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Abstract

It hasbeenshawn thatditheringwith blue noiseis useful
for producingvisually pleasinghalftoneimages.For color
halftoning, the goal of blue noisemaskdesignis to gen-
eratea setof blue noisemaskswhich producehigh qual-
ity blue noisepatternsvhenthey areusedindividually or

jointly. In this paper an approachis proposedwhich is

basedon digital filter techniquesandcanbe usedto gen-
eratea setof jointly-blue noisemasks. Eachmaskfrom

the set of the maskswill be appliedto one color plane.
Thejointly blue noisemaskspossesshe propertiessuch
thateachindividual maskis blue noise,alsothe combina-
tions of the masksproducecolor imageswith blue noise
characteristicse.g., the dots of differentcolor are mutu-
ally exclusive and maximally dispersecdbn the combined
plane at highlight levels. Several other schemeswhich

have beendevelopedarealsoreviewedin this paper Ex-

amplesof outputcolorimagescreatedy theapproackand
otherschemesiregiven.

1. Introduction

Color halftoningis an extensionof grey scalehalftoning,
however, it entailsadditionalcomplications Colorrender

ing is thesynthesi®of halftoningprocessen severalcolor

planes. Typically, Cyan, Magenta,Yellow and optional
Black and"high fidelity” or accentcolors are halftoned
andcombinedon asinglepageto producecolor hardcoyp.

The combinationof color planesis not a simplesuperim-
positionof all the color dots. Theappearancef colorim-

agesgreatlyrelieson theinteractionsof color planes.For

color halftoningusingcorventionalperiodicscreenssuch
as clusterdot halftoning, the combinationsof successie

patternsresultin artifactssuchas Moiré patterns. Early

work on color halftoneswith periodicditheringfocusedon

eliminatingsuchartifacts.Thesolutionis to rotatehalftone
screensothatthe screensisedfor differentcolor planes
are orientedin differentdirections. The artifactscaused
by the combination®f periodicscreenganbe avoidedby

using blue noise halftoning instead. In color blue noise
halftoning, combinationsof stochastigatternseliminate
theinterferenceof periodiclow frequeng components.

Comparedvith the studiesof blue noiseon grey scale
halftoning,the propertiesof the analysisand synthesisof
bluenoisepatternhaverecevedlessattention despitehe
critical importance.The goalin synthesiof bluenoiseis
to somehav generatea halftoneschemehatwill, for ex-
ample createavisually pleasingcyanpattern(whencalled
for by ahighlightcyanregion),andcreateavisually pleas-
ing magentgatternwherenecessarandalsocreatea vi-
sually pleasingjoint patternof cyan plus magentawhere
this combinationis required. Thus, we requirethat the
quality of blue noiseis preseredin eachindividual color
plane,andalsothattheresultingcombinationpatternsex-
hibit high quality blue noise appearanceat leastin the
idealcase.

In thispaperwefirstreview thecurrentschemesvhich
apply blue noisemask(BNM) to color halftoning. Then
a new algorithmwhich utilizes digital filtering technique
in BNM designis proposed.The conceptof jointly-blue
noisemask(JBNM) is introducedto describeheproperty
of asetof BNM's, thatthey areindividually bluenoiseand
alsobluenoisewhenthey arecombinedon asingleimage
plane. Finally, the resultsand evaluationof applyingthe
currentschemesindJBNM aregiven.

2. Current Color halftoning schemeswith
Blue Noise Mask

A numberof differentschemeave beenproposedo uti-
lize oneor morebluenoisemasksfor colorhalftoning(Yao
andParker[1], Yu andParker[2]). Otherdescriptionsalso
have beengiven by Mulligan[3], Spaulding,Miller and
Schildkraut[4, andLin andAllebach[].

2.1. Dot-on-Dot

An intuitive and simplestrealizationof color ditheringis
the "dot-on-dot” scheme.In this schemethe sameBNM
maskis usedfor eachcolor channel Althoughthis method
is easyto implement,it is rarely usedin practicebecause
it resultsin the highestievel of luminancemodulationand
thecolorreproductiorwill bevulnerableto registrationer
rors.
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2.2. Shifted masks

Spatially shifted versionsof maskscan be usedto each
colorchanneto minimizenumberof thedotsthatareover

laid. For example,a blue noisemaskcanbe usedfor the

cyan color channel. Thenthe maskis shifted by some
numberof pixels and then appliedto magentachannel.
This shift is circularly periodic and can be implemented
on either of the vertical or horizontaldirectionsor both.

