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Abstract. Simple and efficient modifications of the original error-diffusion algorithm are proposed to remove the
structural artifact and enhance the real structures. The input image is separated into the flatten and detailed
areas based on a gradient-based measure. While a randomization is applied to remove the structural artifact
in the flatten area, a gradient-based diffusion modulation is applied to enhance the real structures in the detailed
area. Furthermore, tone modulations are introduced to achieve sufficient structural-artifact breaking without pro-
ducing notable noise. These algorithms are simple and maintain the computational efficiency of the original
methods. Numerical experiments show that this method is not only outperforming previous simple approaches
but also able to achieve comparable visual quality with those obtained by previous sophisticated and computa-
tionally expensive approaches. © 2016 SPIE and IS&T [DOI: 10.1117/1.JEI.25.4.043029]
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1 Introduction
Error diffusion is a well-known halftone technique, which
quantizes an image with continuous tone into the one
with binary tone (black or white pixels). Compared to
other halftone techniques, the main advantages of error dif-
fusion are its simplicity and favorable visual quality. In its
original algorithm, error diffusion processes pixels according
to a processing path, which can be a simple sequence of scan
lines. The input continuous tone is compared to a fixed
threshold, and the output binary pixel is generated according
to this comparison. The difference between the input and
the output pixel value (quantization error) is diffused to
the neighboring pixels, which have not yet been processed
according to fixed distribution weights. Since error diffusion
was introduced by Floyd and Steinberg (FS),1 many ways of
choosing neighboring pixels and distribution weights have
been proposed, such as Jarvis et al.,2 Stucki,3 and Fedoseev.4

Usually, the original algorithm leads to two artifacts: one
is the worm artifact, which presents as the alignment of white
or black pixels in highlights or dark areas along approxi-
mately one direction, and the other is the structural artifact,
which presents as large patches of artificial regular structures
very often in low-gradient regions. It is also found that, when
fixed distribution weights are used, the structural artifact
often happens at certain or key intensity levels, such as 1/
2, 1/3, 1/4, 3/4, and so on.5 It is shown that using serpentine
(on every other line, the direction of processing is reversed)6

or other processing path7 and slight randomization of the dis-
tribution weights are able to remove the worm artifact quite
effectively.6 However, serpentine processing path does not
affect the structural artifact. Randomization can decrease
it but also introduces a lot of noise elsewhere.6,8

Ulichney6 suggested that when the halftone representation
of a continuous tone level is blue noise, which is noise with-
out low-frequency components, it is visually pleasing. While
white noise appears too random or noisy, the blue noise does
not clash with the real structure of an image by adding its

own or degrade it by being too noisy or uncorrelated. Based
on this finding, several approaches have been proposed to
use look-up table in which special distribution weights are
assigned when the key input levels are quantized.5,9 Each
set of the special distribution weights is calibrated to achieve
as good as possible blue noise when they are applied to the
image with a given key input tone level. There are also
sophisticated and expensive error-diffusion approaches pro-
posed to remove the structural artifact. One is the multiscale
error-diffusion method,10–12 by which an image quad-tree is
built and an iterative algorithm is constructed to guide the
processing sequence of error diffusion. Note that there are
still even more sophisticated and expensive nonerror-diffu-
sion-type approaches proposed.13–15 Though often producing
images with fewer artifacts than those with simpler tone-opti-
mization approaches mentioned above, they do not achieve
notable improvement on the general visual quality compared
to the very simple original error-diffusion algorithm. This
leads to the question on the justification of such great extra
efforts for curing a “side effect” of a so simple and fast
method.

On the other hand, though the original error-diffusion
algorithm produces higher quality halftones than other dith-
ering approaches, its ability on reproducing the real struc-
tures of the original image is still very limited. It is known
that large size error-diffusion filters, such as those used by
Jarvis et al.2 and Stucki3 produce sharper halftones than
small size ones.16 For a given original error-diffusion algo-
rithm, generally, two types of approaches have been pro-
posed to improve the structure resolvability. One is the
threshold modulation that tries to modify the quantization
threshold to amplify the contribution of the structural infor-
mation, such as edges.17,18 It is closely related to the pre-
sharpening method, which preprocesses the input image
with a sharpening or Laplacian filter before dithering.16

