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bstract. Error diffusion is widely used in digital image halftones.
he algorithm is very simple to implement and very fast to calculate.
owever, it is known that standard error diffusion algorithms, such
s the Floyd Steinberg error diffusion, produce undesirable artifacts

n the form of structure artifacts, such as worms, checkerboard pat-
erns, diagonal stripes, and other repetitive structures. The bound-
ries between structural artifacts break the visual continuity in re-
ions of low intensity gradients and therefore may be responsible for

alse contours. In this paper, we propose a new halftone method to
educe the structural artifacts and to improve the gray expression,
alled hybrid error diffusion, by using the concept of “error diffusion
y perturbing the error coefficient with a mask.” The proposed algo-
ithm consists of two steps in each pixel position. In the first step, a
erturbation is calculated using the internal pseudorandom number
nd a selected 4�4 mask, similar to a dither mask. In the second
tep, error diffusion weights are calculated with the criterion for each
ixel value. The proposed hybrid method can reduce the structural
rtifacts while keeping the advantage of the error diffusion. This
aper discusses the performance of the proposed algorithm with
xperimental results for natural test images. Then, objective assess-
ent results are given using statistical tools and the structural simi-

arity measure for color images. © 2007 Society for Imaging Sci-
nce and Technology.
DOI: 10.2352/J.ImagingSci.Technol.�2007�51:5�391��

NTRODUCTION
alftoning is a method of producing the pseudocontinuous

one images using only a finite number of gray levels. Be-
ause of the inherent characteristic of the human visual sys-
em with regard to observing average gray level over an area,
he human observer perceives intermediate tones. Generally,
alftoning is considered as a simple “on” and “off” modu-

ation technique, where the sensation of intermediate tones
s created by the presence and absence of a pixel. The digital
alftone technology plays an important role in transforming
continuous tone (gray or color) image to an image with a

educed number of gray levels for display devices.
For halftone technologies, each pixel value is deter-

ined to be white or black when compared to the threshold
alue, and the quantization error is then fed back and added
o adjacent pixels.1,2 The conventional error diffusion algo-
ithm has the advantages of simple implementation and fast
alculation speed. It uses the concept of overflow and diffu-
ion of the quantized error, and then resets the diffusion.

eceived Oct. 28, 2006; accepted for publication Jun. 5, 2007.
062-3701/2007/51�5�/391/11/$20.00.
owever, the conventional error diffusion algorithm intro-
uces distortion, reducing the visibility, worms, and false

extures or additive noise. In order to solve these problems,
any digital halftone algorithms have been proposed. Ex-

mples include using variable thresholds,3 and variable filter
eights4–6 with input data. There were also approaches that

onsidered the color channel correlation6–8 for improving
he color halftone visibility in color images. However, these

ethods require a complex process and long calculation
ime or many lookup tables.

In this paper, we propose a well-organized halftone al-
orithm, hybrid error diffusion (HED) to improve the con-
entional halftone artifacts and enhance the visibility of
olor. The proposed algorithm is very simple, easy to imple-
ent, and can reduce the structural artifacts, keeping with

he advantage of the error diffusion algorithms. We use the
oncept of a perturbing error filter weight by using the mask
alue, which is perturbed with a pseudorandom number.
he proposed algorithm is basically the same as using the

our-tap style error filter similar to that of the Floyd–
teinberg error diffusion. The basic procedure of the pro-
osed algorithm is as follows:

1. Determine the mask value for each color plane and
added to pseudorandom number.

2. Calculate the error filter weights for each color
plane.

he mask that is used is similar to the ordered dither mask.
he mask value is selected by pixel, line, and each color
lane. We also use the different error filter weights for each
olor plane to enhance the color visibility. The error filter
eights were calculated by using a different mask for each

olor plane. The results of the proposed algorithm show
ood performance for reducing artifacts, worms, and false
extures.

The paper is organized as follows. In the next section,
e review the conventional error diffusion algorithm and

nvestigate its general problem. In the Hybrid Error Diffu-
ion Algorithm section, we explain the proposed HED algo-
ithm in detail. In Experimental Results, we introduce the
onventional halftone evaluation tools, pair correlation, and
adially averaged power spectrum density. As another

ethod of halftone evaluation, a structural similarity mea-
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ure between color images is also derived. Then, the simula-
ion results of the algorithms are given with natural images.

e also compare our algorithm with conventional methods
sing the objective assessment, halftone statistical analysis,
nd color image structural similarity measure. Finally, there
s the Conclusion.

