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Abstract
It hasbeenshown thatditheringwith bluenoiseis useful
for producingvisuallypleasinghalftoneimages.For color
halftoning,the goal of blue noisemaskdesignis to gen-
eratea setof bluenoisemaskswhich producehigh qual-
ity bluenoisepatternswhenthey areusedindividually or
jointly. In this paper, an approachis proposedwhich is
basedon digital filter techniquesandcanbeusedto gen-
eratea setof jointly-blue noisemasks. Eachmaskfrom
the set of the maskswill be appliedto one color plane.
The jointly blue noisemaskspossessthe propertiessuch
thateachindividualmaskis bluenoise,alsothecombina-
tions of the masksproducecolor imageswith blue noise
characteristics,e.g., the dotsof differentcolor aremutu-
ally exclusive andmaximally dispersedon the combined
planeat highlight levels. Several other schemeswhich
have beendevelopedarealsoreviewed in this paper. Ex-
amplesof outputcolorimagescreatedby theapproachand
otherschemesaregiven.

1. Introduction

Color halftoningis anextensionof grey scalehalftoning,
however, it entailsadditionalcomplications.Color render-
ing is thesynthesisof halftoningprocessesin severalcolor
planes. Typically, Cyan, Magenta,Yellow and optional
Black and ”high fidelity” or accentcolors are halftoned
andcombinedonasinglepageto producecolorhardcopy.
Thecombinationof color planesis not a simplesuperim-
positionof all thecolor dots.Theappearanceof color im-
agesgreatlyrelieson theinteractionsof color planes.For
colorhalftoningusingconventionalperiodicscreens,such
asclusterdot halftoning, the combinationsof successive
patternsresult in artifactssuchas Moiré patterns. Early
work oncolorhalftoneswith periodicditheringfocusedon
eliminatingsuchartifacts.Thesolutionis to rotatehalftone
screensso that thescreensusedfor differentcolor planes
areorientedin differentdirections. The artifactscaused
by thecombinationsof periodicscreenscanbeavoidedby
using blue noisehalftoning instead. In color blue noise
halftoning,combinationsof stochasticpatternseliminate
theinterferenceof periodiclow frequency components.
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Comparedwith thestudiesof bluenoiseon grey scale
halftoning,thepropertiesof theanalysisandsynthesisof
bluenoisepatternshavereceivedlessattention,despitethe
critical importance.Thegoal in synthesisof bluenoiseis
to somehow generatea halftoneschemethat will, for ex-
ample,createavisuallypleasingcyanpattern(whencalled
for by ahighlightcyanregion),andcreateavisuallypleas-
ing magentapatternwherenecessary, andalsocreatea vi-
sually pleasingjoint patternof cyan plus magentawhere
this combinationis required. Thus, we requirethat the
quality of bluenoiseis preservedin eachindividual color
plane,andalsothattheresultingcombinationpatternsex-
hibit high quality blue noiseappearance,at least in the
idealcase.

In thispaper, wefirst review thecurrentschemeswhich
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 describetheproperty
of asetof BNM’s,thatthey areindividuallybluenoiseand
alsobluenoisewhenthey arecombinedona singleimage
plane. Finally, the resultsandevaluationof applyingthe
currentschemesandJBNM aregiven.

2. Current Color halftoning schemes with
Blue Noise Mask

A numberof differentschemeshavebeenproposedto uti-
lizeoneormorebluenoisemasksfor colorhalftoning(Yao
andParker[1], Yu andParker[2]). Otherdescriptionsalso
have beengiven by Mulligan[3], Spaulding,Miller and
Schildkraut[4], andLin andAllebach[5].

2.1. Dot-on-Dot

An intuitive andsimplestrealizationof color ditheringis
the ”dot-on-dot” scheme.In this scheme,thesameBNM
maskis usedfor eachcolorchannel.Althoughthismethod
is easyto implement,it is rarelyusedin practicebecause
it resultsin thehighestlevel of luminancemodulationand
thecolorreproductionwill bevulnerableto registrationer-
rors.



The Seventh Color Imaging Conference: Color Science, Systems, and ApplicationsThe Seventh Color Imaging Conference: Color Science, Systems, and Applications
2.2. Shifted masks

Spatially shifted versionsof maskscan be usedto each
colorchanneltominimizenumberof thedotsthatareover-
laid. For example,a bluenoisemaskcanbeusedfor the
cyan color channel. Then the mask is shifted by some
numberof pixels and then applied to magentachannel.
This shift is circularly periodicandcan be implemented
on eitherof the vertical or horizontaldirectionsor both.
A new maskfor yellow or othercolor planescanbe ac-
quiredby shifting differentnumberof pixels. Caremust
be taken when choosingshift valuesso that no inadver-
tentlow-frequency patternswill beintroducedwhencolor
planesarecombined.

