IEEE TRANSACTIONS ON IMAGE PROCESSING, VOL. 9, NO. 5, MAY 2000 923

Digital Color Halftoning with Generalized Error
Diffusion and Multichannel Green-Noise Masks

Daniel L. Lau, Gonzalo R. ArgeéSenior Member, IEEEand Neal C. GallagheFellow, IEEE

Abstract—in this paper, we introduce two novel techniques for The problems of moiré and screen angles are avoided in
digital color halftoning with green-noise—stochastic dither pat- frequency modulated halftoning where continuous tone is
terns generated by homogeneously distributing minority pixel clus- produced by varying the distance between printed dots and
ters. The first technique employs error diffusion with output-de- . . .
pendent feedback where, unlike monochrome image halftoning, an not varying the size. Typ',ca”)” FM halftones ale pmduce‘?'
interference term is added such that the overlapping of pixels of Py the process of error diffusion which creates a stochastic
different colors can be regulated for increased color control. The arrangement of dots. Besides avoiding moiré, FM halftoning,
second technique uses a green-noise mask, a dither array designedyy isolating minority pixels, maximizes the spatial resolution
to create green-noise halftone patterns, which has been constructedof the printed image relative to the printer [2], but this distri-

to also regulate the overlapping of different colored pixels. As is the buti | S th imeter-t tio of orinted
case with monochrome image halftoning, both techniques are tun- Ution aiso Maximizes the permeterio-area rato or printe

able, allowing for large clusters in printers with high dot-gain char- ~ dots [3]—making FM halftones more susceptible to printer
acteristics, and small clusters in printers with low dot-gain charac- distortions such as dot-gain, the increase in size of a printed

teristics. dot. Whether a function of the printing process (mechanical
Index Terms—AM, color, dither techniques, FM, green-noise, dot-gain) or of the optical properties of the paper (optical
halftoning. dot-gain), dot-gain causes the printed halftone to appear darker

than the original ratio of white-to-black pixels [4]. In printers
with high dot-gain characteristics, AM halftoning, with its

I. INTRODUCTION . . .
T ) ) ] lower spatial resolution and moiré, may be the preferred tech-
D IGITAL halftoning is a technique used by binary display,jq e  as its clustered-dots have the lower perimeter-to-area

devices to create, within the human eye, the illusiopio.
of continuous tone. Designed to mimic analog techniques, pn giternative to AM and FM halftoning, Levien's [5] error
dot-clustered ordered dithering or amplitude modulated (AMy¢sion with output-dependent feedback is an AM-FM hybrid
halftoning produces this illusion by varying the size of roungl,icp, creates the illusion of continuous tone by producing a sto-
printed dots which are arranged along an ordered grid. WhgRistic patterning of dot clusters which vary in both their size
using AM halftoning, the parameters of particular importancg,q in their separation distance. The major advantage, of this
are the lines-per-inch (Ipi) or the number of rows/columnse,y technique over prior error diffusion schemes, is that by ad-
of the regular gridl and the screen angle or the orientatiof,qiing 4 single parameter, the output s tunable—capable of cre-
of the regular grid relative to the horizontal axis. Typicallyaiing halftones with large clusters in printers with high dot-gain
monochrome screens have an anglésfas the human visual oparacteristics and small clusters in printers with low dot-gain
system is least sensitive to diagonal artifacts [1]. characteristics. Error diffusion with output-dependent feedback,
In color printers, the illusion of continuous shades of color igerefore, can trade halftone visibility for printer robustness.
produced by superimposing the binary halftones of cyan, ma-gy,gied by Lawet al. [2], Levien's technique creates patterns
genta, yellow, and black (CMYK) inks. As the dots of an AMyegribed in terms of their spectral content as green-noise—con-
halftone form aregular grid, clustered-dot dithering suffers fro'i%ining no low or high frequency spectral components. This
moiré—the secondary interference patterns created by superiflaen_noise model is presented in accordance with Ulichney’s
posing two or more regular patterns. In order to minimize thg; pye-noise model which describes the spectral characteris-
appearance of moire, the screens of cyan, magenta, yellow, gad of the ideal error-diffused halftone patterns as having no
black are typically oriented at the angles1af, 75°, 45°, and |6y frequency content. Furthermore, as Mitsa and Parker [7]
0° to create a pleasarsettepattern. used the spectral characteristics of blue-noise to generate the
blue-noise mask, a binary dither array which greatly reduces

, _ _ _the computational complexity associated with FM halftoning,
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CIE La*b* space [9]. Yao and Parker [10] have even introduced u n
the blue-noise mask to color halftoning.
This paper introduces, to color printing, green-noise u
halftoning. The first technique extends error diffusion with m
output-dependent feedback to not only cluster pixels of like u
color but also to regulate the clustering of pixels of different
colors. That is, with this new technique, the halftoning of
different colors can be correlated such that the superimposing
of different inks can be increased or decreased. This is in direct n ]
contrast to independently halftoning each channel—offering |
far greater control of resulting halftone patterns.
A second technique, to be introduced in this paper, incorpo- u
rates a desired correlation between colors to construct a mul- n n
tichannel green-noise mask—extending the capabilities of the o
prior work in [8] to include color halftoning. By design, this ne"‘}t:r:g'p}éir ;‘)r?é'l";'tigg;’f)(;grz t{)i'r’];y%ime: ;;lt;'r:. +dr} usedto calculate
mask maintains all the desirable attributes of the monochrome
mask (isotropic, tunable coarseness) while also regulating the

overlapping of pixels of different colors. point process, the statistical propertiestoére invariant to ro-
tation, and thereforel(r, #) for an isotropic process is written
Il. HALFTONE STATISTICS asR(r) and is referred to as thaair correlation R(r) is ex-

