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Abstract

Digital halftoning is essential to print or display a continuous tone
with binary devices. Error Diffusion (ED) has been a major stream
to produce a pictorial image on inkjet prints, but is not always
acceptable for commercial printing or EP printer, because it
generates the dispersed dots hard to print.

This paper proposes a novel method for generating ordered dither
mask using ‘“magic square”. Magic square provides spatially
balanced threshold values in row, column, and diagonal directions
by the rule of “even-sum”. The proposed magic square satisfies
the energy minimum criterion in the local area and is expandable
to a large scale for sufficient gray scales. We selected the magic
square candidates with Fourier spectra concentrated in the middle
spatial frequency to produce a smoothed gradation suitable for
LBP or commercial printing. The paper introduces a systematic
method for expanding small mask to large mask by “master-slave”
algorithm. The experimental results show the improved grayscale
reproduction with reduced artifacts in comparison with the
conventional Bayer dither or ED.

Introduction

During past 40 years, so many digital halftoning methods have
been developed.' They are divided broadly into two categories of
“independent” or “adaptive” thresholding as shown in Fig. 1.
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Figure 1. Categories in Digital Halftoning

Recently “Blue Noise Mask™* or “statistical screen” is widely
noticed as a substitute for ED or classical “halftone screen”
because of high-speed and high-resolution and “Green Noise
Mask™ as a compromise plan applicable to Electro-Photographic

(EP) print or conventional printing with ‘“small-clustered but
dispersed” dots.

Ordered Dither and Magic Square Masks
“Ordered Dither” is a most easy and fast method for bi-level
halftoning. The ordering rule in threshold values was first given by
Limb’ as 2 x 2 minimum mask and extended to general size of 2" x
2" by Bayer' as follows.
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( Basic by Limb) ( Extended by Bayer) (1)

Bayer mask is known to generate the dots pattern with the highest
spatial frequency but has a drawback of “textural visibility” in
tonal gradation, while ED gives the better tonal rendition but
causes unwanted “wormy pattern”.

In this paper, we introduce a “Magic Square (MS)” in place of
ordered dither mask. MS originates from ancient China in 2000
B.C., which was discovered as 3 x 3 figures carved on the shell of
a tortoise as shown in Fig. 2. This is the minimum MS whose
figures “1~8” are uniquely ordered to have the same sum of “15”
in any row, column, and diagonal cells in 3 x 3 matrix.
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Figure 2. World-first Magic Square in B. C. 2000 at China

There are various types of magic square. Roughly they are
classified into “perfect MS” having equal sum of figures in all row,
column, and diagonal cells, and “imperfect MS” not equal in
diagonal. As the dimension N increases, the number of MS runs
into astronomical figures, for example, 880 for N=4, 275,305,224
for N=5, and becomes too numerous to be counted for larger N
than 6.

The threshold value D=[d, ] in MS mask is modified to take integer
value starting from zero as 0 <d_ < N-1.

mn

The total sum of [d, ] is given by:

N N*(N’ -1
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2
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The local sum of [d,,,] in each row m and column » equals:

N N 1
Srow:m = zdmn = Scal:n = den :_SN

m=1 n=1 N (3)
Figure 3 shows an example of N=4 MS mask in comparison with
that of Bayer’s ordered dither. The well-known Bayer matrix in (a)
is characterized by the large and small threshold values are
alternately arranged across one to next cell in each row and column
of matrix [d ]. Although this feature generates the dithered dots
pattern with the highest spatial frequency, the figures’ arrangement
in threshold matrices [d ] is not so well balanced in local as
compared with that of MS. While, (b) and (c) are the examples of
“imperfect” and “perfect” MS with §=120 and S = S, =30.
Among many “perfect” MS, (d) is a special type called “super
perfect” with the local sum equal to 30 in the 2 x 2 cells of center,
four corners, most left/right of 2 center rows, and most upper/lower
2 center columns. It is known 48 “super perfect” exist among 880
MS for N=4 in total. Furthermore, we found “perfect” MS (e) and
(f) with the local sum equal to 30 in all of adjacent 2 x 2 cells. We
call them “pan-perfect” MS, which are expected to have the well-

balanced characteristics similar to “super perfect” MS.

Interlace-structured Magic Square

The major purpose of our paper is to find the MS masks to generate
“small-clustered & moderately dispersed” dots than the “highly
dispersed*‘ Bayer or ED.

The mask size of ordered dither should be larger than 8 x 8 to
reproduce a continuous tone. However it’s impossible to search all
possible MS for N=8, because of the astronomical number of
combinations.

Hence, firstly we tried to extract the candidates with

1. strong Fourier spectra for threshold mask in “middle” spatial
frequencies by applying DCT
2. interlaced-structure in threshold entries like as Bayer.

