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Abstract— Halftoning is an important task to con-

vert a gray scale image into a binary image with black

and white pixels. The Direct Binary Search (DBS)

is one of the halftoning methods that can generate

high quality binary images for halftone areas of the

original gray scale images. However, binary images

generated by the DBS have clippings, that is, have

no tone in the highlight and shadow areas. The first

contribution of this paper is to clarify the reason why

the DBS generates binary images with clippings and

to present a hybrid halftoning method based on the

DBS that reproduces the tone of the original images.

The key idea is to use the void-and-cluster method to

the highlight and the shadow areas and then use the

DBS to the other areas. The second contribution is

to extend our hybrid halftoning method to generate

L-level multitone images, in which every pixel has in-

tensity levels 0
L−1

, 1
L−1

, . . ., L−1
L−1

. The resulting L-level

images are so good that they reproduce the tones and

the details of the original gray scale images very well.

Keywords: Image processing, Halftoning, Direct binary

search, Void-and-Cluster, Multilevel 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 taking one
of the real numbers 0

255 , 1
255 , . . . , 255

255 , 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 task to convert a
gray scale image into a binary image [2]. This task 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 im-
age and a binary image. In an L-level multitone image,
each pixel takes one of the real numbers 0

L−1 , 1
L−1 , . . .,

L−1
L−1 . Clearly, a 2-level gray scale image is a binary im-
age. Usually, L is small, say, L = 3, 4, or 5. The task of
multitoning is to generate a multitone image for a given
gray scale image. A multitone image is used to print
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inkjet printer with light colors. For example, some inkjet
printers support multi-size dots, which can be achieved
by adjusting the amount of ink injected from the nozzle.
For example, each nozzle of some inkjet printers can in-
ject 1pl (pico liter), 2pl, and 3pl ink. To print a gray
scale image using this printer, we convert it to a 4-level
gray scale image. For pixels with intensity 1

3 , 2
3 , and 3

3 ,
the nozzle injects 1pl, 2pl and 3pl ink, respectively.

Many halftoning techniques including Error Diffusion [4],
Dot Diffusion[5], Ordered Dither using the Bayer thresh-
old array[3] and the Void-and-Cluster threshold array [8],
Direct Binary Search (DBS) [1, 6], Local Exhaustive
Search (LES)[7], have been presented. The most well-
known halftoning algorithm is The Error Diffusion [4]
method that propagates rounding errors to unprocessed
neighboring pixels according to some fixed ratios. Error
Diffusion preserves the average intensity level between
the original input image and the binary output image. It
is also quite fast and often produces good results. How-
ever, the Error Diffusion may generate worm artifacts,
sequences of pixels like a worm, especially in the areas of
uniform intensity. Another drawback of the Error Diffu-
sion is that the pixel values are propagated to neighbors
and the resulting images are defocused.

The Ordered Dither [3] and the Void-and-Cluster [8] use
threshold arrays to generate a binary image from an orig-
inal gray scale image. Each pixel of the original gray scale
image is compared with an element of the threshold ar-
ray. From the result of the comparison, the pixel value
of the corresponding pixel of the binary image is deter-
mined. Binary images generated by the Ordered Dither
method using the Bayer threshold array [3] has periodic
artifacts arranged in a two dimensional grid. The Or-
dered Dither method using the Void-and-Cluster thresh-
old array generates better binary images with no artifact,
but the resulting images are defocused and lose the de-
tails. Figures 1 and 2 show the binary images for “Lena”
and ramp images obtained by the Void-and-Cluster.

In many cases, the DBS generates a better quality images
than the Error Diffusion and the Void-and-Cluster. The
key idea of the DBS is to find a binary image whose pro-
jected 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
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Figure 1: 256 × 256 Lena using the Void-and-Cluster

Figure 2: 256×64 ramp image using the Void-and-Cluster

the human visual system. We define the total error of the
binary image to be the sum of the differences of the inten-
sity levels over all pixels between the original image and
the projected image. In the DBS, a pixel value is flipped
if the resulting image has smaller total error. Also, neigh-
boring pixel values are swapped if the total error of the
resulting image decreases. The DBS generates a sharp bi-
nary image, especially, for halftone areas. However, the
generated binary image by the DBS has no tone in the
highlight and the shadow areas. Figures 3 and 4 show
the binary images generated by the DBS. The resulting
image has clippings, that is, the highlight and the shadow
areas have no dot and lose the tone of the original image.
For example, eight columns from the leftmost of Figure 4
have no white dot, although the original image has tone.
Also, there is no black dot in the eight columns from the
rightmost.

The first contribution of this paper is to clarify the reason
why the DBS generates binary image with clippings and
present a new halftoning method based on the DBS. The
key idea is to use the Void-and-Cluster halftoning method
to the highlight and the shadow areas of the original gray
scale image. We preserve black pixels in the highlight
areas and white pixels in the shadow areas, and apply
DBS to the whole image. The resulting binary images
have no clipping and reproduces the original tones very
well.