The other is diffusion modulation that decreases the blurring
effect by directing the distribution of the quantization error.19
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Note that these approaches are heavily dependent on the
quality of measuring the structural information within the
input image. While simple approaches use the intensity or
gradient information,17,20,21 more sophisticated approaches
reply on filtering techniques.22,23 Up to now, these approaches
have achieved considerable structure enhancement, espe-
cially on edges. However, they all face the challenges on
how to preserve fine shades, which usually present in gen-
eral-purpose images.15

In this work, simple and efficient modifications of the
original error-diffusion algorithm are proposed to remove
the structural artifact and enhance the real structures. In
this method, the input image is separated into flatten and
detailed areas based on a simple tone-modulated gradient-
based measure. In the flatten area, randomization is applied
to remove the structural artifact. Different from Ulichney,6

a tone modulation is introduced to achieve sufficient struc-
tural-artifact breaking without producing notable noise
between midtone and highlight, or dark regions. In the
detailed area, a gradient-based diffusion modulation is
applied to decrease the blurring effect. Compared to previous
work of Chung et al.,21 the present formulation is very
simple.

The remainder of this paper is organized as follows. In
Sec. 2, we review the original error-diffusion algorithm
based on the FS formulation, and the related randomization
and gradient-based approaches. In Sec. 3, the proposed
method is presented. The numerical experiments are carried
out in Sec. 4 and brief concluding remarks are addressed
in Sec. 5.

2 Related Work
For an input image in which the intensity of pixels g varies
continuously from 0 (black) and 1 (white), the original FS
error-diffusion algorithm processes a pixel within a 3 × 3
stencil. When the pixel (0, 0) is being processed, the unproc-
essed intensity u0;0 is quantized to û0;0 of 0 or 1 by comparing
with a threshold of T ¼ 1∕2. Then, the difference between
the quantized and unprocessed intensities, i.e., quantization
error D0;0 ¼ û0;0 − u0;0, is diffused to the unprocessed
pixels within the stencil according the distribution weights,
fw1;0; w−1;1; w0;1; w1;1g ¼ f7∕16;3∕16;5∕16;1∕16g. This
process can be generalized as

EQ-TARGET;temp:intralink-;e001;63;279ui;j←ui;j þ wi;jD0;0; ∀ i; j ∈ f−1;0; 1g; (1)

by setting the distribution weight w0;0 ¼ −1 for the process-
ing pixel and zero for processed pixels.

To decrease the structural artifact, Ulichney6 proposed to
randomize the distribution weight by introducing two ran-
dom numbers ξ1 and ξ2 uniformly distributed between
−1;1 and modifying the distribution weights by
EQ-TARGET;temp:intralink-;e002;63;181

w 0
0;1 ¼ w0;1ð1þ aξ1Þ; w 0

1;0 ¼ w1;0 − w0;1aξ1;

w 0
1;1 ¼ w1;1ð1þ aξ2Þ; w 0

−1;1 ¼ w−1;1 − w1;1aξ2; (2)

where 1 > a > 0 is used to tune the maximum noise ampli-
tude, and a ¼ 1 suggests 100% randomization. Ulichney6

found that, while 50% randomization eliminates most of
the structural artifacts without introducing too much noisy
graininess, such an artifact persists near the intensity level
g ¼ 1∕2.

Chung et al.21 proposed a gradient-based error-diffusion
method to achieve edge enhancement. First, the edges within
the input image are detected by measuring the magnitude of
the gradient.24 Then, both threshold and diffusion modula-
tions are introduced to increase the contrast at the edges and
to decrease the blurring effects, respectively. Their experi-
mental results showed that, while the threshold modulation
leads to considerable edge enhancement, similar to that of
Feng et al.,20 with the compensation of new artifacts near
the edge, the diffusion modulation generally achieves only
marginal improvement compared to the original algorithm.
Furthermore, the formulation of diffusion modulation is
not straightforward due to the requirement of reordering
the original distribution weights according to the nontrivial
transformations of the orientation and magnitude of the
gradients.

To assess objectively the visual quality of the halftone
images, we apply four measurements in this paper: one is
the peak signal-to-noise ratio (PSNR) between the Gaussian
filtered halftone and original images to measure the tone sim-
ilarity; one is the total perceptual error25 to measure the so-
called just-noticeable differences (JND) between the original
and dithered images; one is the mean structure similarity
index measure (MSSIM)26,27 to evaluate the structure simi-
larity; and the other is the edge correlation (EC)21,28 to mea-
sure the similarity between the gradient information of the
Gaussian filtered halftone image and the original image.
In this paper, the Gaussian filtered halftone for measuring
PSNR and EC is obtained with the Gauss filter using the ker-
nel size 9 × 9 and unit standard deviation, MSSIM is
measured with the same Gauss filter and the parameters
C1 ¼ 10−4, C2 ¼ 9 × 10−4, and JND are measured by the
software DCTune2.025 with typical parameters: printer res-
olution of 600 dpi and viewing distance of 24 in.