. L ) ) _ plicitly defined as
Point process statistics have a long history in stochastic geom-

etry [11]-[13] and were recently introduced to digital halftoning
by Lauet al.[2] for the study of periodic dither patterns. In this _ E{¢(Rn(7))|plm] = 1}
framework,® is a stochastic model governing the location of o E{¢(Rn (1)}
points inR2. ¢, a sample of®, is the set{z,;: i = 1,2, ---}

wherez; is a point in®?, and the scalar quantity(B) repre- the ratio of the expected number of minority pixels located in
sents the number aof;’s in B, a subset ofR2. In terms of a the ringR,,,(r) = {n: r < |n —m| < r + dr} (Fig. 1) under
monochrome digital halftone pattern, a point is defined to betlae condition thaf,[m] is a minority pixel to the unconditional
minority pixel [a white (1) pixel for gray level) < g < 1/2and expected number of minority pixels located#, (). R(r) is

a black (0) pixel for1/2 < g < 1]. also the averag€[n; ] of all pixels in the sef?,,,(r).

So givenl,, a binary dither pattern representing a mono- R(r) offers an especially useful tool for characterizing a pe-
chrome image of constant gray levelg[n] = 1 indicates that riodic dither patterns as illustrated in Fig. 2 where three dither
the pixel I,[n] is a minority pixel; otherwiseg[n] = 0. As a patterns representing gray lewgl= 15/16 are shown with
random quantity, the first order moment or the expected valuetbgir corresponding pair correlations (both the calculated and
¢[n] is itsintensityZ[n], which is the unconditional probability the ideal). The first pattern (left) is a white-noise dither pattern,
that Z,[n] is a minority pixel withZ[n] = g for 0 < g < 1/2 and as such has a pair correlati®jr) = 1 for all r as the
andZ[n] = 1 — g for 1/2 < g < 1. For a stationary point value of any single pixel id, is independent of all other pixels.
process where the statistical propertie®adire independent of The name (white-noise) derives from the fact that the resulting
n,I[n] = 7. power spectrum remains constant for all frequencies [6].

A second metric for characterizing the statistical properties The second pattern (center) is composed of blue-noise which
of ¢ is thereduced second moment measkife; m] defined represents gray levelby distributing the minority pixels within

R(r)

)

as 1, as homogeneously as possible—resulting in a dither pattern
where minority pixels are placed, on average, a distance of
Kln; m] = E{¢[n]|¢p[m] = 1} ) apart where
E{¢[n]}
the ratio of the probability that pixel,[»] is a minority pixel N = D/\/3, foro<g<1/2 3
under the condition thaf,[m] is a minority pixel to the un- b= {D/\/lT7 forl/2<g<1 ®)

conditional probability thaf,[n] is a minority pixel.X[n; m]
can be interpreted as a measure of the influence of a minoriyd D is the minimum distance between addressable points on
pixel atm on the pixelly[n] with X[n; m] > 1 indicating the display [6], [7]. Referred to as thinciple wavelengttof
thatf,[n] is more likely to be a minority pixel givef,[rn] and blue-noise ), is illustrated inR () as series of peaks at integer
Kln; m] < 1indicating thatl,[»] is less likely to be a minority multiples of,. The term “blue-noise” denotes that the spectral
pixel. K[n; m] = 1 indicates thatl,[m] has no influence on components of a blue-noise dither pattern lie almost exclusively
I,[n], and in the case of a dither pattern constructed from uim-the high (blue) frequency range.
correlated (white) nois&(’[n; m] = 1 for all n andm. The final pattern (right) is green-noise where gray leved

For a stationary point process|n; m| = K(r, 8) whereris represented by homogeneously distributed minority pixel clus-
the distance fromn to n andé is the direction. For an isotropic ters. These clusters are separated, center-to-center, by an av-
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Fig. 2. Pair correlationsR (r), for (left) white-noise, (center) blue-noise and (right) green-noise dither patterns representing gray/égel

erage distance of,, the principle wavelengttof green-noise, monochrome binary dither patterhg, I ,, - - -, 1. Whereg;
where is the gray level of patterfy,, and¢; is the corresponding point
process.
D9/, for0<g<1/2 In this new framework, the quantity; ;[n; m]isthe reduced
A = (4) second moment measure between colors such that

D/ (1—g)/M, for1/2<g<1

c e ml = E19a [n]l¢g, [m] = 1}
—_— . . . . i,j[nv m] -

and M is the average number of minority pixels per cluster. E{py[n]}

In R(r), it is the separation of clusters, apart that leads to . ) " . _ .

a series of peaks at integer multiplesigf furthermore, itis the S the ratio ofthe conditional probability thag, [»] is a minority

clustering of minority pixels that leads to a nonzero componefi€! given that a minority pixel exists at sampte of ¢, 0

for » near zero WithR () > 1 for 0 < r < r.. The parameter the unconditional probability that,, [n] is a minority pixel [8].