Figure 3: 256 × 256 Lena using the DBS

Figure 4: 64 × 256 a ramp image using the DBS

Our second contribution is to extend our hybrid halfton-
ing method to generate a L-level multitone image. For
this purpose, we first present a DBS-based multitoning
method. Let p be the intensity of a pixel of the orig-
inal gray scale image, and i be an integer such that

i
L−1 ≤ p ≤ i+1

L−1 holds. The intensity of the correspond-
ing pixel of the binary image is rounded to i

L−1 or i+1
L−1 .

We use the DBS to determine if each pixel is rounded to
i

L−1 or i+1
L−1 . Figure 9 and 10 show the resulting 3-level

multitone images. The readers should have no difficulty
to see that the boundary areas, that is, the areas of pixels
whose intensity is close to 1

2 have no tone. In general, for
L-level multitioning, the resulting multitone image has
no tone in the pixel areas whose intensity is close to i

L−1
for integers i. To reproduce the tone correctly, we use the
void-and-cluster for such areas, and then apply the DBS.
Using this hybrid multitoning method, we can generate
a high quality multitone image that reproduces the tones
and the details of the original gray scale image.

2 The Ordered Dither and The Direct
Binary Search

The main purpose of this section is to review the Ordered
Dither [3, 8] and the Direct Binary Search [1], which are
key ingredients of our new hybrid halftoning and multi-
toning methods.

Suppose that an original gray-scale image A = (ai,j) of
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size n×n is given1, where ai,j denotes the intensity level
at position (i, j) (1 ≤ i, j ≤ n) taking a real number
in the range [0, 1]. The goal of halftoning is to find a
binary image B = (bi,j) of the same size that reproduces
the original image A, where each bi,j is either 0(black)
or 1(white). The ordered dither uses a threshold array
T = (ti,j) of size m×m, with each element taking a real
number in the range [0, 1). More specifically the pixel
value of each pixel bi,j is determined by the following
formula:

bi,j =
{

0 if ai,j ≤ ti mod m,j mod m

1 if ai,j > ti mod m,j mod m

The Bayer halftoning uses the Bayer threshold array [3]
and the Void-and-Cluster halftoning uses a threshold ar-
ray obtained by the Void-and-Cluster [8]. Figures 1 and 2
show the binary images obtained using the Void-and-
Cluster.

The idea of the DBS is to measure the goodness of the
output binary image B using the Gaussian filter that ap-
proximates the characteristic of the human visual sys-
tem. Let V = (vk,l) denote a Gaussian filter, i.e. a 2-
dimensional symmetric matrix of size (2w+1)×(2w+1),
where each non-negative real number vk,l (−w ≤ k, l ≤
w) is determined by a 2-dimensional Gaussian distribu-
tion such that their sum is 1. In other words,

vk,l = c · e− k2+l2

2σ2 (1)

where σ is a parameter of the Gaussian distribution and c
is a fixed real number to satisfy

∑
−w≤k,l≤w vk,l = 1. Let

R = (ri,j) be the projected gray-scale image of a binary
image B = (bi,j) obtained by applying the Gaussian filter
as follows:

ri,j =
∑

−w≤k,l≤w

vk,lbi+k,j+l (1 ≤ i, j ≤ n) (2)

Clearly, from
∑

−w≤k,l≤w vk,l = 1 and vk,l is non-
negative, each ri,j 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 approxima-
tion of original image A if the difference between A and R
is small enough. Hence, we are going to define the error
of B as follows. Error ei,j at each pixel location (i, j) is
defined by

ei,j = |ai,j − ri,j |, (3)

and the total error is defined by

Error (A, B) =
∑

1≤i,j≤n

ei,j . (4)

Since the Gaussian filter approximates the characteristics
of the human visual system, we can think that image B

1For simplicity, we assume that images are square.

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∗ = arg min
B

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 purpose, the DBS repeats the
iterative improvement of binary image B. The value of
a particular pixel bi,j is modified by the following two
operations:

Flipping This operation is to flip the value of bi,j, that
is, bi,j ← 1 − bi,j . The value of bi,j is flipped if
Error(A, B) becomes smaller.

Swapping Let bi′,j′ be a neighbor pixel of bi,j , that is,
either |i− i′| ≤ 1 or |j − j′| ≤ 1. This operation is to
exchange the values of bi,j and bi′,j′ , that is bi,j ↔
bi′,j′ . Swap operation is performed if Error(A, B)
takes a smaller value.