3 Method
Similar to Feng et al.20 and Chung et al.,21 the magnitude of
gradient is used in the present method as a simple measure
for the details of the input image. The difference is that, other
than separating the image into edges and the other area, we
separate the image into the flatten and detailed areas. This
choice is due to the observations that the structural artifact
only presents in the flatten area and therefore can be treated
separately. Here, a simple gradient-based measure on the
input image

EQ-TARGET;temp:intralink-;e003;326;257

G0;0 ¼
1

3
½ðg0;0 − g1;0Þ2 þ ðg0;0 − g0;1Þ2

þ ðg1;0 þ g0;1 − g0;0 − g1;1Þ2�; (3)

is applied. If G0;0 > ε, where ε ¼ 1∕l2 and l is total intensity
levels for the input image, the processing pixel is considered
as within the detailed area, otherwise the flatten area. Our
numerical experiments suggest that the exact form of Eq. (3)
is not important. Other measurement of gradient, such as that
in Gonzalez and Woods,24 gives almost the same results.
Note that, as will be shown in Sec. 3.1, the measure of
Eq. (3) will be further modulated with the tone information
of the input image.
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3.1 Removing Structural Artifact in the Flatten Area
The original randomization of Ulichney6 with slight modifi-
cation is implemented here to modulate the distribution
weights. The original weights are first modified by
EQ-TARGET;temp:intralink-;e004;63;705

α1;0 ¼ w1;0ð1þ aξ1Þ; α0;1 ¼ w0;1ð1 − aξ1Þ;
α−1;1 ¼ w−1;1ð1þ aξ2Þ; α1;1 ¼ w1;1ð1 − aξ2Þ; (4)

and then normalized to

EQ-TARGET;temp:intralink-;e005;63;644w 0
i;j ¼

αi;jP
αi;j

; (5)

to keep the sum of all weights still to be unity. Such randomi-
zation is tested by dithering a 128 × 1024 tilted gray ramp
image.29 As shown in Figs. 1(a) and 1(b), while 100% ran-
domization (a ¼ 1) breaks the structural artifact effectively
but introduces considerable graininess away from the mid-
tone [see the right half of Fig. 1(a)], 50% randomization
(a ¼ 1∕2) is not able to eliminate the checker-board pattern
near the midtone [see the large patches on the left side of
Fig. 1(b)] (see also Fig. 33 in Ulichney6). Therefore, we pro-
pose a simple tone-based modulation

EQ-TARGET;temp:intralink-;e006;63;497a ¼ ð1 − g 0Þ2ð1þ 2g 0Þ; (6)

where g 0 ¼ j1 − 2g0;0j, to decrease the magnitude of ran-
domization from 100% at the midtone smoothly to zero at
the highlight and dark regions. We further modify Eq. (3)
into a tone-modulated measure

EQ-TARGET;temp:intralink-;e007;63;421G 0
0;0 ¼ ð1 − aÞG0;0: (7)

Note that this modulation does not modify the results for
the flatten area defined by Eq. (3) but leads to a larger
amount of randomization at the weak structures with small
magnitude of G0;0 near the midtone. As shown in Fig. 1(c),
with the modulation, the graininess is suppressed effectively
while the structural artifact is kept broken. Note that, while
the present method produces halftones with comparable
visual quality (as also shown in Table 1 for objective

measurements with comparable PSNR, higher MSSIM
and EC, and lower JND) to those obtained by the direct-
binary-searching (DBS) method of Gonzalez et al.30 and
the iterative feature-preserving multiscale error-diffusion
(FMEDt) method of Fung and Chan,29 it has the considerable
advantage of computational efficiency.