. is thecluster radiusand is related ta7 as Similar to K[n; m], K; ;[n; m] = 1 indicates that the location

¢ of minority pixels in colorsi andj are uncorrelated. The pair

correlation between coloig andg; follows as

(6)

w2 =N
E{¢y, (R ()| g, [m] = 1
whererr? is the area covered by a circle with radius Lau Ri j(r) = {25 é < )})J%{[m] )
et al. [2] note the),, is most apparent iR () when the varia- (g, (B (1)}
tion in cluster size is small as increasing the variation leads & ratio of the expected number of minority pixels of cajor
“whitened” dither pattern where the peaks and valley®6f) | ated in the NQRu(r) = {n: v < |n—m| < r+ dr}
become blurred. The term “green” refers to the resulting Palder the condition thap,, [m] is & minority pixel to the un-

terns’ predominantly mid-frequency spectral components Wil jitional expected number of minority pixels with colpr
the blue-noise model a limiting cas&/(= 1). located inR,,(r)

()

A. Color Halftonin
9 I1l. GENERALIZED ERROR DIFFUSION

In the case of a color halftone, the monochrome mdgel
must be revised as a dither pattern is now composédailors
where, for generality, the quantity is an arbitrary integer. For  In error diffusion (Fig. 3), the output pixeln] is determined
RGB and CMYK, where images are composed of the additilyy adjusting and thresholding the input pix¢k] such that
colors red, green and blue or the subtractive colors cyan, ma-
genta, yellow, and black? = 3 and 4, respectively. So for
color images, the halftone pattefp is now composed of the yln] = {

A. Monochrome

1, if (z[n] +2%[n]) >0
0, else

8
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yin]

x¢[n] y¢[n]

Fig. 3. Error diffusion algorithm as introduced by Floyd—Steinberg [14].

. . L. Fig. 4. Error diffusion with output-dependent feedback algorithm as
where z¢[n] is the diffused quantization error accumulated introduced by Levien [5].

during previous iterations as

M
n]szi-ye{n—i] ©
N [n] +
with y¢[n] = y[n] — (x[n] + z°[n]) andzz . b = 1. Using
vector notation, (9) becomes +
z¢[n] = b7 y*[n] (10) ¢ [n] = ye[n]

whereb = [by, by, - - -, by]” andy®[n] = [y°[n — 1], y°[n —
2]’ ey Y [71 - M]]T Fig. 5. Generalized error diffusion algorithm.

In [5], Levien adds an output-dependent feedback term

Fig. 4) to (8 h that
(Fig. 4) to (8) such tha wherey;[n] is the binary output pixel of colat. Assuming all

yln] = { 1, (z[p]+2z°n]+2"n]) >0 (11) © channels are halftoned independently, the binary output pixel
‘ 0, else y;[n] is determined as
wherez"[n] is the hysteresis or feedback term defined as T e h
N [n] {(1)’ gé?[n] +ai[n] +z{[n]) 2 0 (16)
n]—hZaZ yln — i (12)

wherez$[n] andz?[n] are the error and hysteresis terms, re-

spectlvely, for theith color. The error term, being a vector, is
with 307 —o @ = landh is an arbitrary constant. Referred to ag.yjated as

thehysteresis constant acts as a tuning parameter with larger

h leading to coarser output textures [5]/aimcreasesi > 0) by OT o 0 yz[ n}
or decreasedi( < 0) the likelihood of a minority pixel if the n] = 0 b -+ 0 y5[n]
previous outputs were also minority pixels. Equation (12) can = : P, :

also be written in vector notation as o 0 ... bg ye[n]

2"[n] = ha''y[n] (13) t[n] = BY“[n] 17)
wherea = [a1, az, -+, an]’ andyln] = [y[n — 1], y[n — where b; are the filter weights regulating the dif-
2], .-+, yln—N]|*. The calculation of the parametey§n] and  fusion of error in the ith channel andyS[n] is the
z¢[n] remains unchanged in Levien’s approach. So in summagyctor [yS[n — 1], %5[n — 2], ---, %i[n — NJ]T com-
of Levien’s error diffusion with output-dependent feedback, thgosed exclusively from errors in channél such that
binary output pixely[n] is determined as viln] = win] — (zn] + z$[n]). The hysteresis term

—h H
1, i (2fn] + 8Ty [n] + haTy[n]) > 0 Z"[n], also a vector, is calculated as
uln] = (14)

0, else hy 0 -~ 0 af 0 .. 0
wherey[n] = [y[n — 1], y'[n — 2}, -+, ' [n = N such 5, 0 hy -+ 0|0 af -+ 0
thaty*[n] = yfn] — (xln] 4 2°[n]) andyfin] = [yl — 1], yln RS
2], -+, yln — NIIT. 0 0 - hello 0 ac
B. Color y:[n]

Now consider th&'-channel case where an output pixel is not .
the binary pixely[n] but theC-dimensional vecto§[n] such that :
i [n] yo(n]
h _

gl = | . (15) : : : :
: whereg; are the filter weights and; is the hysteresis constant
yeln] that regulates the diffusion of feedback in thie channel.
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Fig. 6. Pair correlations for CMYK halftone patterns with no diffusion between colors using: (left) Floyd—Steinberg error diffusion weights ystdresis$,
(center) Levien diffusion with small hysteresis constant{ 0.5), and (right) Levien diffusion with medium hysteresis constant(1.0).

