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SUMMARY
Depending on the characteristics of the output device and the specific application, various ex-
pectations from halftoned images exist. Good reproduction of average grey values is usually
demanded from images intended for visual perception. Because textures can drastically influ-
ence the appearance of a binary image, it is desirable to control their occurrence. In this paper
we present a spectral approach to this problem, and an algorithm which is able to control the
occurrence of specific textures as well as ensuring good continuous-tone reproduction.
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1 INTRODUCTION

The digital halftoning process is used to display continuous-tone images on output devices
which are only capable of producing black or white pixels. Since such devices are in
widespread use, halftoning procedures have gained much attention in the recent past.
Different halftoning algorithms have been developed, with different properties and fields
of application. Such algorithms are often designed to preserve the grey value averaged
over a given number of pixels, i.e. the average intensity in a region should be identical
in both the original and the binary image. The reason for this approach — which can
also be regarded as introducing quantization noise, preferably at high frequencies — is
the human visual system, which itself performs lowpass filtering. If all the quantization
noise introduced during the halftoning process is of sufficiently high frequency, the visual
system is not able to distinguish between the continuous-tone and the binary image [1,2].
In general this can only be realized approximately, because a binary image with the desired
lowpass characteristics does not necessarily exist.

There are some aspects that make it necessary to consider not only the spectral charac-
teristics of the image but also the local arrangement of the pixels — the texture. Particularly
with low and medium resolution devices, the pixel structure may be visible, so that textural
effects play an important role. Textures can be classified into categories which give an
idea about their visual impression. For example, there are dispersive textures and others
tending to build clusters; there are highly ordered textures, like those resulting from a Bayer
dither [3], and stochastic ones, which result from a random clip.

Whenever textures with different properties are adjacent there is a probability that
the borderline between them will be visible, even though the average grey level does not
change. Such a break in texture may also occur when the texture remains the same but is
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Figure 1. (a) ‘Knight’s move’ texture consisting of two pixels; (b) hexagonal texture consisting of
seven pixels

shifted by one pixel, or when the orientation of the texture changes. A break in texture may
be visible even when the resolution of the output device is well beyond that of the imaging
system, e.g. between a dispersive and a clustered texture.

Apart from direct perception of the texture, there are other effects when dot shape and
dot overlap are considered. Since in general the area covered by the dots is a function
of their relative orientation, the average grey level becomes a function of texture. This
obviously influences grey-level perception even for high-resolution devices, and should be
considered in addition to the filtering approach described above.

Because of the influence of texture on the perception of binary images, texture control
should be incorporated into the halftoning process. In this paper we present a spectral
approach to the problem, and a halftoning algorithm that allows the combination of texture
control with lowpass control.

2 TEXTURES IN BINARY IMAGES

Textures can often be characterized by the local arangement of a few pixels which define a
texture element called a texel. The spatial repetition of this texel in a predictive or random
manner forms a textured area in the image. In the case where dot effects are neglected in a
binary image, a texel t(x,y) may be written as

t(x,y) =
∑

(η,χ)∈T
δ(x − η,y− χ), (1)

where T is an index set of spatial coordinates denoting the relative positions of the pix-
els in the texel. For example, the ‘knight’s-move’ texture which is responsible for the
visual artefacts in Floyd-Steinberg error diffusion [4,5] is characterized by the index set
T = {(0,0),(2,1)} (see Figure 1a). Another example is a hexagonal texture with an index
set T = {(0,0),(2,0),(−2,0),(1,2),(−1,2),(1,−2), (−1,−2)} consistingof seven elements,
which is shown in Figure 1b. Of course the choice of T is ambiguous, because every pixel
belonging to the texture may be regarded as the reference point with (η,χ) = (0,0).

Let b(x,y) be a binary image in which the texture element t(x,y) occurs at the positions
x̂j,ŷj, with j ∈ {1, . . . ,J}. b(x,y) can then be written as

b(x,y) =
J∑

j=1

t(x− x̂j,y− ŷj) + b′(x,y). (2)
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All pixels that do not belong to one of the texels have been included in b′(x,y). If the texture
t(x,y) is predominant in the image, which means that the image is composed almost entirely
of this texture element, b′(x,y) can be neglected.

To include this knowledge in a binarization process, it is of advantage to consider the
Fourier transform B(µ,ν) of b(x,y):

B(µ,ν) = F
[
b(x,y)

]
= T(µ,ν)

J∑
j=1

e−i2π(x̂jµ+ŷjν) + B′(µ,ν), (3)

with
T(µ,ν) = F

[
t(x,y)

]
=

∑
(η,χ)∈T

e−i2π(ηµ+χν). (4)

Again, if t(x,y) predominates in the image, B′(µ,ν) can be neglected. This means that the
Fourier spectrum is modulated by T(µ,ν), which we will call the texture filter. The more
often the texture occurs in the image, the more the first term in Equation 3 will dominate
over the second and the more significant the modulation will be.