3.2 Enhancing Real Structures
The basic idea of the gradient-based diffusion modulation is
to constrain the error diffusion along the gradient direction
and decrease the smearing of quantization errors in the off-
gradient directions. For a processing pixel in the detailed
area, similar to that in the flatten area, the original FS dis-
tribution weights are first modified by

EQ-TARGET;temp:intralink-;e008;326;432αi;j ¼ wi;jsi;j; (8)

where si;j is a gradient-based measure given by

EQ-TARGET;temp:intralink-;e009;326;389si;j ¼ ½ðû0;0 − gi;jÞ2 þ ε�p; (9)

where p is a parameter of positive integer. Then, the final
weights are normalized by Eq. (5). Note that, compared to
Chung et al.,21 the present modification is very simple and
involves only algebra operations. Let us explain how this
modification enhances the real structures in the test image
“Trui.” It is known that applying the original FS algorithm

Fig. 1 Dithered ramp images at resolution of 128 × 1024 pixels (shown rotated 90 deg counterclock-
wise): (a) randomization with a ¼ 1, (b) randomization with a ¼ 1∕2, and (c) randomization with Eq. (6).

Table 1 PSNR, MSSIM, JND, and EC measurements for the dith-
ered ramp images.

Measurement FS a ¼ 1 a ¼ 1∕2
Equation

(6)
Reference

30
Reference

29

PSNR 30.81 27.74 29.67 28.93 30.59 26.57

JND 8.78 10.70 9.08 10.32 10.59 14.49

MSSIM 3.53 3.41 3.49 3.49 3.13 3.36

EC 89.5 89.3 89.3 89.5 85.7 88.6
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leads to disturbing structural artifacts in the flatten areas,
such as the background and the face. Furthermore, the fine
structures, such as the texture on the woolly hat and the struc-
tures near the eyes, in the original image are notably blurred.
By applying the present randomization, the structural arti-
facts are effectively removed, as shown in Fig. 2(b), without
notable decreasing of visual quality. This is also evident by
the objective measures as shown in Tables 2, 4, and 5. It is
observed that, as shown in Fig. 2(c), when Eq. (9) with p ¼ 1
is applied, the fine structures are enhanced considerably.
It is also observed that, when the parameter p is increased,
the structure enhancing is further intensified. The once
blurred-out texture on the woolly hat and the fine structures
near the eyes are recovered, as shown in Fig. 2(d). As shown
in Table 2, compared to the original method, the randomiza-
tion leads to only a slight decrease of PSNR, MSSIM, and
EC, or slight increase of JND. Such property indicates that
the present randomization can be directly applied to an estab-
lished error-diffusion method to break the structural artifacts
without notable compromising of visual quality. If real-struc-
ture enhancing is introduced, when p ¼ 1, MSSIM and EC
increase significantly (about 25% and 19%) with much less
compromising of PSNR (about 5%) and JND (about 6%).
When p ¼ 2, MSSIM and EC increase (about 44% and 32%)
but with more significant degradation of PSNR (about 10%)
and JND (about 19%). Our numerical experiments show that
the degradation of PSNR and JND increases considerably if

p is further increased (see also Table 2). Based on these
behaviors of MSSIM, EC, PSNR, and JND, one can obtain
two objective optimal parameters: one is p ¼ 1, which leads
to considerable increase of MSSIM and EC with only
slightly compromising of PSNR and JND and the other is
p ¼ 2, which leads to large increase of MSSIM and EC
or the high structure similarity, but still achieves fair good

Table 2 PSNR, PSNR*, PSNR**, MSSIM, JND, and EC measure-
ments for the dithered images of “Trui.”

Measurement FS Equation (6) p ¼ 1 p ¼ 2 p ¼ 3 p ¼ 10

PSNR 31.37 30.13 28.64 27.25 26.21 23.49

PSNR* 28.55 27.80 28.40 27.78 27.01 24.25

PSNR** 28.55 — 29.32 28.37 27.38 23.96

MSSIM 2.91 2.90 3.63 4.18 4.51 5.24

JND 10.59 11.45 12.16 13.65 14.20 19.38

EC 119.3 118.9 141.9 156.8 165.9 184.4

Note: PSNR* is measured with the original unfiltered image and
PSNR** is PSNR* measured on results without randomization.

Fig. 2 Original test image “Trui” and dithered images at the resolution of 256 × 256 pixels: (a) original
grayscale image, (b) Eq. (6) only, (c) Eq. (9) with p ¼ 1, and (d) Eq. (9) with p ¼ 2.
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overall visual quality, which is indicated by the moderate val-
ues of PSNR and JND as shown in Table 2, and the preserv-
ing of the fine shades of the original image as shown in
Fig. 2(d). Note that the present method is more effective
than the diffusion modulation in Chung et al.,21 which gen-
erally achieves only marginal structure enhancing (see their
Table 1). Also note that, in Chung et al.,21 the structural arti-
fact is not treated and the PSNR is measured using the origi-
nal unfiltered image. In this case, while their method leads to
notable decrease of PSNR (see their Table 2), the present
method, as shown in Table 2, even increases tone similarity
when p ¼ 1 and achieves almost no degradation of tone
similarity when p ¼ 2.