ONVENTIONAL ERROR DIFFUSION ALGORITHM
here are many error diffusion algorithms for improving the
alftone quality.1–12 Almost of the conventional algorithms
re designed based on the Floyd–Steinberg error diffusion
lgorithm. In this section, we investigate the Floyd–Steinberg
lgorithm1 and the Jarvice et al.2 error diffusion algorithm,
s a representative conventional error diffusion algorithm, to
imulation results. In Figure 1, each signal can be defined as
ollows:

b�x,y� = �1, if j�x,y� � T ,

0, otherwise,
�1�

j�x,y� = i�x,y� − � �ajke�x − j,y − k�� , �2�

e�x,y� = b�x,y� − j�x,y� , �3�

here i�x ,y� is the input image and the b�x ,y� is the output
mage of the halftone process. The signal j�x ,y� represents
he modified input, ajk are the error filter weights, �ajk =1,
nd T is the threshold value. The signal e�x ,y� is the accu-
ulated error value that will be diffused to adjacent pixels.
he conventional error diffusion algorithm has the advan-

age of simple implementation and fast calculation. How-
ver, the conventional error diffusion introduces the distor-
ion that reduces image quality and produces worms, false
extures, and additive noise. The simulation results of the
loyd–Steinberg error diffusion algorithm and the Jarvice et
l.2 error diffusion algorithm are given in Figure 2. The in-
ut image is the “gradation ramp” of increasing gray levels

rom 0 to 128 gray levels with the slope of 4 pixels per gray
evel. From the simulation results, we can see the prominent
iscontinuity and a white dot in the middle of the gradation.
n the low gray area, we can also see diagonal stripes. The
orm patterns are also in the middle of the gradation ramp.
he reduction of these kinds of conventional artifacts is the

Figure 1. General block diagram of conventional error diffusion.
bjective of the proposed algorithm. At the end of this pa-

92
er, we compare the results of conventional error diffusion
o the results of the Floyd–Steinberg error diffusion, vector
olor error diffusion,7 and Shiau–Fan error diffusion10 with
atural images.

YBRID ERROR DIFFUSION ALGORITHM
e use the concept of perturbing error filter weight by using

he mask value, which is perturbed with a pseudorandom
umber. The concept of the proposed hybrid error diffusion

s shown in Figure 3, in which each signal can be defined as
ollows:

b�x,y� = �1, if j�x,y� � T

0, otherwise,
�4�

j�x,y� = i�x,y� − � �h�ajk�e�x − j,y − k�� , �5�

e�x,y� = b�x,y� − j�x,y� , �6�

M�ajk� = MaskValue�for each color/line/pixel, �7�

Figure 2. Simulation results of conventional error diffusion algorithm.

Figure 3. Block diagram of hybrid error diffusion.
h�ajk� = �RndNum + M�ajk�� , �8�

J. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
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� h�ajk� = 1, h�ajk� � 0, �9�

here i�x ,y� is the input image and b�x ,y� is the output
mage of the halftone process. j�x ,y� represents the modified
nput, and e�x ,y� is the accumulated error value that will be
iffused to adjacent pixels. M�ajk� is the selected mask value,
hich is dependent on the pixel position and color plane.
�ajk� are the error filter weights, and T is the threshold
alue. The four-tap style error filter weight of the proposed
lgorithm is similar to that of the Floyd–Steinberg error dif-
usion algorithm. However, the internal pseudorandom
umber generator and mask selector is newly added to that.
he error filter weights h�ajk� are varied with the internally
alculated pseudorandom number and the mask value. The
ask that is used is similar to the ordered dither mask. This
ask value is selected by pixel, line, and color plane. As a

esult, the error filter weight varies with the pixel position,
ine, and color plane. Finally, the error filter weight h�ajk�
alues are determined pixel by pixel by the criterion of
q. (9).

The procedure of calculating the error carry is as fol-
ows. First, the mask value is determined based on the color
lane, the pixel position, and the line position. For example,

f the color plane is red �R�, the (pixel, line)�(3, 3), the
ask value will be 9 in the R of Fig. 3. Next, a pseudoran-

om number is added to the predetermined mask value.
inally, the error filter weights are determined by a normal-

zing process for each pixel and color plane. Then, the dif-
usion process is carried out, which is similar to conven-
ional error diffusion. In view of hardware implementation,

igure 4. Results of gray level 28: �a� R, G, B same mask and �b� R, G,
different mask.
or example, the mask values and pseudorandom number p

. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
eeds can already be stored in the internal RAM (random
ccess memory) area. The generation and reading process
an be carried out in pixel calculation duration.