By chance, two distinctive MS, one designed by 1. Hoshi (1958)
and other by M. Saito (1991) were discovered from hundreds of
known 8 x 8 MS.

I. Hoshi’s MS
The “perfect” MS by I. Hoshi has an interlaced structure in Fig. 4
(b) like as Bayer in (a). Its mask [d ] is arranged in “stepped

stones” by four pair of entries with DCT spectra more concentrated
in middle frequencies than Bayer.

M. Saito’s MS
The threshold mask [d ] by M. Saito in Fig. 3(c) is uniquely

interlaced in “rhombic” structure and DCT spectra more

concentrated in middle frequencies than 1. Hoshi.
Among these two, M. Saito’s MS attracted our attention.

In our preliminary experiments, Saito’s MS showed the better tonal
renditions for natural images than Bayer.
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(e) Pan-Perfect MS [E]
Figure 3.

(f) Pan-Perfect MS [F]

Pan Magic Square and Its Extension

Our “pan-perfect” MS [E] or [F] in Fig. 3 is more interested
because their threshold matrices have a marvel of order and
neatness interlaced in geometry.

As the size of matrices is not enough to use, we developed a
“master-slave” method for extending them into large size.

Master-Slave Extension Method for MS

Magic square has the basic characteristics of “additivity” and
“proportionality” between the two different masks that can
produce a new MS.

Figure 4 illustrates how a small size MS is extended to large size in
the case of M=N=4.

The master MS with dimension M is extended to M x N by a
combination of slave MS with dimension N as follows.

1. Magnify the entries by N’ in master mask D,, =[m(i, j)]: i,
Jj=1~M, and repeat copies M times both in row and column
direction resulting in MNxMN enlarged mask.

2. Add the entries in slave mask D =[s(k, D]: k, I=1~N to each
corresponding MxM block of enlarged mask.”

The threshold mask of extended new “pan-perfect” MS D, =[e(m,
n)]: m, n=1~MN is simply calculated by
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e(m, n) =M m(Modli—1,M |+ 1,Mod[j 1, ]+1)

+ s(Floor|(i = 1yM |+1, Floor|(j — 1y ]+1)

@

Where, Mod[e] and Floor[e] denote the modulo-M operator and
the round operator to integer omitting the fractions.
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M. Saito’s Matrix and DCT spectra (AC)
Figure 4. Matrices and DCT spectra of MS vs. Bayer
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Figure 5. Extension of MS by “master-slave” system

DCT Spectra of Extended MS Matrices

Figure 6 shows some examples of matrices displayed as a gray
pattern and their DCT spectra for MN =16 “pan-perfect” MS
extended from 4 x 4 [E] or [F] in Fig. 5. [E][E] or [E][F] denotes

master=slave=[E] or master=[E] and slave=[F].

In the proposed “master-slave” method, the spectral feature of

“master” appears stronger than “slave” in its DCT.

It shows uniquely concentrated spectral distributions as compared

with that of broadly spread Bayer’s.
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Figure 6. Example of extended MS and its DCT spectra
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Experimental Results

Figure 7 shows a part of close-up in tonal rendition. Different
textures are visible in Bayer (a) and specified regular and irregular
patterns are striking in ED (b). Similar textures are existent in our
proposed MS but less visible in (c) or (d). Our “pan-perfect” MS
[F] worked excellent in gray scales.

Figure 8 shows a result for natural color images. When looking the
sample (a) on display, ED may be best and the proposed MS [F][F]
will come next, but better than Bayer in the background sky of
“Sphinx”. In sample (b), the proposed MS resulted in the better
tonal rendition than ED with unwanted “wormy pattern” in “red
pimiento”.

However, we have not examined all of the possible “pan-perfect”
MS yet and a program for searching the better MS systematically is
under planning.

Discussion

Bayer’s dither is designed under a clear criterion to have the
maximum spatial frequency. This criterion is simply satisfied for 2
x 2 minimum matrix D, by Limb and systematically extended to a
large size D, (N=2") by Bayer. Surely Bayer’s array gives the
highly “dispersed” dots, but the texture changes in each gray level
cause visible artifacts in tonal reproduction with wide-spread
Fourier spectra.

Ostromoukhov et al’ reduced these artifacts by applying a “rotated
Bayer mask” replicated in discrete Cartesian coordinates. This
simple idea has the same objective as our MS to generate “small
clustered” dot patterns. We have approached to this objective from
a different point of view.

1. The entries in Bayer’s matrix are strongly interlaced with a
four pair of “alternating” large and small figures in row and
column direction but not so well balanced locally.