Clearly, flipping and swapping operations improves the
binary image B. In the DBS, these operations are exe-
cuted in the raster scan order. Further, this raster scan
order improvement is repeated until no more improve-
ment by flipping or swapping operations for a pixel is
possible. Figures 3 and 4 show the resulting binary im-
ages using the DBS. Although the DBS generates high-
quality binary images. it does not work very well in the
highlight and the shadow areas. It has clippings, that is,
the highlight and the shadow areas have no dot and lose
the tone of the original image.

Let us consider the reason why the shadow area has no
white pixel. Let A be a constant tone gray scale image
of size (2w + 1) × (2w + 1) such that ai,j = d (0 ≤ i, j ≤
2w + 1) for some real number d. Also, let B be a initial
binary image with each pixel taking value 0. Suppose
that the center pixel bw,w of B is flipped, 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 (A, B′) − Error(A, B)

=
∑

−w≤k,l≤w

|d − vk,l| −
∑

−w≤k,l≤w

d

=
∑

−w≤k,l≤w

|d − vk,l| − d(2w + 1)2

If d is much smaller than the minimum of vk,l, then

e(d) =
∑

−w≤k,l≤w

(vk,l − d) − d(2w + 1)2

= 1 − 2d(2w + 1)2 > 0.
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On the other hand, if d is larger than the maximum of
vk,l, then

e(d) =
∑

−w≤k,l≤w

(d − vk,l) − d(2w + 1)2

= −
∑

−w≤k,l≤w

vk,l = −1.

It should have no difficulty to confirm that function e(d)
is monotonically decreasing. Thus, there exists a real
number D such that e(D) = 0. Also, clearly, e(d) > 0
for all d < D. Hence, the flipping operation increases the
error and does not improves the binary image. Therefore,
B is the best binary image with the minimum error, al-
though it has no white pixel. It follows that the shadow
area consisting of pixels with intensity smaller than D
has no white pixel in the corresponding areas of the bi-
nary image if we use the DBS. By the same reason, the
highlight area with intensity larger than 1 − D has no
black pixel.

3 Our hybrid halftoning using the DBS
and the Void-and-Cluster

This section is devoted to show our new hybrid halftoning
method. The key idea of our hybrid halftoning method
is to use the Void-and-Cluster method for the pixels with
intensity smaller than D or larger than 1 − D and then
use the DBS.

Suppose that a gray scale image A = (ai,j) to be
halftoned is given. For a given parameter σ of a Gaussian
filter, we first compute the threshold value D satisfying
e(D) = 0. Since the function e is monotonically decreas-
ing, it is easy to find such value D by an obvious binary
search over the argument of e. We first use the Void-and-
Cluster to A and obtain a binary image B = (bi,j). Next,
we assign label determined/undetermined to every pixel
as follows:

bi,j is determined, if (ai,j < D and bi,j = 1) or
(ai,j > 1 − D and bi,j = 0), and
bi,j is undetermined, otherwise.

In other words, if bi,j is a white pixel in the shadow area or
a black pixel in the highlight area, then it is a determined
pixel. Next, the DBS is executed for all undetermined
pixel, that is, flipping and swapping operations repeated
in the raster scan order until no more improvement of the
error is possible.

Figure 5 and Figure 6 show the resulting images obtained
using our hybrid halftoning method. To obtain these im-
ages, we use the Gaussian filter with parameter σ = 1.2
and the threshold value D = 7

255 , because e(d) > 0 for
d ≤ 7

255 , and e(d) < 0 for d ≥ 8
255 . We can see clearly

the resulting binary image has dots in the highlight and
shadow areas.

Figure 5: 256 × 256 Lena using our hybrid halftoning

Figure 6: 256 × 64 a ramp image our hybrid halftoning

4 Multitoning using the Void-and-
Cluster and the DBS

The main purpose of this section is to show how we apply
the Void-and-Cluster and the DBS for multitoning.

Recall that, the task of multitoning is to generate, for
a given gray scale image A = (ai,j), an L-level multi-
tone image M = (mi,j) with each pixel taking a value in
{ 0

L−1 , 1
L−1 , . . . , L−1

L−1}. In our multitoning methods, each
pixel of A is rounded to obtain M . That is, mi,j takes
a value either �ai,j(L−1)�

L−1 (round down) or �ai,j(L−1)�
L−1

(round up). For the purpose of determining if “round
down” or “round up”, we use binary image B = (bi,j) ob-
tained by halftoning, such that “round down” if bi,j = 0
and “round up” if bi,j = 1.