We use a different mask for each color plane to improve
he color visibility. The results are compared in Figure 4. The
esult of �a� comes from using the same R, G, and B masks,
hile the result of �b� is from using different R, G, and B
asks as shown. We can see that the white dots in the result

f �a� are replaced by the mixing of R, G, and B dots in the
ase of �b�. We can confirm the increasing effect of halftone
arry density in these results. The green (G) and blue (B)
asks are generated from the red mask. The red mask is

enerated with the relation of check board weight. That is,
he green mask is generated by moving 1 pixel to left of the
ed mask. The blue mask is generated by moving 2 pixels to
eft of the red mask. In Figure 5, the example is given in the
ase of the RndNum=7 for each color plane.

It is possible to control the error diffusion pattern by
ontrolling the mask value. Because the error diffusion pat-
ern mainly depends on the error filter shape, the scan di-
ection, and error filter weights, we can control the error
iffusion pattern by controlling the R, G, and B masks.

XPERIMENTAL RESULTS
ntroduction to Halftone Evaluation
n this section, we introduce assessment tools used to evalu-
te the HED algorithm. In order to evaluate the halftone, we
se conventional halftone statistics. However, it is difficult to
erify the similarity of the structural pattern using conven-
ional verification measures. In this paper, we use the color
mage similarity measure for evaluating the structural

Figure 5. Determination of the error weight h�ajk�.

Figure 6. System block diagram for CISM.
attern.
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alftone Statistics: Point Process
e introduce the conventional point process statistics to

valuate the halftone image. The candidates are pair correla-
ion and radially averaged power spectrum density
RAPSD).11 Pair correlation, the first candidate, is the influ-
nce that the point at y has at any x in the spatial annular
ing. The pair correlation is a strong indicator of the
nterpoint relationships for a given pattern. The pair corre-
ation R�r� is known as

R�r� =
E���Ry�r���y � ��

E���Ry�r���
, �10�

here y is the point that is influenced by x. � is the sample
f point process. Spectral analysis was first applied to sto-
hastic patterns by Ulichney12 to characterize patterns cre-
ted via error diffusion. To do so, Ulichney developed the
adially averaged power spectra along with a measure of an-

Figure 7. System block dia

Figure 8. System block diagram for t
sotropy. The radially averaged power spectrum is as follows: c

94
P̂�f� =
1

K
�
i=1

K �DFT2D��i��2

N��i�
, �11�

here DFT2D��� represents the two-dimensional, discrete
ourier transform of the sample �, N��� is the total number
f pixels in the sample �, and K is the total number of
eriodic area being averaged to form to estimate. Finally, the
APSD is defined as follows:

P�f�� =
1

N�R�f��� �
f�R�f��

P̂�f� , �12�

here R�f�� is the series of annular rings and N�R�f��� is the
umber of frequency samples in R�f��.

olor Image Similarity Measure
n this section, we introduce the evaluation method, color
mage similarity measure (CISM), used to evaluate the HED
lgorithm. The color image similarity measure is largely

r color HVS part in CISM.

tural similarity measure part in CISM.
gram fo
he struc
omposed of two blocks. The first one is the color consid-

J. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
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ring block with the human visual system (HVS) and color
mage structural similarity calculation block as shown in
igure 6. As introducing the color HVS model, we could
onsider the interrelation for each color channel in struc-
ural similarity measure. A color HVS model takes into ac-
ount the correlation among color planes. The HVS model
s based on a transformation to CIELab color space and
xploits the spatial frequency sensitivity variation of the lu-
inance and chrominance channels. Having a model of the
VS allows us to measure the distortion seen by a human

iewer.

olor HVS block
he color HVS block is composed of several subblock, color

pace conversion, discrete Fourier transform, and human vi-
ual filters as shown in Figure 7. We carry out the color space
onversion to use the human visual frequency response
odel. The RGB image was transformed to CIEXYZ, and

hen to CIELab color space. We denote the L, a*, b* as the

y, Cx, Cz for the convenience of equation, respectively.
As a luminance HVS filter, we use the model that is

roposed by Sullivan et al.13 and Nasanen.14 The contrast
ensitivity of the human viewer to spatial variations in
hrominance falls off faster as a function of increasing spatial
requency than does the response to spatial variations in
uminance. This HVS chrominance filter is based on the
xperimental results obtained by Mullen.15 The details of the
VS model are in Appendix I (available as Supplemental
aterial on IS&T website, www.imaging.org).