A new maskfor yellow or othercolor planescanbe ac-

quired by shifting differentnumberof pixels. Caremust
be taken when choosingshift valuesso that no inadwer-

tentlow-frequeng patternswill beintroducedwhencolor

planesarecombined.

2.3. Inverted masks

Anotherapproachs to usean”invertedmask”to applyto
oneor moreof the channels.The inversemaskis gener
atedby invertingor takingthe 255 complementf a mask
(assume 8 bit planeimage),i.e.,

wherem(i, j) is a BNM and m;,, (2, ) is the inverted
mask.

This invertedmaskis alsoa blue noisemask. Apply-
ing amaskandits invertedversionto differentcolorplanes
will reducethe numberof dotsthatareoverlaidfor two of
morecolor planes.In light grey level, the dotsfor the sec-
ondchanneill typically beplacedo thevoidsof thoseof
seconccolor channelthusresultingin the non-overlaying
distribution. However, this schemecanbe appliedto only
two color planes. For the othercolor planes shiftedver-
sionmaskscanbeused.

2.4. Mutually exclusive masks (Four-mask)

TheDot-on-dot,Shift, Invert, Cumulatve maskauseeither
a singleblue noisemaskor a blue noisemaskand some
transformation®f that mask. In four-masks,a setof in-
dependenthderived masksis acquired.In orderto decor
relatethe masks,complementaryandomseedsare used
astheinitial patterndn theblue noisegeneratingrocess.
Thesemaskshave the propertiesof beingmutually exclu-
sive atsomelevel g. For example,in a4 color CMYK sys-
temwith 4 masksat 25%colorfill in any plane,thepixel
positionsreceving ink from onecolor aremutually exclu-
sive from the pixel positionsreceving from othercolors.
The four mutually exclusive seedpatternscan be gener
atedby thresholdinga blue noisemask,in which the dots
belongingto the levels of [0,63], [64,127],[128,191]and
[192,255]correspondo oneseedpatternof level of 25%,
respectiely. With the four mutually exclusive seedpat-
terns four bluenoisemasksareconstructedndependently
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The dots of the four color planesare mutually exclusive
whenthe level of eachcolor planeis lessthan25%. The
intermediatepatterng64,127]and[128,192]arenot high
qualitybluenoisepatternssoslightadjustmentandswap-
ping operationsmay be utilized to improve the quality of
thetwo seedpatterns.

3. Constructingjointly-blue noise masks

The resultantcombinationsof unstructuredpatternscan
be various. For example,the addition of two blue noise
patternscanbe a poor quality binary pattern,whereaghe
superimpositiorof a good blue noisepatternand a rela-
tive"grainy” patterncanproducea high quality bluenoise
pattern,etc. Among the several possiblecombinations,
our desiredtype is high quality combinedpatternscon-
structedfrom high quality binary patterns.More specifi-
cally, at highlight levels,we wantthe color dotsfrom dif-
ferentcolor planesotto overlapeachother Furthermore,
thecolordotsshouldpossesghebluenoisecharacteristics
wheneerthey areexhibitedon eachindividual colorplane
or onthe combinedplane. This requiresthatthe resultant
combinedpatternsfrom differentmasksmustbe consid-
eredin theBNM designaswell asthesingleBNM.

Thealgorithmproposedn this sectionis basedndig-
ital filter technique[6] [7] and canbe usedto generatea
setof blue noisemasks.In greyscalehalftoning,oneblue
noisemaskis createdby successiely addingor remov-
ing dotson a singleblue noise pattern,whereasn color
halftoning,threeor four ditheringmasksare requiredfor
mostof thecolorhalftoningapplications Thestepgo gen-
eratejointly optimizedblue noise masksare outlined as
follows. For the sale of illustration, assumehreemasks
areneededor threecolor outputchannels.