3.3 Comparison to Threshold-Based Edge
Enhancing and Presharpening

To illustrate the different behaviors of the present gradient-
based method from the threshold-based edge enhancing of
Eschbach and Knox17 and the presharpening method of
Ulichney,16 we consider dithering a test image with the gray
levels from 0 to 123/255 and a pattern of diagonal-split
squares in which there are 24 step-levels linearly increasing
in the row direction and 8 in the column direction. Note that,
as shown in Fig. 3(a), there are both strong structures, or
edges, which are resolved well by the original FS method,
and weak structures, which are along the diagonal of the
image and blurred out by the original method.

It can be observed that, as shown in Figs. 3(b) and 3(c),
while the edge enhancing is not able to achieve notable
enhancement for the weak structures, the presharpening
method exaggerates all and produces serious black-line arti-
fact at the strong structures. On the contrary, the present
method achieves considerable enhancement of weak struc-
tures and reproduces the strong ones faithfully without pro-
ducing the black-line artifact. Note that, similar to increasing
the contrast of an image, the edge enhancing tends to erase

tones far from the midtone, e.g., these near to lower-left cor-
ner of the test image. Again, the present method does not
introduce such artifact and keeps these tones the same as
the original method.

3.4 Stability in the Presence of Image Noise
To demonstrate the robustness of the present randomization
and real-structure enhancing algorithms to noisy images and
to assess the possible impact on breaking structural artifact
and recovering of real structures, especially sharp edges,
we dither a test image containing a ramp, text characters,
and additive white noise, which is used by Chang and
Allebach31 to test the stability of the tone-dependent error-
diffusion (TDED) method of Li and Allebach,32 which is
based on searching for the weights and thresholds to mini-
mize a visual cost function for each gray level.

The results of applying the original FS method with the
randomization of this paper and the full method with p ¼ 2
are shown in Fig. 4. We see no structural artifacts and no
particular degradation in the presence of noise or artifacts
near the character edges. These results indicate that the
present method is robust to image noise and remains stable
in recovering strong structures. Note that there are no notice-
able differences between the results with or without the
present real-structure enhancing. Since only strong structures
exist in this test image, it again shows that the ability of the
present method on faithfully reproducing of strong structures.

4 Numerical Examples
In this section, we demonstrate the potential of the present
method by numerical examples. We first consider three typ-
ical test images, each representing portraits, landscapes, and
stylish artworks. Then, we test on eight standard test images
to show that the present method is suitable for dithering gen-
eral-purpose images. If not mentioned otherwise, the algo-
rithms are applied with the basic scan-line processing path,

Table 4 PSNR, MSSIM, JND, and EC measurements for the dithered images of “Goldhill” with various methods.

Measurement FS
Equation

(6) p ¼ 1 p ¼ 2
Reference

2
Reference

3
Reference

17
Reference

16
Reference

6
Reference

30
Reference

29

PSNR 30.02 30.21 28.07 26.43 26.58 26.87 25.08 20.71 27.94 30.25 24.73

MSSIM 5.24 5.29 8.06 9.43 8.25 7.63 8.66 13.7 4.70 3.91 8.59

JND 13.39 13.17 14.7 16.45 18.49 15.81 23.50 48.15 15.18 14.27 21.80

EC 149.3 149.6 202.3 230.7 200.9 188.5 205.7 317.7 143.0 130.0 221.5

Table 3 PSNR, MSSIM, JND, and EC measurements for the dithered images of “Trui” with various methods.