The flow of the color HVS block is as follows. Let

�R,G,B��m ,n� and y�R,G,B��m ,n� denote the continuous tone
mage and distorted image, respectively. x�Yy,Cx,Cz�

�m ,n� and

�Yy,Cx,Cz�
�m ,n� are obtained by transforming x�R,G,B��m ,n�

nd y�R,G,B��m ,n� to the YyCxCz color space,

X�Yy,Cx,Cz�
�k, l� = DFT�x�Yy,Cx,Cz�

�m,n�� , �13�

Y�Y ,C ,C ��k, l� = DFT�y�Y ,C ,C ��m,n�� , �14�

igure 9. Results of gray level 28 with the Floyd–Steinberg algorithm:
air correlation/RAPSD.
y x z y x z (

. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
HHVS�k, l� = �HYy
�k, l�,HCx

�k, l�,HCz
�k, l�� , �15�

PX�Yy,Cx,Cz�
�k, l� = X�Yy,Cx,Cz�

�k, l�HHVS�k, l� , �16�

PY�Yy,Cx,Cz�
�k, l� = Y�Yy,Cx,Cz�

�k, l�HHVS�k, l� , �17�

x�Yy,Cx,Cz�
� �m,n� = DFT−1�PX�Yy,Cx,Cz�

�k, l�� , �18�

y�Yy,Cx,Cz�
� �m,n� = DFT−1�PY�Yy,Cx,Cz�

�k, l�� , �19�

here DFT is the discrete Fourier transform and DFT−1 is
he inverse discrete Fourier transform. The HVS filters are
pplied to the luminance and chrominance components in
he spatial frequency domain. Finally, the output of the color

VS part is x�R,G,B�� �m ,n� and y�R,G,B�� �m ,n�, which is trans-
ormed to RGB color space, taking HVS into account. This is
he input to the structural similarity measure block.

tructural similarity measure block
he system block diagram for the structural similarity

igure 10. Results of gray level 28 with the hybrid error diffusion algo-
ithm: Pair correlation/RAPSD for each RGB channel.
SSIM) measure block in CISM is shown in Figure 8. The

395
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SIM algorithm is expanded to RGB color. The structural
imilarity method was proposed by Wang et al.16,17 The
SIM compares local patterns for pixel intensities that have
een normalized for luminance and contrast between a ref-
rence image and a distorted image. The MSSIM is the mean
tructural similarity measure for entire image. The details of
he SSIM and MSSIM are in Appendix II (available as
upplemental Material on IS&T website, www.imaging.org).
n this paper, we expand the concept of MSSIM to color
mages. The input of the structural similarity measure part is

�R,G,B�� �m ,n� and y�R,G,B�� �m ,n�, which was already processed
ith consideration of the HVS. The final output of CISM is

he weighted sum of the MSSIM value for each channel in
GB color as shown in

CISM�x,y� = �
i

wiMSSIM�x,y� , �20�

here wi is the weight for each channel in RGB color. In this
aper, we used the value of wi =1/3.

valuation and Experimental Results
n order to verify the proposed algorithm, we compared the
onventional error diffusion algorithm, Floyd–Steinberg er-
or diffusion algorithm,1 vector color error diffusion,7 and
hiau–Fan error diffusion10 with the proposed algorithm.

esults of Halftone Statistics
he results of pair correlation and RAPSD are shown in
igures 9 and 10. The input image resolution is a 128
128 pixel image with a gray level of 28 as shown in Fig. 4.

igure 9 is the result of the Floyd–Steinberg algorithm, and
ig. 10 is the result of hybrid error diffusion. For the result
f pair correlation, R�r�=0 for r�3.5 is a consequence of
he inhibition of points within a distance of 3.5 of each
ther. The more frequent occurrence of halftone result is in
he distance of 4.5� r�7.5 with the condition of R�r��1.
here is no area for the case of R�r�=0 in Fig. 10. This
eans that the hybrid error diffusion can offer the chance of

ccurrence in the RGB mixed model.
For the result of RAPSD, it has a power spectrum that is

omposed entirely of high frequencies, in the case of the
loyd–Steinberg algorithm in Fig. 9. However, the power

Figure 11. Inputs of the structural similarity
pectrum of hybrid error diffusion is extended to the lower S

96
requency area and the high frequency components are sup-
ressed. This means that the density of a dot is increased
nd spread with a good pattern profile.

esults for the Gradation Characteristic
irst, we try to show the capability of MSSIM and CISM to
ssess the halftone image quality. We used the Floyd–

re and the color image similarity measure.

igure 12. Comparison of the structural similarity measure and the color
mage similarity measure: Floyd–Steinberg error diffusion �raster scan�.

igure 13. Objective evaluation results: Color image similarity measure.
teinberg error diffusion (raster scan) as a test halftone

J. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
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Table I. Numerical data: Color image similarity measure �CISM�.

nput
ray

F/S E.D.
Raster Scan

Shiau–Fan
E.D.

Proposed
HED

Vector Color
E.D.