Generalized even further, (17) becomes pixel aty; [n]. Finally, we summarize error diffusion by tigen-
1,1T71 be bfc i [n] eralized error diffusion equation
. b1 b3a - by | | Wil 7ln] = T(S(Z[n] + BY“[n] + HAY[n])).  (23)
zén]=| ) _ i ) (19)
o, o ] Luel C. Simulations

where quantization error can now be diffused between channel$Shown in Fig. 12(a) is the resulting CMYK dither patterns
throughb; ;, the error filter weights which regulate the diffusiorcreated by halftoning &6 x 96 pixel color image of con-

of error from channe] to channe; furthermore, (18) becomes: stant color valuez[n] = [7/8, 7/8, 7/8, 7/8]" using the
hii hia - hic Floyd-Steinberg [14] error filter weights with no hysteresis
’ ’ ’ and no dependencies between colors. Before halftoning,

- h2,1 h2,2 hQ,C . . . .
zhn] = } . low-level white-noise was added to the first scan line of the

original color image in order to minimize edge effects and also

hcei he2 -+ hec to unsynchronize the resulting dither patterns. Since in this
a’ﬂl an afc y,[n] configuration where all colors are halftoned exactly the same
a’{ L a’§2 .. “ac ys[n] way and with each color of the original image identical to the

(20) other colors, the resulting pattern of each color will also be

. . o ' identical (synchronized) to the other patterns. So by adding a

ac,1 @c,2 "t @ ¢ yoln] single or even a few lines of low-level noise eliminates this

where the previous outputs of changetan impact all other synchronization between colors; furthermore, adding several
channels wherg; ; # 0 for i # j asa; ; andh, ; regulate the columns of white-noise also minimizes edge effects. In this
diffusion of feedback from channglto <. paper, dither patterns created by error diffusion are the result
Before concluding this section, we make one last, but signifif using a serpentine (left-to-right and then right-to-left) raster
cant, modification to error diffusion (Fig. 5) by first defining thescan on a continuous-tone image where low-level white-noise
thresholding functior?'(-) as (mean = 0, var = 0.1) has been added for the sole purpose
. - 7 of unsynchronizing each channel to both the edge rows and
] _T(a:[n] + (o] + 2t [n]) columns. The halftoned images are then cropped to exclude

=T(z%[n]) (1) those same rows and columns.

wherez@[n] = #[n] + 2¢[n] + ;h[n] is theaccumulatednput For a statistical analysis of the resulting dither pattern, Fig. 6
pixel. TheC x C interferencematrix $ is added to (21) as  (left) shows four plots labeled cyan, magenta, yellow, and
- black corresponding to the CMYK dither pattern in Fig. 12(a).
yln] = T(Sx*[n]) (22)  Shown in the first plot (labeled cyan) is the pair correlation be-
such thatS; ; is the influence on the thresholding function otween colors cyan versus cyaR | .(r)], cyan versus magenta
color i by the accumulated input of colgr The effect ofS; ; [R., ..(r)], cyan versus yellowR. ,(r)] and cyan versus black
is to increaseq; ; > 0) or decreases;, ; < 0) the likelihood [R. x(r)]. The small diamonds placed along the horizontal
of a minority pixel aty;[n] based on thékelihoodof a minority axis indicate the principle wavelengths and cluster radii for
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Fig. 7. Pair correlations for CMYK halftone patterns using Levien diffusion with high hysteresis confstantl(5) with: (left) a negative interference term
(Siz; = —0.2), (center) no interference tern{.; = 0), and (right) a positive interference ter$i;(.; = 40.2).

R., .(r). As would be expected for a monochrome image, ttafferent colors with lesse$; ; leading to lesser overlap. That
pair correlationR.. .(r) exhibits blue-noise characteristics ass, given that a cyan pixel is very likely to be printed, minority

the pair correlation shows pixels for magenta, yellow and black are less likely to be printed
1) R.,.(r) < 1for r near zero; at that same pixel location. This behavior is well illustrated in
2) frequent occurrence of the interpoint distange the pair correlations wherg;,; < 1 for R;; > 1. For com-
3) decreasing influence with increasing parison, Fig. 7 (center) [Fig. 12(e)] shows the case wisei®

Having no diffusion between colors and zero interfererte:( the identity matrix (no interference) with a flat pair correlation
I, the identity matrix), the pair correlations between channdl§tWeen minority pixels of different colors. For further compar-
are predominantly flat as minority pixels of colohave no in- 1S0N: Fig. 7 (right) [Fig. 12(f)] shows the case whefas the
fluence on minority pixels of colof. The remaining plots show Matrix defined bys; ; = 1 fori = jands; ; = +0.2 for
similar relationships for colors magenta, yellow, and black. ¢ 7 J- Here, the effect of'is to increase the superposition of