3 BINARIZATION WITH TEXTURE CONTROL

From the above considerations a procedure for texture control in a halftoning process can
be derived. To synthesize a binary image in which a specific texture is to be enhanced, the
image spectrum has to be controlled either directly or indirectly. Since destruction of most
of the image information is undesirable, only the part of the Fourier spectrum due to the
quantization noise, and not the entire spectrum, should be modulated with the texture filter.
Some examples of this are given later. In a similar way it is possible to suppress a specific
texture by modulating with the inverse texture filter [5].

Normally one does not want to generate an arbitrary binary image with a specific
texture predominating or absent (which would be easy), but an image in which valuable
information from the continuous-tone image is also preserved. Due to the function of the
visual system and the structures of many images, correct reproduction of a lowpass spectral
region is most often desired. In other words, the quantization noise spectrum should be of
low amplitude in the central region of the spectrum, and higher towards the outsides. It
should appear to be modulated by a highpass filter D(µ,ν), so that after lowpass filtering
by the imaging system most of the quantization noise is removed or reduced. The specific
choice of D(µ,ν) depends on the application.

By combining the texture filter with the highpass filter and modulating the quantization
noise spectrum accordingly, it is possible to achieve images that have a good lowpass
characteristic, and thus good continuous-tone reproduction as well as the desired texture
properties. This leads to the modulated texture filter

T′(µ,ν) = D(µ,ν)
(
(1− α) + αT(µ,ν)

)
. (5)

The parameter α allows a weighted combination of both filters, and thus the controlled
enhancement of textures in the image. For α = 0 only D(µ,ν) remains, and a lowpass
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Figure 2. (a) Combination between ‘Knight’s move’ texture filter and Floyd-Steinberg filter with
α = 1, and corresponding binary image; (b) same as (a), with α = 0.25

optimization is performed without additional texture control. For α = 1 both filters are
weighted equally, which results in a strong predominance of the texel t(x,y).

For the algorithmic implementation of this concept we have chosen an iterative Fourier
transform algorithm. While other optimization algorithms, or error diffusion, could also be
used, the iterative Fourier transform algorithm has the advantage of allowing direct access
to the image spectrum during the quantization process, and thus allows a broad spectrum
of constraints to be realized [6,7,8].

The algorithm is based on a cyclic forward and backward Fourier transform. In every
cycle, operations on the image and its spectrum are performed in the spatial and frequency
domains respectively. The specific choice of these operations ensures convergence of the
algorithm to a distribution with the desired properties. In our case the operation in the
spatial domain consists of a modified random clip. If the value at one pixel in the image is
below some value ∆r, it is set to zero. If it is above 1− ∆r, it is set to one. (The images are
supposed to be normalized between zero and one.) Otherwise a random clip is performed.
The image resulting from this operation is always binary.

In the Fourier domain the operation is as follows. The modified texture filter T′(µ,ν)
is used to define a probability that the value at a certain position in the image spectrum is
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Figure 3. (a) Hexagonal texture filter and corresponding binary image; (b) combination between
hexagonal texture filter and Floyd-Steinberg filter with α = 0.5, and corresponding binary image

replaced by the corresponding value in the spectrum of the original continuous-tone image.
Wherever T′(µ,ν) is low, many values are replaced (where T′(µ,ν) = 0, all are replaced);
where it is high, fewer are replaced. Since different values are replaced in each cycle, and a
coupling exists between the values in the image spectrum [9], this results after a sufficient
number of cycles (between 50 and 100) in a relatively smooth noise distribution modulated
in the desired way.

4 EXAMPLES

Some examples of binary images are shown in Figures 2 and 3. For D(µ,ν) the Floyd-
Steinberg filter was used, which is known to shape the noise in a Floyd-Steinberg error
diffusion process and can be stated analytically [10]. The first example in Figure 2a shows
the filter resulting from a combination between the ‘knight’s-move’ texture in Figure 1a and
D(µ,ν) with α = 1, and the corresponding binary image. The texture obviously dominates
the image strongly, with adjacent texels forming diagonal lines. Nevertheless, due to the
additional lowpass control, good continuous-tone rendition is achieved. In Figure 2b the
parameter α was reduced to 0.25. The average continuous-tone reproduction is even better
than in the previous example, while the dominance of a specific texture is not so apparent.
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A closer examination reveals that a high percentage of this image also consists of the
‘knight’s-move’ texture. This also forms diagonal lines, but shorter ones than in Figure 2a,
and only when this does not prevent correct reproduction of the average grey level.

To show what happens when the lowpass control is omitted, an image was synthesized
using only the texture filter of the hexagonal texture in Figure 1b. The resulting filter and
image are shown in Figure 3a. The image consists almost entirely of hexagonal texels and
combinations of them. Due to the absence of lowpass control much of the image information
has been lost, in particular most of the locally-averaged continuous-tone information. The
last example in Figure 3b shows the combination of the hexagonal texture filter and the
Floyd-Steinberg filter with α = 0.5. Again, the continuous-tone rendition is fairly good,
while the image consists mostly of the hexagonal texture or fragments and combinations
of it.

5 CONCLUSIONS

Textures in binary images can heavily influence their visual appearance. It is thus desirable
to be able to influence image textures while controlling other parameters, like continuous-
tone rendition, as well. We have presented an iterative algorithm that combines lowpass
characteristics with texture control in the spectral domain and allows a controlled enhance-
ment or suppression of specific textures.
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