1.0000 1.0000 1.0000 1.0000

0.9556 0.9556 0.9556 0.9556

0.7842 0.7842 0.7842 0.7867

0.5526 0.5526 0.5526 0.5779

0.3760 0.3760 0.3760 0.4222

0.2615 0.2615 0.2718 0.3143

0.1886 0.1886 0.2793 0.2661

0.1410 0.1410 0.2448 0.2307

0.1089 0.1089 0.2751 0.2290

0.0863 0.0863 0.3149 0.2324

0 0.0705 0.0701 0.3280 0.2643

1 0.1362 0.0883 0.2964 0.2610

2 0.2079 0.2076 0.2693 0.2654

3 0.1956 0.1956 0.2798 0.2658

4 0.1793 0.1793 0.3135 0.2778

5 0.1654 0.1654 0.3217 0.2902

6 0.1534 0.1534 0.3268 0.2956

7 0.1429 0.1429 0.3303 0.2963

8 0.1338 0.1338 0.3150 0.2969

9 0.1301 0.1269 0.3305 0.3084

0 0.1677 0.1621 0.3421 0.3242

1 0.1908 0.1768 0.3544 0.3302

2 0.1972 0.1969 0.3651 0.3252

3 0.1883 0.1883 0.3619 0.3353

4 0.1800 0.1800 0.3753 0.3509

5 0.1724 0.1724 0.3813 0.3644

6 0.1654 0.1654 0.3933 0.3639

7 0.1599 0.1591 0.3886 0.3733

8 0.1782 0.1734 0.4098 0.3836

9 0.1947 0.1925 0.4162 0.3998

0 0.2076 0.2063 0.4266 0.3994

1 0.2015 0.2015 0.4403 0.4037

2 0.1951 0.1951 0.4449 0.4155

3 0.1890 0.1890 0.4494 0.4232

4 0.1881 0.1849 0.4626 0.4283

5 0.2044 0.2015 0.4685 0.4377

6 0.2166 0.2148 0.4741 0.4529

7 0.2206 0.2211 0.4898 0.4608

8 0.2155 0.2155 0.4954 0.4701

9 0.2103 0.2099 0.4990 0.4704

0 0.2150 0.2112 0.5138 0.4835

1 0.2269 0.2275 0.5202 0.4876

2 0.2361 0.2371 0.5257 0.4983

3 0.2350 0.2357 0.5348 0.5041

4 0.2304 0.2304 0.5397 0.5160
. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
Table I. �Continued.�

nput
ray

F/S E.D.
Raster Scan

Shiau–Fan
E.D.

Proposed
HED

Vector Color
E.D.

5 0.2348 0.2319 0.5523 0.5264

6 0.2459 0.2455 0.5540 0.5297

7 0.2516 0.2535 0.5645 0.5396

8 0.2520 0.2516 0.5714 0.5501

9 0.2527 0.2487 0.5815 0.5567

0 0.2593 0.2594 0.5873 0.5658

1 0.2668 0.2682 0.5938 0.5725

2 0.2689 0.2694 0.5994 0.5774

3 0.2700 0.2667 0.6072 0.5850

4 0.2759 0.2765 0.6147 0.5956

5 0.2829 0.2846 0.6214 0.5936

6 0.2848 0.2847 0.6223 0.6044

7 0.2869 0.2870 0.6304 0.6112

8 0.2936 0.2952 0.6393 0.6215

9 0.2992 0.3012 0.6459 0.6268

0 0.3005 0.3005 0.6531 0.6405

1 0.3062 0.3084 0.6607 0.6345

2 0.3121 0.3155 0.6627 0.6458

3 0.3146 0.3163 0.6686 0.6475

4 0.3220 0.3265 0.6780 0.6646

5 0.3231 0.3240 0.6805 0.6640

6 0.3286 0.3274 0.6794 0.6772

7 0.3327 0.3319 0.6911 0.6753

8 0.3371 0.3393 0.6970 0.6796

9 0.3423 0.3418 0.7011 0.6922

0 0.3465 0.3468 0.7049 0.6892

1 0.3518 0.3527 0.7124 0.6953

2 0.3559 0.3554 0.7172 0.7046

3 0.3613 0.3618 0.7217 0.7085

4 0.3661 0.3663 0.7300 0.7145

5 0.3703 0.3699 0.7317 0.7230

6 0.3762 0.3764 0.7370 0.7297

7 0.3800 0.3805 0.7352 0.7341

8 0.3853 0.3866 0.7420 0.7338

9 0.3903 0.3914 0.7495 0.7333

0 0.3948 0.3961 0.7538 0.7430

1 0.4001 0.4018 0.7533 0.7423

2 0.4043 0.4074 0.7612 0.7474

3 0.4097 0.4143 0.7646 0.7281

4 0.4146 0.4191 0.7675 0.7570

5 0.4199 0.4230 0.7739 0.7248

6 0.4219 0.4213 0.7736 0.7264

7 0.4290 0.4275 0.7817 0.7065

8 0.4333 0.4331 0.7842 0.7808

9 0.4390 0.4379 0.7883 0.7991
397
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Table I. �Continued.�

nput
ray

F/S E.D.
Raster Scan

Shiau–Fan
E.D.