2.3. Inverted masks

Anotherapproachis to usean”invertedmask”to applyto
oneor moreof the channels.The inversemaskis gener-
atedby invertingor takingthe255complementof a mask
(assumea8 bit planeimage),i.e.,

���������
	��������������������	����� (1)

where ���
	����� is a BNM and � ��������	��!�� is the inverted
mask.

This invertedmaskis alsoa bluenoisemask. Apply-
ing amaskandits invertedversionto differentcolorplanes
will reducethenumberof dotsthatareoverlaidfor two of
morecolorplanes.In light grey level, thedotsfor thesec-
ondchannelwill typicallybeplacedto thevoidsof thoseof
secondcolor channel,thusresultingin thenon-overlaying
distribution. However, this schemecanbeappliedto only
two color planes.For the othercolor planes,shiftedver-
sionmaskscanbeused.

2.4. Mutually exclusive masks (Four-mask)

TheDot-on-dot,Shift, Invert,Cumulativemasksuseeither
a singleblue noisemaskor a blue noisemaskandsome
transformationsof that mask. In four-masks,a setof in-
dependentlyderivedmasksis acquired.In orderto decor-
relatethe masks,complementaryrandomseedsareused
astheinitial patternsin thebluenoisegeneratingprocess.
Thesemaskshave thepropertiesof beingmutuallyexclu-
siveatsomelevel g. For example,in a4 colorCMYK sys-
temwith 4 masks,at 25%color fill in any plane,thepixel
positionsreceiving ink from onecoloraremutuallyexclu-
sive from the pixel positionsreceiving from othercolors.
The four mutually exclusive seedpatternscan be gener-
atedby thresholdinga bluenoisemask,in which thedots
belongingto the levelsof [0,63], [64,127],[128,191]and
[192,255]correspondto oneseedpatternof level of 25%,
respectively. With the four mutually exclusive seedpat-
terns,fourbluenoisemasksareconstructedindependently.
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The dotsof the four color planesaremutually exclusive
whenthe level of eachcolor planeis lessthan25%. The
intermediatepatterns[64,127]and[128,192]arenot high
qualitybluenoisepatterns,soslightadjustmentsandswap-
ping operationsmaybeutilized to improve thequality of
thetwo seedpatterns.

3. Constructing jointly-blue noise masks

The resultantcombinationsof unstructuredpatternscan
be various. For example,the additionof two blue noise
patternscanbea poorquality binarypattern,whereasthe
superimpositionof a goodblue noisepatternanda rela-
tive”grainy” patterncanproduceahighqualitybluenoise
pattern,etc. Among the several possiblecombinations,
our desiredtype is high quality combinedpatternscon-
structedfrom high quality binary patterns.More specifi-
cally, at highlight levels,we want thecolor dotsfrom dif-
ferentcolorplanesnot to overlapeachother. Furthermore,
thecolordotsshouldpossessthebluenoisecharacteristics
wheneverthey areexhibitedoneachindividualcolorplane
or on thecombinedplane.This requiresthat theresultant
combinedpatternsfrom differentmasksmustbe consid-
eredin theBNM design,aswell asthesingleBNM.

Thealgorithmproposedin thissectionis basedondig-
ital filter technique[6] [7] andcanbe usedto generatea
setof bluenoisemasks.In greyscalehalftoning,oneblue
noisemaskis createdby successively addingor remov-
ing dotson a singleblue noisepattern,whereasin color
halftoning,threeor four ditheringmasksarerequiredfor
mostof thecolorhalftoningapplications.Thestepstogen-
eratejointly optimizedblue noisemasksare outlined as
follows. For the sake of illustration,assumethreemasks
areneededfor threecoloroutputchannels.

1. Createthreeinitial masks,�#" , � $ and ��% , based
on threemutually exclusive blue noisebinary patternsof
samelevel & .

2. SpecifyanintegerM, which is thenumberof black
andwhitedotsto beswappedateachiteration.

3. Constructthreebinarybluenoisepatterns' " , ' $ and
' % by thresholdingthe threemaskswith the level & , and
markthelocationsof blackdots.Change( white dotsto
black dots for eachmask. ( is the numberof pixels to
bechangedin orderto decreasethegrey level by one.For
example,if the sizeof the maskis ) by ) andthe total
numberof levelsis * , then ( � ),+-)/.�* . The ( pixels
oneachmaskcanbeselectedrandomlyaslongasthey are
mutually exclusive on the combinedplaneat somegiven
levels. This restrictionis similar to thatdescribedlater in
step7.

