces the tone correctly.
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The resulting binary images for flat tone images

1 2 3

255 255 255

Intensity levels of the original flat gray scale image

5 6 7

255 255

(1) The resulting binary images generated by the

255
standard DBS

—~

2)

The resulting images generated by our threshold array

Table 2 shows the computing time and the number
of toggling/swapping operations to obtain the binary
images. We have used Pentium4 (3.8GHz)-based Linux
(Cent0S5.1) PC and gce with -O2 option to evaluate
the computing time. From the table, we can see that
standard DBS and our clipping-free DBS take almost
the same time to obtain the binary image.

5. Multitoning using a threshold array and the
DBS-based technique

The main purpose of this section is to show how we use
the threshold array and the DBS to obtain a multitone
image.

Recall that, the process of multitoning is to gen-
erate, for a given gray scale image A = (a;;), an
L-level multitone image M = (m; ;) with each pixel
taking a value in {%, ﬁ, . fj} The key idea
to obtain M is to round each pixel of A. That is,

m;,; takes a value either % (

w (round up). For the purpose of determining
if “round down” or “round up”, we use binary image
B = (b;;) obtained by halftoning, such that “round
down” if b; ; = 0 and “round up” if b; ; = 1.

Using the idea above, it is not difficult to see how
a multitone image is obtained by a threshold array 7' =
(t;,7) used for halftoning as follows. Recall that each ¢; ;
takes one of the real numbers 5%, 5=, ..., 221 First,
for a given gray scale image A, we compute a binary
image B using the following formula

0
bl"j :{ 1

After that, every pixel m; ; of an L-level multitone im-
age M is determined as follows:

[(aii(L=1)] :e3 = _
T { [(aii-(L-1)] H o =0 (7)
o b =1

round down) or

if frac(am ' (L - 1)) S ti mod m,j mod m
if frac(am ' (L - 1)) > 1i mod m,j mod m

t“frac” denotes the value removing the integer part of
the argument.

An L-level multitone image can be obtained using
the DBS as follows. We compute a binary image that
determines rounding up or rounding down. Let B be
the current binary image thus obtained by the DBS.
The corresponding L-level multitone image M can be
computed in a similar way to Eq. (7). We then compute
the projected image R of the L-level multitone image
M using the Eq. (2) and the total error of M with
respect to the original gray scale image A using the
Eq. (3) and (4). Similarly to the DBS for halftoning, we
repeatedly execute toggling and swapping operations
for B to find a near optimal multitone image M with
small total error. These operations are repeated until
no more improvement is possible.

If we use this DBS-based multitoning method to
obtain an L-level multitone image, the resulting image
has no tone with intensity levels close to %, ﬁ, ce
%. Figure 3 shows the resulting 3-level multitone
image. It has clippings with intensity levels close to g,
%, and % Figure 5 shows the multitone image for a sky
image of size 600 x 270. The sky has clipping areas that
have no dots with intensity g or % The continuous tone
of the sky is lost and pseudo border lines appear. White
dots in the shadow areas of the building are removed.

Let us evaluate the threshold value D' that deter-
mine the areas which have no dot using the DBS-based
multitoning for obtaining an L-level multitone image.
Again, let V' = wvp,; denote a Gaussian filter of size
(2w + 1) x (2w + 1). For a fixed real number d > 0, let
iy = d— 725, Let €'(d) be the function such that