1. Createthreeinitial masks,m;, ms andms, based
on threemutually exclusive blue noisebinary patternsof
samdevel g.

2. SpecifyanintegerM, whichis thenumberof black
andwhite dotsto be swappedat eachiteration.

3. Constructhreebinarybluenoisepatterns,, s, and
s3 by thresholdingthe threemaskswith the level g, and
markthelocationsof blackdots. ChangeK white dotsto
black dotsfor eachmask. K is the numberof pixels to
be changedn orderto decreas¢hegrey level by one. For
example,if the sizeof the maskis N by N andthe total
numberof levelsis L, thenK = N x N/L. The K pixels
oneachmaskcanbeselectedandomlyaslong asthey are
mutually exclusive on the combinedplaneat somegiven
levels. This restrictionis similar to thatdescribedaterin
step7.

4. Createthe combinedpatterns.Therearetotal seven
combinationgor athreemaskset:threesinglepatternssy,
s2 andss, threepatterndoy combiningtwo singlepatterns,
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D,, D, and D3, andonetriple patternwhich is the com-
binationof all the threesinglepatterns’. The combined
patternsaredefinedby:

D = w11 * 81 S wia * 52

Dy = wap * $5 @ w3 * 83 (2)
D3 = w3y * 81 B wssz * S3
T = w1 * 81 ® ws * 89 B w3 * 83 3)

Thesymbol”@” is the superimpositioror overlay op-
erationof minority pixels. Thefactorsw;1_33 andw 23
areweightingfactorsof the contribution from eachsingle
binary pattern. The weighting factorscan be chosenac-
cordingto the requirement®f the application. For exam-
ple,if s; corresponds Cyancolorplanein thehalftoning,
w11, w3 andw; canbechoserin proportionto its relative
contribution to luminance.The weightingfactorsprovide
us aflexibility to fulfill somespecificrequirementsn the
maskdesign.

5. Specifythree2-D low-passfilters L,, Ly and L,
whichareappropriatdor single,doubleandtriple patterns,
respectiely. The cut-off frequencief thefilters should
be determinedby the grey level of single and combined
patterns[® Apply thefiltersto thecorrespondingatterns
to obtainsevenfilteredpatterns.

6. Constructhreeerrorarraysby:

Ey = Ly(s1) + La(D1 + D3) + L(T)
Ey = Lg(s2) + Lg(Dy + Dy) + Ly(T)
E3 = Ls(s3) + La(D2 + D3) + L(T)

(4)

E; reflectsthe syntheticeffectson single,doubleand
triple patternsby changings;. Likewise, E, associates
with sy and E3 associatewith ss.

7. Updatethe threebinary patternssequentially that
meansjn oneiterative operationthethreepatternsareup-
datedoneby one.

First, updatethe first pattern,s;. Sorterrorarray F; .
Find M blackdotswhich have thelargesterrorvaluesand
arenotmarkedin step3, andswaptheseM blackdotswith
M white dotswhich have thesmallesterrorvalues.

Similarly, sorterrorarraysFE, and E5 and updatess
andss accordingly

In theabove operationsarestrictionappliesin thepro-
cessof makingthe joint masks. For a level higherthan
a predeterminedralue, which correspondso a highlight
value,if apixelis selectedy oneof the patternsasablack
dot, thatpixel is notallowedto beselectedy theothertwo
patternsary more. Theothertwo patternshave to seekfor
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appropriateeandidatestherthanthepixelswhich have al-
readybeenpicked. This restrictionensureghatthe binary
patternf thethreemasksaremutuallyexclusive,andthat
the minority dotsdispersemaximally If the level is de-
creasedo thelevel thatsomeminority pixelsmustoverlap,
this restrictionwill notapply.

8. Computethe summationof the MSE of the seven
patterns.If the MSE drops,go backto step4 andrepeat
the sameprocess.If the MSE increasedut M # 1, set
M = M/2, andgo backto step4, otherwise resetM to
theinitial valueasspecifiedin step2, thengo to the next
step.

9. Updatethe threemasksbasedon the threeupdated
patterns;, sy andss, decreasdevel by 1, andgo backto
step3, until thedesiredevel is reached.

This algorithm createsa setof blue noisemasksand
the correlationbetweenthe masksare controlledto tend
to eliminatethe redundanenegy for the combinedevel.
Both of the resulting single patternsand combinedpat-
ternsexhibit the blue noisecharacteristicsvith a desired
enegy distribution. We call the setof jointly constructed
masks’jointly-blue noisemaskgJBNM)”. The properties
of JBNM is thatit canproducehigh quality bluenoisepat-
ternswhetherit is usedindividually or jointly. Thisis re-
alizedby specifyingdifferentlow-pasdiltersto singleand
combinedpatternsandby minimizing the syntheticerrors
of all the possiblesingle and combinedpatterns.The re-
strictionin step7 ensureshatthereareno overlappedots
on the combinedoutputimageplaneat highlight levels.
Theflowchartof this algorithmis illustratedin Figurel.