Measurement Reference 2 Reference 3 Reference 17 Reference 16 Reference 5 Reference 9 Reference 27 Reference 15

PSNR 26.3 27.59 25.50 21.80 30.11 25.66 19.85 28.4

MSSIM 3.52 3.40 3.69 6.83 2.95 2.95 6.73 3.09

JND 15.41 12.63 20.61 27.67 10.90 14.64 28.10 15.90

EC 135.7 132.7 140.6 234.5 119.8 119.7 219.2 120.4
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the same as for all the test images above, and two optimal
modeling parameters, p ¼ 1 and p ¼ 2, for all the following
test images. These tests are carried on an Intel Core i7-4510U
@ 2.00 GHz using single thread. For the test images with the
resolution of 512 × 512 pixels, the average execution time
for the original FS method is about 0.002 s, the average
time for the present randomization [Eq. (6) only] is about
0.006 s and the average time for structure enhancement
(with p ¼ 1 or p ¼ 2) is about 0.002 s. The randomization
contributes the major portion of computational time.

However, it generally is much faster than the method of
Ulichney6 because the present randomization is applied
only in the flatten region of the image. The present structure
enhancement algorithm, referred to the original FS method,
is much faster than the methods of Chung et al.21 (see their
Table 3) and Pang et al.27 (see their Table 4). Note that, the
high computational efficiency indicates that the present
method is capable of real-time implementation.

First, we compare our results, as shown in Fig. 2 and
Table 2, with previous methods shown in Table 3, and

Fig. 3 Dithered test images at the resolution of 768 × 256 pixels by various methods: (a) FS method with
Eq. (6), (b) edge enhancing with κ ¼ 3 as in Ref. 17 and Eq. (6), (c) presharpening method with β ¼ 2 as
in Ref. 16 and Eq. (6), and (d) method of this paper with p ¼ 2.
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Figs. 10 and 11 in Ref. 15, for the test image “Trui.” The
methods of Ostromoukhov,5 Zhou and Fang,9 and Teuber
et al.15 aim on breaking the structure artifact. When com-
pared to the present method with randomization only, they
either still suffer from structural artifact or produce consid-
erable lower visual quality. Note that the recently proposed
TDED method of Fung and Chan33 is able to achieve
improved tone similarity. However, this is compensated
by considerable decreasing of structure similarity. This is
evident from the good PRNS (29.3) but low MSSIM
(2.55) from their Fig. 19 compared with the present results
[with Eq. (6) only], see Fig. 7 and Table 6. It is observed that,
compared to the present full method, the methods of Jarvis
et al.,2 Stucki,3 edge enhancing,17 and the presharpening16

produce results with less visual quality when comparable
structure enhancing is achieved. Since such behavior of
these simple approaches are typical and are exhibited for
all the three test cases, as shown in Tables 4 and 5, we neglect
the discussion on these methods for the later test images.
Note that, as also pointed out by Teuber et al.,15 though
the structure-ware halftone method of Pang et al.27 achieves
quite apparent structure enhancement or high MSSIM and
EC, similar to the presharpening method, it leads to high
graininess and large distortion from the input image or
very low PSNR or very high JND (also see Figs. 11 in
Ref. 15).

Second, a standard test image “Goldhill” is considered.
The results obtained by the present and several previous

Fig. 4 Stability in presence of image noise: original and dithered test images at the resolution of
300 × 200 pixels: (a) Eq. (6) only and (b) Eq. (9) with p ¼ 2.

Table 5 PSNR, MSSIM, JND, and EC measurements for the dithered images of “Tree” with various methods.

Measurement FS
Equation

(6) p ¼ 1 p ¼ 2
Reference

2
Reference

3
Reference

17
Reference

16
Reference

9
Reference

27
Reference

22

PSNR 30.82 30.43 27.43 25.80 25.36 26.40 25.46 19.49 27.67 25.03 25.99

MSSIM 9.80 9.72 14.02 15.84 15.43 14.34 15.71 18.76 9.63 15.90 12.42

JND 33.97 33.91 28.26 28.20 43.86 42.03 44.29 60.72 31.56 25.00 27.47

EC 174.5 174.8 276.8 310.4 290.1 267.2 281.4 405.9 177.4 305.8 258.7

Fig. 5 Dithered test image “Goldhill” at the resolution of 256 × 256 pixels: (a) Eq. (9) with p ¼ 1 and
(b) Eq. (9) with p ¼ 2.
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methods can be found in Table 4, Fig. 5, and Fig. 13 in
Ref. 29. While being free of structural artifact and achieving
fairly good tone similarity, the present results recover the fine
structures, such as the windows on the walls. However, if the
original Ulichney randomization6 is applied, as indicated by
the much lower MSSIM and EC, such fine structures are
blurred away. Note that the blurring effect is not improved
even when the computationally expensive DBS method of
Gonzalez et al.30 is applied. The blurring effect of the DBS
method can be improved by applying the FMEDt of Fung
and Chan,29 but some small size features, such as those
on the roof of the third house from the left, are disturbed
again by large size structural artifacts, which is in agreement
with the considerably lower PSNR and larger JND.