4. Createthecombinedpatterns.Therearetotal seven
combinationsfor athreemaskset:threesinglepatterns' " ,
' $ and ' % , threepatternsby combiningtwo singlepatterns,
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0 " , 0 $ and
0 % , andonetriple patternwhich is thecom-

binationof all the threesinglepatterns1 . Thecombined
patternsaredefinedby:

0 " �32 "4" +-' "65 2 "7$ +-' $0 $ �32 $4$ +-' $85 2 $�% +-' % (2)0 % �32 %�" +-' "65 2 %�% +-' %

1 �92 " +-' "65 2 $ +-' $:5 2 % +-' % (3)

Thesymbol” 5 ” is thesuperimpositionor overlayop-
erationof minority pixels. Thefactors2;"4"=<>%�% and 2;"=? $@? %
areweightingfactorsof thecontribution from eachsingle
binary pattern. The weighting factorscanbe chosenac-
cordingto therequirementsof theapplication.For exam-
ple,if ' " correspondstoCyancolorplanein thehalftoning,2 "4" , 2 %�" and 2 " canbechosenin proportionto its relative
contribution to luminance.Theweightingfactorsprovide
usa flexibility to fulfill somespecificrequirementsin the
maskdesign.

5. Specify three2-D low-passfilters *:A , *CB and *8D
whichareappropriatefor single,doubleandtriplepatterns,
respectively. The cut-off frequenciesof the filters should
be determinedby the grey level of singleandcombined
patterns[8]. Apply thefilters to thecorrespondingpatterns
to obtainsevenfilteredpatterns.

6. Constructthreeerrorarraysby:

E "F� * A � ' "G�IH * B � 0 "8H 0 %J�KH * D � 1 �E $�� * A � ' $L�IH * B � 0 "8H 0 $J�KH * D � 1 � (4)E %�� * A � ' %L�IH * B � 0 $CH 0 %J�KH * D � 1 �
E " reflectsthesyntheticeffectson single,doubleand

triple patternsby changing ' " . Likewise,
E $ associates

with ' $ and
E % associateswith ' % .

7. Updatethe threebinary patternssequentially, that
means,in oneiterativeoperation,thethreepatternsareup-
datedoneby one.

First, updatethefirst pattern,' " . Sorterrorarray
E " .

Find M blackdotswhich have thelargesterrorvaluesand
arenotmarkedin step3,andswaptheseM blackdotswith
M whitedotswhichhavethesmallesterrorvalues.

Similarly, sort error arrays
E $ and

E % andupdate' $
and ' % accordingly.

In theaboveoperations,arestrictionappliesin thepro-
cessof making the joint masks. For a level higher than
a predeterminedvalue,which correspondsto a highlight
value,if apixel is selectedby oneof thepatternsasablack
dot,thatpixel is notallowedto beselectedby theothertwo
patternsany more.Theothertwo patternshave to seekfor
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appropriatecandidatesotherthanthepixelswhichhaveal-
readybeenpicked.This restrictionensuresthatthebinary
patternsof thethreemasksaremutuallyexclusive,andthat
the minority dotsdispersemaximally. If the level is de-
creasedto thelevel thatsomeminoritypixelsmustoverlap,
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 increasesbut M N�PO , set
M � M3. � , andgo backto step4, otherwise,resetM to
the initial valueasspecifiedin step2, thengo to thenext
step.

9. Updatethe threemasksbasedon the threeupdated
pattern' " , ' $ and ' % , decreaselevel by 1, andgo backto
step3, until thedesiredlevel is reached.

This algorithmcreatesa setof blue noisemasksand
the correlationbetweenthe masksarecontrolledto tend
to eliminatetheredundantenergy for thecombinedlevel.
Both of the resultingsingle patternsand combinedpat-
ternsexhibit the blue noisecharacteristicswith a desired
energy distribution. We call thesetof jointly constructed
masks”jointly-blue noisemasks(JBNM)”. Theproperties
of JBNM is thatit canproducehighqualitybluenoisepat-
ternswhetherit is usedindividually or jointly. This is re-
alizedby specifyingdifferentlow-passfilters to singleand
combinedpatternsandby minimizing thesyntheticerrors
of all the possiblesingleandcombinedpatterns.The re-
strictionin step7 ensuresthattherearenooverlappeddots
on the combinedoutput imageplaneat highlight levels.
Theflowchartof thisalgorithmis illustratedin Figure1.