Proposed
HED

Vector Color
E.D.

0 0.4437 0.4430 0.7902 0.7993

1 0.4490 0.4486 0.7945 0.8058

2 0.4538 0.4531 0.7995 0.8049

3 0.4591 0.4586 0.7993 0.8039

4 0.4638 0.4631 0.8047 0.8022

5 0.4694 0.4690 0.8071 0.8051

6 0.4743 0.4734 0.8132 0.8034

7 0.4795 0.4789 0.8179 0.8061

8 0.4847 0.4840 0.8142 0.8030

9 0.4898 0.4890 0.8236 0.8107

00 0.4952 0.4948 0.8257 0.8131

01 0.4999 0.4996 0.8257 0.8099

02 0.5055 0.5052 0.8305 0.8227

03 0.5106 0.5088 0.8342 0.8284

04 0.5157 0.5152 0.8346 0.8295

05 0.5213 0.5207 0.8379 0.8275

06 0.5262 0.5256 0.8417 0.8309

07 0.5315 0.5312 0.8460 0.8361

08 0.5369 0.5363 0.8489 0.8406

09 0.5417 0.5412 0.8477 0.8444

10 0.5472 0.5467 0.8512 0.8397

11 0.5527 0.5521 0.8534 0.8407

12 0.5577 0.5569 0.8557 0.8400

13 0.5628 0.5622 0.8601 0.8449

14 0.5686 0.5678 0.8627 0.8441

15 0.5734 0.5726 0.8633 0.8369

16 0.5783 0.5778 0.8665 0.8336

17 0.5843 0.5836 0.8701 0.8411

18 0.5891 0.5884 0.8713 0.8350

19 0.5939 0.5934 0.8731 0.8203

20 0.5989 0.5982 0.8762 0.8230

21 0.6043 0.6035 0.8790 0.8226

22 0.6092 0.6085 0.8804 0.8277

23 0.6143 0.6137 0.8826 0.8299

24 0.6194 0.6187 0.8873 0.8472

25 0.6251 0.6236 0.8869 0.8352

26 0.6306 0.6434 0.8894 0.8440

27 0.6368 0.6395 0.8894 0.9160

28 0.6401 0.6357 0.8909 0.8827

29 0.6447 0.6318 0.8917 0.8286

30 0.6494 0.6486 0.8925 0.8077

31 0.6548 0.6539 0.8982 0.8820

32 0.6603 0.6590 0.8989 0.8629

33 0.6656 0.6645 0.8986 0.8762

34 0.6705 0.6696 0.9034 0.8641
98
Table I. �Continued.�

nput
ray

F/S E.D.
Raster Scan

Shiau–Fan
E.D.

Proposed
HED

Vector Color
E.D.