2. The entries in perfect MS have the equal local sum in all row,
column, and diagonal well-balanced entirely.

3. Inaddition, “super MS” has the extended equal sum to the
nearest neighbor cells.

4. The “pan-perfect MS” maybe a subspecies of “super MS” and
has a unique and a beautiful interlaced structure.

Conclusions

The paper discussed the application of MS to digital halftoning.
We proposed a novel idea for choosing a master MS and a concrete
method for extending the mask size enough to represent smoothed
gray scales.

1. “pan-perfect” MS with the equal local sum in all 2 x 2 nearest
neighbors was selected as a promising candidate for
generating a spatially balanced “small-clustered & moderately
dispersed” dots.

2. The extended “pan-perfect” MS worked better in tonal
rendition than Bayer or ED depending on the images.

MS structured in “perfect” and “interlaced” neatly will be most

hopeful. We have discovered only a few “quasi-best” candidates
but more chances are still left for future works.
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' (a) Bayer Ordered Dither

(b) Floyd & Steinberg Error Diffusion

() Extended Magic Square [F][F]

(d) Extended Magic Square [F][E]

Figure 7. Tonal reproduction in a part of gray scales

Proposed Magic Square [F][F]
Figure 8. Reproduced images (a) “Sphinx” and (b)"Onion”

References

1. J. F. Jarvis et al, A survey of techniques for the display of continuous-
tone pictures on bilevel displays, Comp. Graph. Image Processing, 5, pp.
13-40, (1976).

2. J. O. Limb, Design of dither waveforms for quantized visual signals,
Bell Syst. Tech. J., 48, 7, pp.2555-2582 (1969)

Society for Imaging Science and Technology



. B. E. Bayer, An Optimum Method for Two-Level Rendition of
Continuous-Tone Pictures, Proc. IEEE Intl. Conf. Com., 1, 26-11-26, 15
(1973).

. R. W. Floyd and L. Steinberg, An Adaptive Algorithm for Spatial Grey
Scale, Proc. SID, 17(2), pp. 75-77 (1976).

. R. Ulichney, Digital Halftoning, The MIT Press (1987)

. T. Mitsa and K. J. Parker, Digital halftoning technique using a blue-
noise mask, J. Opt. Soc. Am., A 9(11), 1920-1929 (1992)

. D. L. Lau, et al, Robust halftoning with green-noise, Proc. IS&T’s PICS
’99 Conf., Savannah, pp. 315-320 (1999)

8. V. Ostromoukhov et al, Rotated Dispersed Dither: a New Technique for
Digital Halftoning, SIGGRAPH’94, in Computer Graphics Proceedings,
pp. 123-130 (1994)

Author Biography

Hiroaki Kotera received his B.S degree from Nagoya Inst. Tech. and
Doctorate from University of Tokyo. He joined Matsushita Electric
Industrial Co. Since 1973, he worked in digital image processing at
Matsushita Res. Inst. Tokyo, Inc. In 1996, he moved to Chiba University. He
is a professor at Dept. Information and Image Sciences. He received
Johann Gutenberg prize from SID in 1995 and is a Fellow of IS&T.

215t International Conference on Digital Printing Technologies Final Program and Proceedings 407



	33264
	33265
	33266
	33267
	33268
	33269
	33270
	33271
	33272
	33273
	33274
	33275
	33276
	33277
	33278
	33279
	33280
	33281
	33282
	33283
	33284
	33285
	33286
	33287
	33288
	33289
	33290
	33291
	33292
	33293
	33294
	33295
	33296
	33297
	33298
	33299
	33300
	33301
	33302
	33303
	33304
	33305
	33306
	33307
	33308
	33309
	33310
	33311
	33312
	33313
	33314
	33315
	33316
	33317
	33318
	33319
	33320
	33321
	33322
	33323
	33324
	33325
	33326
	33327
	33328
	33329
	33330
	33331
	33332
	33333
	33334
	33335
	33336
	33337
	33338
	33339
	33340
	33341
	33342
	33343
	33344
	33345
	33346
	33347
	33348
	33349
	33350
	33351
	33352
	33353
	33354
	33355
	33356
	33357
	33358
	33359
	33360
	33361
	33362
	33363
	33364
	33365
	33366
	33367
	33368
	33369
	33370
	33371
	33372
	33373
	33374
	33375
	33376
	33377
	33378
	33379
	33380
	33381
	33382
	33383
	33384
	33385
	33386
	33387
	33388
	33389
	33390
	33391
	33392
	33393
	33394
	33395
	33396
	33397
	33398
	33399
	33400
	33401
	33402
	33403
	33404
	33405
	33406
	33407
	33408
	33409
	33410
	33411
	33412
	33413
	33414
	33415
	33416
	33417
	33418
	33419
	33420
	33421
	33422
	33423
	33424
	33425
	33426
	33427
	33428
	33429
	33430
	33431
	33432
	33433
	33434
	33435
	33436
	33437
	33438
	33439
	33440
	33441