Figure2 providesanexampleof thepatternscreatedby
3-jointly-bluenoisemasks.Thequalityof thejointly-blue
noisepatternsis closeto thatof theregularbluenoisepat-
terns. They producevisually pleasingpatternswhenever
they areusedindividually or jointly.

4. Results of halftoning a color patch

Figure3 shows the resultsof applyingdifferentschemes
to rendera neutral color solid patch with grey level of
246(outof 256). Therenderedpatches,from left to right,
areproducedby shift masks,invert andshift masks,four
masksand jointly-blue masks,respectively. By inspec-
tion, theJBNM resultsin a leastvisible pattern,with few
clumpsandvery little texture. All the color dotsarenot
only mutuallyexclusive but alsothey dispersemaximally
on theimageplane.

The perceived luminanceand chrominanceerrorsof
thesehalftonedimagesare listed in Table1. Humanvi-
sual systemmodel was appliedon the halftonedimages
andtheluminanceandchrominanceerrorscomparedwith
thecontinuousimagewereevaluatedin CIE*-Q=RSQLTGQ space.
In thecalculation,it is assumedthat the resolutionis 300
0
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scheme UV* UXW
shift 3.3936 11.7600

invert+ shift 3.3573 11.8331
four 3.3513 11.8997
joint 3.1390 12.5731

Table1: Luminanceandchrominanceerrors of thecolor images
in Figure3

dpi andtheviewing distanceis 10 inches.TheJBNM re-
sultsin theminimal luminanceerrorandits chrominance
erroris a little higherthanthoseof otherschemes.

In thecolorhalftoningschemesdiscussedin Section2,
eithersingleor multiple blue noisemasksareappliedto
several color planes.Theseschemesusedifferentstrate-
giesto producemultiple blue noisemasks. The inverted
maskand shifted maskare themselves blue noise. The
Four Masksarederivedfrom four mutuallyexclusive ini-
tial bluenoisepatterns,sothey areanti-correlatedto each
otherathighlightlevels,andthusthecombinationsof such
masksreducethe correlationsbetweenthe color planes.
Althoughtheideaof applyingdifferentversionsof masks
or mutually exclusive derived masksimplies the correla-
tionsof differentplanes,nospecificdesignsor controlson
the correlationsbetweencolor planesareappliedin pro-
ducing thosemultiple masks,so the optimality of those
schemesis notwarranted.

TheJBNM startsfrom jointly bluenoiseseedpatterns.
In theprocedureof constructingmasks,specificlow-pass
filters are applied to both the single and combinedpat-
ternsandthejointly-optimizingprocedureis appliedto the
masksfor all the levels, so the JBNM is optimal for not
only somespecificlevelsbut alsofor a wide rangeof lev-
els.

5. Conclusion

In thispaper, thecurrentschemeswhichapplytheBNM on
colorhalftoningarereviewed.A new approachis proposed
which canbe usedto generatea setof jointly-blue noise
mask.Thealgorithmprovidesa way to control thecorre-
lation betweenthesinglepatternsin theprocedureof up-
datingbluenoisemask.The jointly-blue noisemasksare
generatedsimultaneouslyandthey areoptimizedto mini-
mizethevisibility of boththesinglepatternsandcombined
patterns.Thusthey producenot only a visually pleasing
patternfor asinglecolorplane,but alsoavisuallypleasing
joint patternfor thecombinedcolorplane.
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Figure 1: Flowchart of thejointly-designbluenoisemasksalgo-
rithm
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Figure 2: Patternscreatedby the3-jointly-bluenoisemasksA, B andC andpatternscreatedby a regular bluenoisemask.Thefirst
row: patternsof Y[Z]\J\G^ . Fromleft to right, patternscreatedby maskA, B andC, andthepatterncreatedby thesinglebluenoise
mask,respectively. Thesecondrow: patternsof Y Z`_�ab\ . From left to right, patternsof combiningA and B, combiningB and C,
combiningC andA, andthepatterncreatedby thesinglebluenoisemask,respectively. Thethird row: patternsof YcZ3_�dLe . Left: the
patternof combiningA, B andC. Right: thepatterncreatedby thesinglebluenoisemask.
Figure 3: A neutral color patch halftonedwith differentschemes.Fromthe left to theright: shift masks,invert andshift masks,four
masksandjoint masks.
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