35 0.6759 0.6746 0.9044 0.8604

36 0.6810 0.6795 0.9045 0.8611

37 0.6859 0.6848 0.9066 0.8692

38 0.6911 0.6893 0.9109 0.8713

39 0.6959 0.6945 0.9112 0.8768

40 0.7009 0.6996 0.9126 0.8751

41 0.7059 0.7047 0.9131 0.8752

42 0.7105 0.7093 0.9147 0.8802

43 0.7151 0.7138 0.9158 0.8828

44 0.7200 0.7186 0.9188 0.8798

45 0.7245 0.7231 0.9209 0.8933

46 0.7293 0.7279 0.9228 0.8984

47 0.7338 0.7326 0.9216 0.8969

48 0.7382 0.7370 0.9247 0.9007

49 0.7429 0.7418 0.9246 0.9018

50 0.7473 0.7465 0.9288 0.8984

51 0.7521 0.7510 0.9283 0.9070

52 0.7568 0.7571 0.9299 0.9031

53 0.7612 0.7607 0.9307 0.9020

54 0.7654 0.7649 0.9312 0.8913

55 0.7700 0.7695 0.9365 0.9016

56 0.7747 0.7739 0.9354 0.9045

57 0.7786 0.7781 0.9349 0.9021

58 0.7832 0.7822 0.9357 0.9049

59 0.7873 0.7868 0.9404 0.9027

60 0.7913 0.7911 0.9415 0.9157

61 0.7956 0.7953 0.9391 0.9194

62 0.8000 0.7992 0.9431 0.9201

63 0.8038 0.8040 0.9431 0.9225

64 0.8077 0.8077 0.9446 0.9274

65 0.8119 0.8114 0.9447 0.9292

66 0.8159 0.8157 0.9460 0.9268

67 0.8200 0.8192 0.9454 0.9168

68 0.8248 0.8242 0.9486 0.8530

69 0.8332 0.8321 0.9489 0.8756

70 0.8336 0.8312 0.9499 0.8611

71 0.8360 0.8328 0.9502 0.8943

72 0.8393 0.8348 0.9540 0.8480

73 0.8429 0.8399 0.9526 0.8902

74 0.8461 0.8440 0.9542 0.8993

75 0.8498 0.8482 0.9557 0.9003

76 0.8531 0.8514 0.9541 0.9073

77 0.8564 0.8551 0.9568 0.9158

78 0.8596 0.8588 0.9570 0.9254

79 0.8622 0.8625 0.9595 0.9313
J. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
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lgorithm. The input image (128�128 pixels) is the con-
tant valued continuous tone image having 0 to 255 gray
evel, and its corresponding halftone image as shown in Fig-
re 11. The MSSIM and CISM take the value between 0 and
. When there is no difference between reference image and
alftone image, the value is 1. The MSSIM was applied to
ssess the image quality, such as a jpeg image, noise added
mage, video source etc.16,17 From Fig. 12, we can see that the

SSIM must be modified for assessing the halftone visibil-
ty. The MSSIM value is close to 0 throughout the gray level
esides the high and low gray area. But in the result of
ISM, the luminance distortion is mainly shown in the low
ray area. The contrast distortion of the halftone image is
ainly shown in the high gray area. Although the Gaussian
eight (11�11, �=1.5) is applied to the image in the spa-

Table I. �Continued.�

nput
ray

F/S E.D.
Raster Scan

Shiau–Fan
E.D.

Proposed
HED

Vector Color
E.D.

25 0.9785 0.9738 0.9861 0.9764

26 0.9732 0.9700 0.9863 0.9751

27 0.9726 0.9705 0.9861 0.9775

28 0.9754 0.9704 0.9863 0.9754

29 0.9737 0.9732 0.9867 0.9783

30 0.9739 0.9744 0.9866 0.9758

31 0.9744 0.9765 0.9860 0.9760

32 0.9777 0.9789 0.9863 0.9744

33 0.9746 0.9784 0.9860 0.9713

34 0.9749 0.9775 0.9862 0.9731

35 0.9752 0.9742 0.9859 0.9682

36 0.9756 0.9745 0.9850 0.9669

37 0.9757 0.9757 0.9855 0.9696

38 0.9772 0.9748 0.9841 0.9672

39 0.9727 0.9718 0.9855 0.9622

40 0.9714 0.9736 0.9836 0.9487

41 0.9720 0.9710 0.9843 0.9528

42 0.9689 0.9692 0.9838 0.9414

43 0.9711 0.9733 0.9838 0.9394

44 0.9630 0.9640 0.9834 0.9379

45 0.9596 0.9622 0.9831 0.9370

46 0.9553 0.9599 0.9836 0.9379

47 0.9529 0.9560 0.9825 0.9432

48 0.9512 0.9520 0.9838 0.9505

49 0.9508 0.9517 0.9856 0.9578

50 0.9555 0.9561 0.9870 0.9644

51 0.9694 0.9957 0.9896 0.9794

52 0.9964 0.9957 0.9923 0.9813

53 0.9964 0.9957 0.9957 0.9918

54 0.9964 0.9957 0.9957 0.9976

55 0.9964 0.9956 0.9956 1.0000
Table I. �Continued.�

nput
ray

F/S E.D.
Raster Scan

Shiau–Fan
E.D.

Proposed
HED

Vector Color
E.D.