Shown in Fig. 6 (center) are the resulting pair correlatiofBinOrity pixels such that a minority pixel of colemith a high
to Fig. 12(b) where Levien’s error diffusion scheme has bedl€linood of being printed making a minority pixel of any color

implemented with a low hysteresis constant 0.5, no diffu- 7 more likely.

sion between colors and zero interference. With a low hysteresis

constant, this scheme generates blue-noise patterns very similar IV. MULTI-CHANNEL GREEN-NOISE MASKS

to that generated using the Floyd-Steinberg filter weights. Fig. 61,0 green-noise mask is a novel approach to dither array
(right) [Fig. 12(c)] shows Levien's error diffusion scheme with creening where a continuous-tone image is converted to a
medium hysteresis constant= 1.0 where the patterns begin toin 41y halftone image by performing a pixel-wise comparison
exhibit clustering as the average size of a minority pixel clustggnveen the original and the dither array or mask. Previously,
is 1.95 pi>'<els. In each _co]or, the pair correlation exhibits Strorﬁhlftoning with green-noise has implied error-diffusion based
green-noise characteristics as each plot shows methods which although are tunable (capable of creating

1) clustering as indicated By; ;(r) > 1forr < r. (r. = halftone patterns with large clusters for printers with high
0.79); dot-gain characteristics and small clusters for printers with
2) frequent occurrence of the intercluster distange = |ow dot-gain characteristics) carry a high computational cost.
3.95; Now through the use of a green-noise mask, halftoning can

3) decreasing influence with increasimgAs before with create a stochastic patterning of dots with adjustable coarseness
zero influence and no diffusion between colors, the pat with the same computational freedom as ordered-dither
correlations between colors remains predominantly ﬂﬂh]ftomng schemes—an advantage that, for many printing
for all . devices, overcomes the drawbacks of distortions inherent to

The dither patterns of Fig. 7 illustrate the effects$hfthe dither array halftoning such as tiling artifacts. Many such

interference matrix, with Fig. 7 (left) [Fig. 12(d)] showing thedrawbacks, though, can be minimized and sometimes visually
case whereS is the matrix defined bys; ; = 1 fori = j and eliminated using device dependent compensation techniques.

Si j = —0.2for< # j. In all instances wher§; ; < 0, § has Introduced in [8] for monochrome images, the green-noise
the effect of reducing the superposition of minority pixels ofmask is defined by the sefp,: 0 < g < 1}, of M x N
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binary green-noise dither patterns with one pattex,corre-
sponding to each possible discrete gray lev€R56 patterns
for 8-bit gray-scale images). This set satisfiesgtacking con-
straintthat for any two gray-levels andg with & < g, ¢5, C ¢,

(if px[m, n] = L1theng,[m, n] = 1). Asaconsequence, a pixel
of the M x N dither array or masl A[m, n] is defined simply

as the minimung for which ¢,[m, n] = 1. The size parameters
M and N are arbitrary integers with larger masks constructed
by tiling edge-to-edge the origindll x N mask such that the

output pixel,y[m, n], after halftoning the input pixelr;[m, n], Fig. 8. Pair correlation shaping functioR,(r), used to construct green-noise
is defined as with principle wavelength\, .

Q

=]

05 1 15 2 25 3 35 4 45 5
RADIAL DISTANCE O\.g)

SHAPING FUNCTION
° —_

ylm, n] = T(z[m, n] — DAmody (m), mody(n)]) (24) probability of every element directly adjacent is set to zero; fur-

whereT’ is the thresholding function of (21). thermore, ask(r) has a peak ak,, the blue-noise principle
For color halftoning, the multichannel green-noise mask Y¢avelength, all elements a distankgefrom each new minority
defined by the sef¢. ,: ¢ = 1,2,---,Cand0 < g < 1} pixel should be increased to ensure a peak exists in the pair cor-

whered. , is the binary green-noise dither pattern for cator relation of the final pattern.

and intensity level (for 24-bit RGB color this corresponds to I practice, how much to increase or decrease a given proba-
256 patterns per channel 8rx 256 total patterns). Like the bility, in BIPPCCA, is defined according t&(r), thepair cor-
monochrome set, this set must also satisfy the stacking cé@lation shaping functioriR(r) is a user-defined function based
straint but only within a given color such thét ,[m, n] =1 ©Nn the desired pair correlation with increasiRgr) leading to

if ¢, x[m, n] = 1 for color ¢ and intensity leveld andg with ~ Stronger correlations and decreasiR¢r) leading to reduced.

k < g. A pixel, DA[m, n], of the multichannel green-noiseAt R(r) = 0, minority pixels are completely inhibited. In de-

mask is therefore defined as: signingR (r), itis important to note thak () does not have ab-
min {g: ¢1_4[m, n] = 1} solute control over the resultirg(r), but with careful tuning,

. min {g: ¢o_4[m, n] = 1} R(r) will approximate the shape & (). Shown in Fig. 8 is the

DA[m, n] = i (25) shaping function used by Lat al.[8] to construct green-noise

: dither patterns. This function has peaks at integer multiples of
min {g: ¢¢, 4[m, n] =1} A4, the green-noise principle wavelength, and valleys mid-way
where the output after halftoning is defined by between. The parametétis a tuning parameter and is shown in
glm. n] = T(Z[m, n] — DA[mody,; (m), mody(n)]). (26) [8]1t0 create visually pleasing patterns when= 1.10. Being
piecewise linear, this pair correlation shaping function is an es-
A. Monochrome BIPPCCA pecially simple approximation of the pair correlation of the ideall

green-noise pattern for a given gray level and cluster size, but

The physical construction of binary dither patterns for they jiself, resulting dither patterns tend to look noisy and nonsta-
monochrome green-noise mask is done through BIPPCCA (tk