Using the idea above, it is not difficult to see how a multi-
tone image obtained by the Void-and-Cluster as follows.
First, for a given gray scale image A, we compute a binary
image B using the following formula:

bi,j =
{

0 if frac(ai,j · (L − 1)) ≤ ti mod m,j mod m

1 if frac(ai,j · (L − 1)) > ti mod m,j mod m

In the formula, “frac” is a function removing the integer
part of the argument. After that, every pixel mi,j of an
L-level multitone image M is determined as follows:

mi,j =

{ �ai,j(L−1)�
L−1 if bi,j = 0

�ai,j(L−1)�
L−1 if bi,j = 1
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Figure 7: 256 × 256 Lena using the multitone Void-and-
Cluster

Figure 8: 256 × 64 a ramp image using the multitone
Void-and-Cluster

Figure 7 and 8 show binary images obtained by the mul-
titone version of the Void-and-Cluster.

An L-level multitone image can be obtained using the
DBS in a similar way. In other words, 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 im-
age M can be computed in the same way as the Void-
and-Cluster. We then compute the projected image R of
the L-level multitone image M 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 flipping 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 possible.

Two 3-level multitoning examples with DBS, Lena and
the ramp gray image, are shown in Figure 9 and Figure 10
respectively. The resulting images have no tone in the
highlight and the shadow areas as well as the halftone
areas with intensity levels close to 1

2 . 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 0

L−1 , 1
L−1 , . . ., L−1

L−1 .

Let us compute the threshold value D′ that determine the

Figure 9: 256 × 256 Lena using multitone DBS

Figure 10: 256 × 64 a ramp image using multitone DBS

areas which has no dot using the DBS-based multitoning
for obtaining an L-level multitone image. Again, let V =
vk,l denote a Gaussian filter of size (2w + 1) × (2w + 1).
For a fixed real number d ≥ 0, let v′k,l = |d − vk,l

L−1 |. Let
e′(d) be the function such that

e′(d) =
∑

−w≤k,l≤w

v′k,l −
∑

−w≤k,l≤w

d

=
∑

−w≤k,l≤w

|d − vk,l

L − 1
| − d(2w + 1)2.

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
levels below D′ and above 1 − D′. Further, the resulting
image has no tone for the areas with intensity levels in
the ranges [ 1

L−1−D′, 1
L−1 +D′], [ 2

L−1−D′, 2
L−1 +D′], . . .,

[L−1
L−1 − D′, L−1

L−1 + D′]. For example, in Figures 9 and 10,
3-level multitone images have no tone for the areas with
intensity [0, D′], [0.5 − D′, 0.5 + D′] and [1 − D′, 1].

5 Our hybrid multitoning using DBS and
the Void-and-Cluster

This section shows our hybrid multitoning method using
the DBS and the Void-and-Cluster.

Similarly to our hybrid halftoning method, we first de-
termine the binary image using the multitoning ver-
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sion of the Void-and-Cluster and then assign deter-
mined/undetermined labels to every pixel. For every un-
determined pixels we use the multitoning version of the
DBS. The details are spelled out as follows.

Suppose that a gray scale image A = (ai,j) to be mul-
titoned is given. As before, the threshold value D′ such
that e(D′) = 0 can be computed by an obvious binary
search over the argument of e. We first use the multi-
toning version of Void-and-Cluster to A and obtain the
binary image B = bi,j . Recall that the multitone im-
age can be obtained using the binary image B. Next, we
assign label determined/undetermined to every pixel as
follows:

bi,j is determined, if (frac(ai,j · (L − 1)) < D′ ·
(L − 1) and bi,j = 1) or (frac(ai,j · (L − 1)) >
(1 − D′) · (L − 1) and bi,j = 0), and
bi,j is undetermined, otherwise.

In other words, bi,j is undetermined if it is white (i.e
rounding up) and ai,j is in [ 0

L−1 , 0
L−1 + D′], [ 1

L−1 , 1
L−1 +

D′], . . ., [L−1
L−1 , L−1

L−1 + D′]. It also undetermined if it is
black (i.e rounding down) and ai,j is in [ 1

L−1 − D′, 1
L−1 ],

[ 2
L−1 − D′, 2

L−1 ], . . ., [L−1
L−1 − D′, L−1

L−1 ]. Next, the DBS
is executed for all undetermined pixels, that is, flipping
and swapping operations repeated in the raster scan order
until no more improvement of the error is possible.

The 3-level multitoning results of Lena image and the
ramp image by this hybrid way are shown in Figure 11
and Figure 12. We use the Gaussian filter with parameter
σ = 1.2 and the threshold value D′ = 4

255 . Comparing
them with the images in Figure 9 and Figure 10 shown
in Section 4, we can see they reproduces the tones and
details of the original images are much better.

6 Conclusions

In this paper, we have presented a hybrid halftoning
method of the Direct Binary Search and the Void-and-
Cluster. The resulting halftone images have no clipping
and reproduce the tone of original gray scale images. We
have also shown how to extend the Void-and-Cluster and
the Direct Binary Search to generate L-level multitone
images. Finally, we have presented a hybrid multiton-
ing method by combining the multitoning versions of the
Void-and-Cluster and the Direct Binary Search.
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