80 0.8649 0.8662 0.9587 0.9290

81 0.8675 0.8699 0.9594 0.9261

82 0.8702 0.8731 0.9623 0.9246

83 0.8726 0.8764 0.9609 0.9273

84 0.8754 0.8791 0.9630 0.9370

85 0.8782 0.8827 0.9634 0.9316

86 0.8800 0.8860 0.9643 0.9432

87 0.8838 0.8888 0.9655 0.9429

88 0.8847 0.8920 0.9658 0.9475

89 0.8865 0.8974 0.9679 0.9477

90 0.9059 0.9015 0.9689 0.9424

91 0.9025 0.9034 0.9709 0.9466

92 0.9006 0.9030 0.9708 0.9201

93 0.9035 0.9051 0.9719 0.9375

94 0.9043 0.9075 0.9718 0.9325

95 0.9073 0.9099 0.9737 0.9457

96 0.9105 0.9117 0.9727 0.9461

97 0.9145 0.9159 0.9750 0.9470

98 0.9132 0.9168 0.9738 0.9409

99 0.9132 0.9193 0.9760 0.9496

00 0.9166 0.9220 0.9765 0.9498

01 0.9182 0.9245 0.9772 0.9595

02 0.9202 0.9275 0.9769 0.9547

03 0.9237 0.9303 0.9788 0.9594

04 0.9263 0.9333 0.9785 0.9589

05 0.9279 0.9352 0.9798 0.9637

06 0.9309 0.9381 0.9799 0.9637

07 0.9327 0.9404 0.9799 0.9620

08 0.9359 0.9427 0.9809 0.9630

09 0.9386 0.9458 0.9812 0.9664

10 0.9425 0.9483 0.9822 0.9655

11 0.9574 0.9569 0.9817 0.9628

12 0.9460 0.9528 0.9824 0.9644

13 0.9478 0.9536 0.9823 0.9612

14 0.9486 0.9556 0.9836 0.9662

15 0.9520 0.9583 0.9829 0.9665

16 0.9533 0.9605 0.9841 0.9633

17 0.9547 0.9616 0.9845 0.9728

18 0.9561 0.9618 0.9853 0.9676

19 0.9595 0.9632 0.9861 0.9703

20 0.9627 0.9651 0.9851 0.9718

21 0.9641 0.9664 0.9856 0.9729

22 0.9658 0.9674 0.9855 0.9710

23 0.9686 0.9671 0.9860 0.9737

24 0.9698 0.9679 0.9865 0.9743

ial domain, the MSSIM values do not fully comprise the
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oncept of the HVS. The color HVS filters contribute to
etecting the disturbance of gradation and color correlation
f the RGB channel.

In Figure 13, we try to show the visibility characteristics
hroughout the gray level of various kinds of halftone meth-
ds: Floyd–Steinberg error diffusion (raster scan), Shiau–Fan
rror diffusion, vector color error diffusion, and proposed
lgorithm. In the cases of conventional error diffusion, the
ISM values are lower than that of the proposed algorithm

hroughout the gray level of 0–255. Especially, the disconti-
uity of the gradation characteristic is shown in the case of

he vector color error diffusion. From the results, the visibil-
ty characteristic of HED is outstanding compared to that of
he conventional halftone method. The numerical data of
ISM is given in Table I.

esults for Natural Images
e compare the results of Floyd–Steinberg error diffusion

raster scan), Shiau–Fan error diffusion, vector color error
iffusion, and the proposed algorithm with the source of the
elliptical ramp” image in Figure 14 and the “closed rose”
mage in Figure 15. The size of source images is 256�256
ixels. In Figs. 14(b)–14(d), false textures are prominent in

Figure 14. Results of the “elliptical ramp.”
he middle of elliptical ramp gradation. But as shown in Fig. t

00
4(e), there is no structural pattern caused by the error dif-
usion in the case of the proposed algorithm. In addition,
he proposed algorithm does not suffer from the directional
rtifacts, such as diagonal worms, which appear in the ellip-
ical ramp edge and highlight area. The gradation of color
endition is also better for the proposed algorithm. The
hite dots in Figs. 14(b) and 14(c) are replaced by the mix-

ure of red, green, and blue, which is less visible. The nu-
erical data of CISM are given in Table II.

ONCLUSION
n this paper, we proposed a new error diffusion algorithm.
he proposed algorithm is very simple, easy to implement,
nd can reduce the structure artifacts while keeping the ad-
antages of the error diffusion. We use the concept of per-

able II. Numerical data for natural images: Color image similarity measure �CISM�.

F/S E.D.
Raster Scan

Shiau–Fan
E.D.

Vector Color
E.D.

Proposed
HED

lliptical ramp 0.69 0.69 0.87 0.90

losed rose 0.74 0.61 0.69 0.75

Figure 15. Results of the “closed rose.”
urbing error filter weight using the mask, which is selected

J. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
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ith a pseudorandom number. The results of the proposed
ethod and conventional error diffusion were compared to

he natural image. In addition, the proposed algorithm was
valuated with the objective assessment tools, halftone sta-
istics, and CISM. We improved the gray expression using
he mask and pseudorandom number. The color visibility
as also improved by using the mixed error diffusion weight
ethod. The proposed algorithm has good performance for

mproving the gradation characteristics and reducing the
tructural pattern induced by conventional error diffusion.
or future work, we will try to investigate the possibility of
daptation to the flat panel display.
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