. . . _ ionary.
Bln:_ary Patt.ern Pair Correlgnon Construction Algorithm). The Because stationarity is a necessary property for digital
basm_pre_rmsg of BIPPCCA |§totake an empty array (Conta'”,'_’Pl%‘lIftoning [6], the most likely pixel will no longer be the
no minority pixels) and assign, to each element, a probabilifisiority pixel with the highest probability, but instead be the
of that element becoming a minority pixel. BIPPCCA will the’?najority pixel with the highest produét[m, n] x CM[m, n]

convert the most likely elements to minority pixels, one at @nere Ulm, n] is the probability of a given pixel and

time, until the ratio of black to white pixels ig, the desired ¢ ps(,,, 1] is a function of the density of minority pixels within

gray level. The most likely element is the majority pixel withpe gyrrounding area. Referred to as tbecentration matrix
the highest probability during the current iteration, and in ordef 3, makes majority pixels more likely to become minority

for the resulting dither pattern to have desired statistical PrO9Bixels in areas of low minority pixel concentration and less
erties (i.e., a desired pair correlation), BIPPCCA will adjust, rﬁ;@y in areas of high.
each iteration, the probability of each majority pixel in the array |, BIPPCCA, the concentration of minority pixels is mea-

according to the current set of minority pixels. _sured as the output after applying a low-pass filtér,», using
In BIPPCCA, the initial assignment of probabilities is done igj;cjar convolution. In [8], Lat al. construct green-noise pat-
an uncorrelated manner, but as each new minority pixel is addggd s using the Gaussian filtei;. >, defined as

the probabilities of all neighboring majority pixels are adjusted 9

according to the desired pair correlation of the resulting pat- Hpp(r) = exp<%> (27)

tern. ASR(r) is a function of the radial distance between pixels, Ag

a majority pixel's probability is increased if its radial distancevhere Hyp has a wide-spread impulse response for laxge
from the newest minority pixek, correspondst®(r) > 1and where clusters are far apart and a narrow-spread impulse re-
decreased if corresponds t&R(r) < 1. As an example, con- sponse for small, where clusters are close together. How much
sider using BIPPCCA to construct a blue-noise pattern whetieincrease or decrease a probability according to the minority
the pair correlation is zero fornear zero. This feature @(r) pixel concentration is then determined by the user through a
is achieved in BIPPCCA if with each new minority pixel, thenapping of the filtered output to the concentration matrix. Fig. 9
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min{H,, ®¢} max{H,, ®¢}
{HLP ® ¢}

Fig. 9. Mapping function used to construct the concentration magtix
from the output after filterings with the low-pass filterH ;, » using circular
convolution.
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Fig. 10. Pair correlation shaping functiof®; ;(r) (solid line) andR;, ;(r)
(dashed line), used to construct color green-noise with principle wavelaggth
and decreased overlap of minority pixels of different colors.

As described, the above algorithm is not suited to the design of
green-noise masks as the stacking constraint will not be satisfied
for all patterns. BIPPCCA must, therefore, be constrained to
create a patternp,, which is constructed to have, as a subset,
all constructed patterng, for whichk < g. ¢, must also be a
subset of all constructed pattemsfor whichl > g¢.

In order to constrain BIPPCCA, assume first thak 1/2

shows the mapping of concentration values used in [8] to detgf;y thatp, C ¢, C ¢. The first step in then to initialize,

mine CM where{H.p @ ¢,} represents the output after fil-

tering the binary dither pattern of the current iteratigp, with
the low-pass filtet{ 7, . In this mapping, values dtH . p @ ¢, }
are scaled in a linear fashion such thatx {Hrp ® ¢4} — 0
andmin{Hrp ® ¢4} — 1.

to ¢, wheregr[n] = 1 is a minority pixel, instead of an alll
majority pixel array. Step 3 is then applied for each and every
minority pixel in ¢, to the probability matrix{/, of uniformly
distributed random numbers. BIPPCCA then continues at step 2
where, in order to satisfy the constraint tgtC ¢;, only those

In summary, the steps for monochrome BIPPCCA are pgpajority pixels (4[n] = 0) for which ¢,[n] = 1 are considered

formed as follows wherg, is initially an M x /¥ array with no
minority pixels.

1) Create anM x N array, U/, of uniformly distributed
random numbers such théf[m, n] € (0, 1] is the
probability thatp, [z, n] will become a minority pixel.

2) Construct the concentration mati¥/ using a user-de-
fined mapping o H;,» ® ¢,}, the output after filtering
¢4 with the low-pass filtet ;. » using circular convolu-
tion, and then locate the majority pixel i, with the
highest modified probability (the majority pixe}, [, n]
such that/[m, n] x CM[m, n] > Ulo, p] x CM]o, p|
foralll < o < M andl < p < N whereg,[o, p] is
also a majority pixel). Replace that pixeél, [m, ], with
a minority pixel.