Figure2 providesanexampleof thepatterncreatedy
3-jointly-blue noisemasks.Thequality of thejointly-blue
noisepatterngs closeto thatof theregularblue noisepat-
terns. They producevisually pleasingpatternswhenaer
they areusedindividually or jointly.

4. Resultsof halftoning a color patch

Figure 3 shaws the resultsof applyingdifferentschemes
to rendera neutral color solid patchwith grey level of
246 (out of 256). Therenderedatchesfrom left to right,
are producedoy shift masks,invert and shift masks four
masksand jointly-blue masks,respectiely. By inspec-
tion, the JIBNM resultsin aleastvisible pattern,with few
clumpsandvery little texture. All the color dotsare not
only mutually exclusive but alsothey dispersemaximally
ontheimageplane.

The perceved luminanceand chrominanceerrors of
thesehalftonedimagesare listed in Table 1. Humanvi-
sual systemmodel was applied on the halftonedimages
andtheluminanceandchrominancesrrorscomparedvith
thecontinuousmagewereevaluatedn CIEL*a*b* space.
In the calculation,it is assumedhat the resolutionis 300
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scheme AL AC
shift 3.3936 11.7600
invert+ shift 3.3573 11.8331
four 3.3513 11.8997
joint 3.1390 12.5731

Table1: Luminanceand chrominanceerrors of the color images
in Figure 3

dpi andthe viewing distanceis 10 inches. The JBNM re-
sultsin the minimal luminanceerror andits chrominance
erroris alittle higherthanthoseof otherschemes.

In thecolor halftoningschemesliscussedh Section2,
eithersingle or multiple blue noisemasksare appliedto
several color planes. Theseschemesusedifferentstrate-
giesto producemultiple blue noisemasks. The inverted
mask and shifted mask are themseles blue noise. The
Four Masksarederivedfrom four mutually exclusive ini-
tial blue noisepatternssothey areanti-correlatedo each
otherathighlightlevels,andthusthecombination®f such
masksreducethe correlationsbetweenthe color planes.
Althoughtheideaof applyingdifferentversionsof masks
or mutually exclusive derived masksimplies the correla-
tionsof differentplanesno specificdesignor controlson
the correlationsbetweencolor planesare appliedin pro-
ducing thosemultiple masks,so the optimality of those
schemess notwarranted.

TheJBNM startsfrom jointly bluenoiseseedpatterns.
In the procedureof constructingmasks specificlow-pass
filters are appliedto both the single and combinedpat-
ternsandthejointly-optimizing procedures appliedto the
masksfor all the levels, sothe JBNM is optimal for not
only somespecificlevels but alsofor a wide rangeof lev-
els.

5. Conclusion

In thispaperthecurrentschemesvhichapplytheBNM on
colorhalftoningarereviewed. A new approachs proposed
which canbe usedto generatea setof jointly-blue noise
mask. The algorithmprovidesa way to controlthe corre-
lation betweenthe single patternsn the procedureof up-
datingblue noisemask. The jointly-blue noisemasksare
generategimultaneoushandthey areoptimizedto mini-
mizethevisibility of boththesinglepatternandcombined
patterns. Thusthey producenot only a visually pleasing
patternfor asinglecolor plane butalsoavisually pleasing
joint patternfor the combinedcolor plane.
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Figure 2. Patternscreatedby the 3-jointly-bluenoisemasksA, B and C and patternscreatedby a regular blue noisemask. Thefirst
row: patternsof g = 224. Fromleft to right, patternscreatedby maskA, B and C, and the patterncreatedby the singleblue noise
mask,respectively The secondrow: patternsof g = 192. Fromleft to right, patternsof combiningA and B, combiningB and C,
combiningC and A, andthe patterncreatedby the singleblue noisemask respectivelyThethird row: patternsof g = 160. Left: the
patternof combiningA, B and C. Right: the patterncreatedby thesingleblue noisemask.

Figure 3: A neutrl color patc halftonedwith different schemes.Fromthe left to theright: shift masksjnvert and shift masksfour
masksandjoint masks.
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