L—1"
did)= Y wv- Y &
—w<k,l<w —w<k,I<w
_ Z ( (] )2 2d
S L1 L—1

By the same argument of the DBS for halftoning, we
can find a threshold value D’ such that e(D’) = 0 and
e'(d) > 0 for all d < D'. For such D', the resulting
multitone image has no dots for the areas with intensity
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(1) DBS tone reproduction curve (2) Our clipping-free DBS tone reproduction curve
Fig.2 Tone Reproduction Curve
Table 2 Computing time and number of operations for the woman image of size 600 x
270
Computing time | # of operations
halftoning standard DBS 16.0s 4786586
our clipping-free DBS 16.1s 4936514
multitoning standard DBS 6.21s 2941972
our clipping-free DBS 5.83s 2869420
levels below D’ and above 1—D’. Further, the resulting undetermined if it is rounding up and a;; is in [L T
image has no tone for the areas with intensity levels in ! 2 _p L-1 _ p
g fo i sty levels D', ), (22 = D', 221, . [kt — DY, L=1], Next,
the ranges [— - v_L :+D'], [— -D', 75 +D'], the DBS is executed for all undetermined pixels, that
e [ T 1 - D' ,f 1 + D']. Figure 1 also shows the is, toggling and swapping operations repeated in the

relation of D' and o.
6. Our clipping-free DBS for multitoning

This section is devoted to show our clipping-free DBS
multitoning algorithm.

Similarly to our clipping-free DBS halftoning, we
first determine the binary image using our threshold
array 7' computed in Section 4, and then assign deter-
mined/undetermined labels to every pixel. For every
undetermined pixels we use the multitoning version of
the DBS. The details are spelled out as follows.

Suppose that a gray scale image A = (a; ;) to be
multitoned is given. As before, the threshold value D'
such that e(D") = 0 by formula 6. We first use the
threshold array T' to A and obtain the binary image
B = b; ;. Recall that the multitone image can be ob-
tained using the binary image B. Next, we assign label
determined/undetermined to every pixel as follows:

1)) < D’
(1-D)

bi ; is determined, if (frac(a; ;- (L —
and b; ; = 1) or (frac(a;;-(L—1)) >
and b; ; = 0), and

bi ; is undetermined, otherwise.

In other words, b;; is undetermined if it is minority,

that is, if it is rounding down and a;; is in [72, 705 +
D, [#5, 75 + D', ..., [£=2,£=2 + D']. It is also

raster order until no more improvement on the total
error is possible.

The 3-level multitoning results using our clipping-
free DBS are shown in Figures 3 and 5. We use the
Gaussian filter with parameter o = 1.2 and w = 3, and
the threshold value D' = %. We can see that they
do not have clippings, look very smooth and contain
more variety of patterns. They show very good visual
texture.

Table 2 also shows the computing time and the
number of toggling/swapping operations to obtain the
multitone images. We can see that standard DBS and
our clipping-free DBS take almost the same time for
the multitoning.

7. Conclusions

In this paper, we first show the reason why binary im-
ages generated standard DBS (Direct Binary Search)
have clippings in highlights and shadows, and clarify
area of binary images that have clippings. We then go
on to presented clipping-free halftoning method based
on the DBS. The key idea of our method is to use the
Orderd Dither method in highlights and shadows that
may have clippings, and apply DBS to the other areas
of the image. The dither matrix used by the Orderd
Dither method is generated by DBS-based algorithm



using Euclidean distance metric, and thus, the dots in
highlights and shadows are uniformly distributed. Fi-
nally, our halftoning method is extended to generate a
clipping-free multitone images. The basic idea to use
DBS-based method for multitoning such that “round-
ing up” or “rounding down” at each pixel is modified by
toggling /swapping of the DBS. From the experimental
results, binary and multitone image generated by our
DBS-based method show very good visual textures.
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(1) The Original ramp gray scale image

(2) A binary image generated by the Error Diffusion

(6) A 3-Level Multitone image generated by our multitone Direct Binary Search

(7) A 3-Level Multitone image generated by our cliping-free multitone Direct Binary Search

Fig.3 The resulting halftone and multitone images for the ramp image
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(1) A binary image generated by the standard DBS (2) A binary image genearted by our clipping-free DBS

Fig.4 The resulting binary image for a woman image
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(1) A multitone image generated by standard DBS (2) A multitone image genearted by our clipping-free DBS

Fig.5 The resulting 3-level multitone images for a sky image