3) Given the new minority pixelp,[m, »], adjust the proba-
bility of each and every majority pixeh, [0, p], such that:

(U[07 p])new = (U[07 p])old X 7%(7) (28)

for swapping. BIPPCCA then continues using these modified
steps until a sufficient number of minority pixels in existip.

For the case of > 1/2, the same modifications as above are
used except that, is initialized to¢; where minority pixels are
equal to 0. Step 2 is then constraineddyand notgp,.

¢4 t0 ¢, and applying step 3 for each and every minority
pixel in ¢; to the probability matrix,t/, of uniformly dis-
tributed random numbers. BIPPCCA then continues at step 4.
The second constraint is satisfied in step 2 of BIPPCCA when
locating the maximum likely majority pixel by considering
only those majority pixels i, which correspond to minority
pixels in the constructed patternf, for whichl > g.

In applying thisconstrainedBIPPCCA to mask design, note
that the patterns composing the §ét,: 0 < g < 1} can be
constructed in any order and that order does have an impact
on the construction of each pattern¢sis constrained by the
constructed pattern corresponding to the maximum gray level
that is less thamy and constrained by the constructed pattern
corresponding to the minimum gray level which is greater than

where r is the minimum wrap-around distance frony. While no criteria for choosing an optimal ordering, or even

the majority pixel¢,4[o, p] to the new minority pixel

an initial gray level, has been offered, generating patterns in

¢q[m, n] defined for anM x N array as shown in (29) a random order may offer better results than by constructing

at the bottom of the page.

patterns according to consecutive gray levels. As an example,

4) If the ratio of the total number of minority pixels to thewhen constructing green-noise masks [8], use the interleaved

total number of pixels inp, is equal tog, the desired

ordering{0, 1, 1/4, 1—(1/4), 1/44+ A, 1—(1/4+A), 1/4+

gray-level, then quit with the desired dither pattern give®A, 1 —(1/442A), ---, 1/2, 1/4—A, 1-(1/4—A), 1/4—

by ¢,; otherwise, continue at step 2.

2A, 1= (1/4 =2A), ---, A, 1 — A} whereA = 1/255.

r= \/min{|m— o, M —|m —o|}24+min{|ln —p|, N — |n —p|}? (29)
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Fig. 11. CMYK green-noise dither patterns created using the VBIPPCCA algorithm with: (left) decreased overlapping, (center) uncorrelafgdg\antiap
(right) increased overlapping.

B. Color BIPPCCA 2) Fori = 1,2, ---, C, if the ratio of the total number of

_ _ _ _ minority pixels to the total number of pixels i; ,, is
The physical construction of binary dither patterns for the less thary;, then

multichannel green-noise mask is done through MBIPPCCA
(the Multichannel Blnary Pair Correlation Construction Algo-
rithm). In color, a binary dither pattern representing the color

a) Construct the concentration matiix}/; using a
user-defined mapping §fH . p@¢; ,, }, the output
after filtering ¢; ,, with the low-pass filterHp

g = lg1, g2, -+, gc]* is defined by the set of monochrome using circular convolution.

images{¢1 g, ¢2,g,5 -5 ¢, 90 } Whereg; 4, is the binary b) Locate the majority pixel ing; , with the
dither pattern corresponding to thi color with intensityg;. highest modified probability (the7 majority pixel
MBIPPCCA constructs these monochrome images according to i, [m, n] such thatl;[m, n] x CM;[m, n] >
the previous algorithm, but unlike BIPPCCA, when a minority Uilo, p] x CM;fo, p] forall1 < o < M and
pixel is added to théth color, the probabilities corresponding to 1 < p < N where¢; 4 [0, p] is also a majority
majority pixels of colorj are adjusted according ®; ;(r), the pixel), and replace that pixel; ,.[m, n], with a
desired pair correlation between minority pixels of colpend minority pixel.

. So for a CMYK dither pattern, for each minority cyan pixel c) Given the new minority pixely; ,4,[m, n], adjust
added, MBIPPCCA will make use of the user-defined shaping the probability of each and every majority pixel,
functionsR. .(7), R, (1), Ry, «(7), andRy_.(r) to adjust the é1. 5 ]0, p]forl =1,2, ---, C, such that
probabilities of majority pixels in the cyan, magenta, yellow, and (T1[o, Puew = (Ui[o, plota X R, i(7) (30)

black colors, respectively.

Because stationarity is also a desired property for digital
color halftoning, MBIPPCCA will applyCM just as in the
monochrome case with each color filtered independently of
the others. Returning to the CMYK case, this implies that
the maximum likely majority pixel of the cyan color is the
majority pixel of the cyan color with the highest product
U.[m, n] x CM_.[m,n] where U.[m, n] is the probability
array for cyan pixels and’M.[m, n] is the concentration