Third, the test image “Tree” is considered. This test image
is specially chosen in Pang et al.27 to evaluate the ability of
the generated halftone images on preserving visually sensi-
tive texture details. The results obtained by the present and
several previous methods can be found in Table 5, Fig. 6, and

Fig. 1 in Ref. 22. It is observed that the methods without
structure enhancing almost neglects the fine structures of
the leaves. While the method of Pang et al.27 achieves
comparable MISSIM and PSNR for this image, it overem-
phasizes the structures and leads to noisy, grainy, and dis-
torted halftones for general-purpose images (also see the
discussion for the test image “Trui”). However, with the
same parameter of p ¼ 2, the present method produces
results with good visual quality for general-purpose images,
as shown in Figs. 2(d) and 5(b). It is also observed that the
structure-aware error-diffusion method of Chang et al.22

produces less structure similarity when comparable visual
quality is achieved.

We dither eight standard test images at the resolution of
512 × 512 pixels and report the resulted PSNR, MSSIM,
JND, and EC in Table 6 to show clearly that the present
method is suitable for processing general-purpose images.
One example is shown in Fig. 7. Our overall recommenda-
tion is, while using the present randomization all the time

Fig. 6 Dithered test image “Tree” at the resolution of 455 × 377 pixels: (a) Eq. (9) with p ¼ 1 and
(b) Eq. (9) with p ¼ 2.

Table 6 PSNR, MSSIM, JND, and EC measurements for the dithered eight standard test images.

Test images

PSNR MSSIM JND EC

Equation (6) p ¼ 1 p ¼ 2 Equation (6) p ¼ 1 p ¼ 2 Equation (6) p ¼ 1 p ¼ 2 Equation (6) p ¼ 1 p ¼ 2

Lena 29.72 27.73 26.59 3.84 5.71 6.33 21.65 27.88 30.45 105.8 145.1 159.3

Barbara 30.07 27.89 26.47 6.37 9.62 10.63 18.19 19.75 22.28 151.5 220.3 244.3

Boat 29.91 28.06 26.72 4.28 6.11 6.97 20.11 22.64 24.53 135.9 179.8 200.6

Cameraman 28.42 27.44 26.72 3.73 4.66 4.97 26.90 32.26 33.34 123.3 151.4 162.5

Mandril 29.92 26.73 24.52 4.89 7.41 9.00 15.52 17.78 21.20 190.8 277.9 332.4

Peppers 30.03 28.82 27.76 3.20 4.51 5.28 22.07 27.55 29.61 88.7 110.9 122.5

Pirate 31.16 28.09 26.56 3.49 5.28 6.21 18.93 20.90 24.06 108.1 151.3 173.6

Walkbridge 29.88 27.01 25.39 7.11 11.13 12.61 18.34 21.10 24.29 192.1 275.1 311.8

Average 29.88 27.72 26.34 4.61 6.80 7.75 20.21 23.73 26.22 137.0 189.0 213.4
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because it breaks structure artifact without notable decrease
of visual quality, using the present structure enhancing
with p ¼ 1 for dithering general-purpose images for consid-
erable increasing of structure similarity with only slightly
compromising on visual quality and p ¼ 2 for dithering styl-
ish artworks for large increasing of structure similarity, but
still fair good visual quality.

At last, we present a real-life implementation of the
present method by dithering a natural image and an artwork,
as shown in Figs. 8 and 9. Here, to remove the worm artifact,
serpentine processing path is used.

5 Concluding Remarks
In this paper, we have proposed simple gradient-based mod-
ifications to the original error-diffusion dithering method to
improve the visual quality of the halftone image. While the
randomization removes the structural artifacts effectively, the
gradient-based diffusion modulation improves real structures
considerably without notable compromising of the PSNR.
These algorithms are simple and involve only algebra
operations, therefore do not lead to notable decreasing of
computational efficiency compared to the original methods.
Numerical experiments show that the present method is
not only outperforming previous simple approaches but also
able to achieve comparable visual quality with those
obtained by previous sophisticated and computationally
expensive approaches. Furthermore, although the present
method is introduced from that of FS, it can be applied to
other error-diffusion approaches by using difference stencils
and original diffusion weights.
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