where r is the minimum wrap-around distance
from the majority pixel ¢; 4 [0, p] to the new
minority pixel ¢; 4, [m, n].
3) Iffor all colorss, the ratio of the total number of minority
pixels to the total number of pixels i; ,. is equal to
gi, the desired intensity of colar then quit with the de-
sired color dither pattern given by the sgg; 4,: ¢ =
1,2, ---, C},; otherwise, continue at step 2b.
matrix formed by applying a user-defined mapping to th Like BIPPCCA, the above algorithm is not suited to the design
. o ; 5t multichannel green-noise masks as the stacking constraint
concentration of minority Cyan pixels. will not be satisfied for all patterns. MBIPPCCA must, there-
In summary, the steps for MBIPPCCA are performed as fofrq  satisfy the same constraints as BIPPCCA in order to be
lows where{¢; ;: ¢ =1, 2, ---, C}isthe initial set of empty \;seq for mask construction. The first of these two constraints,
M x N arrays. ¢iy C i, issatisfied by firstinitializingp;, ;. to ¢ x,
1) Create asetadlf x N arrays{Ui, Us, ---, Uc}, of uni-  and applying step 2c for each and every minority pixebin,, .
formly distributed random numbers such thatm, n] € MBIPPCCA can then continue at step 3. The second constraint
(0, 1] is the probability that; ,.[m, n] will become a is satisfied in step 2b of MBIPPCCA when locating the max-
minority pixel. imum likely majority pixel in colori by considering only those
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Fig. 12. Color plate 1.CMYK dither patterns with: (a) created via Floyd-Steinberg error diffusion, (b)—(f) created via generalized error diffusion, and (g)—(i)
created via VBIPPCCA.

majority pixels ing; ,. that correspond to minority pixels in thefunction 7@7 ,;(r) shapes the pair correlation between pixels of
constructed patterng; ., forwhich! > g. Note that with these different colors. This pair of shaping functions is used to re-
constraints, patterns of the multichannel green-noise mask chutce the amount of overlap between pixels of different colors
be constructed in any order, and that the order, to which patte[Rgy. 12(g)]. Using this same pair of shaping functions, but with
of any color: are constructed, need not be the same as any otiger ; () = 1 for all =, patterns with no correlation between
colorj. channels [Fig. 12(h)] can be constructed. To create a pattern
where the overlapping of pixels of different colors is increased,
the functionR;_;(r) is set to have the same shapefs;(r)
Before constructing masks, Fig. 10 shows a set of pair cdFig. 12(i)].
relation shaping functions where the functi@?gyi(r) shapes  These patterns of Fig. 12(g)—(i), generated by MBIPPCCA,
the pair correlation between pixels of the same color and there constructed to represenfa x 91 pixel input image of

C. Simulations
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Fig. 13. Color plate 2.CMYK green-noise masks constructed from VBIPPCCA such that: (a) minimizes dot overlap, (b) has uncorrelated overlap, (c) maximizes
overlap, and (d) maximizes overlap for colors cyan and yellow.

constant colotg[n] = [7/8, 7/8, 7/8, 7 /8]T with an average strate MBIPPCCA's ability to capture the same spatial relation-
of 5 pixels per clusterX, = 6.32 pixels). The statistical mea- ships between pixels as those created in Fig. 12(d)—(f) via gen-
sures of the spatial relationships between pixels for these thegalized error diffusion. The key is in the shaping functions, and
patterns are shown in Fig. 11. The results, shown here, demtough these shaping functions, the same relationships between
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(2) (h)

Fig. 14. Color plate 3.CMYK halftoned images of the: (a) original using, (b—d) generalized error diffusion, and (e—h) multichannel green-noise masks.

minority pixels can be encouraged in the design of green-noisigel overlap are employed in masks (a), (b) and (c), respec-
masks. tively. Mask (d) is a special mask designed more to demon-

Mask design can be seen in Fig. 13 (left) where the thre&ate the range of possibilities for dither array generation. In
design criteria: 1) decreased; 2) uncorrelated; and 3) increadieid instance, the colors cyan and yellow are designed to overlap
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while not overlapping with black or magenta. The colors black [3]
and magenta are uncorrelated with respect to each other. The
CMYK-color scales shown in Fig. 13 (right) are given to fur- 4]
ther illustrate the clustering behavior of each mask. By design,
each mask has an average cluster size of 2 pixels at extremlé]
gray levels ¢ = 0, 1) and an average cluster size of 12 pixels at

g =1/2. [6]

(7]

In summarizing this paper, it is important to note that this g
paper does not present a process of optimal color reproducte]
tion but instead offers two new techniques for getting there. Fu['10]
ture work will look at optimizing the parameters of green-noise
for specific output devices as, again, the advantage to using
green-noise is that it is tunable—allowing for various cluster{g}
sizes for various dot-gain characteristics. Previously, techniqués
such as error diffusion with output-dependent feedback and thg3]
green-noise mask could only be optimized or tuned within akm]
given channel/color. Now both can consider the interactions o
the component colors.

Noting Fig. 14(a) where the continuous tone CMYK image
flowers is shown with its corresponding halftone reproductio
the generalized error diffusion scheme gives its best reprod
tion in Fig. 14(d) where the amount of overlap is increased r
ative to the uncorrelated overlap of Fig. 14(c) and the decreag
overlap of Fig. 14(b). In these three instances, the configuratic
of parameters4, B, H, andS) are exactly the same as thos
of Section IlI-C, Fig. 7.

In Fig. 14(e)—(g), the same comparison of overlap is ma
using the multichannel green-noise masks of Fig. 13(a)—(c),
respectively, where increased overlap gives the best cof

V. CONCLUSIONS
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