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ABSTRACT

RecentlywehaveappliedLook Up Table(LUT) Methodfor
inversehalftoning.Wealsoproposedtree-structureLUT in-
versehalftoningin orderto reducememoryrequirementsof
the LUT method. In this paperwe introduceLUT based
halftoningmethod.Pixels from a causalneighborhoodand
thecontonevalueof thecurrentpixel will beincludedin the
LUT. TheLUT halftoningwill requireno arithmeticopera-
tionsotherthanmemoryaccess.For any halftoningmethod,
a samplesetof imagesandhalftonesof theseimageswill
beused.Wewill thenintroducetree-structureLUT (TLUT)
halftoning.Eventhoughthis methodis morecomplex than
LUT halftoningit producesbetterhalftonesandit requires
much lessstoragethan LUT halftoning. We will demon-
stratehow error diffusion characteristicscan be achieved
with this method.Afterwards,our algorithmwill betrained
on halftonesobtainedby Direct Binary Search(DBS) im-
ages. The complexity of tree-structureLUT halftoning is
higherthanerror diffusionalgorithmbut muchlower than
DBSalgorithm.Also, thehalftonequalityof TLUT halfton-
ing increasesif thesizeof TLUT getsbigger. Thus,halftone
imagequalitybetweenerrordiffusionandDBSwill beachi–
eveddependingon thesizeof tree-structurein TLUT algo-
rithm.

1. INTRODUCTION

The aim of halftoning is the rendition of gray-scaleimageson
bilevel devices. The mostcommonalgorithmsfor halftoningare
orderedditheranderrordiffusion. In ordereddithera continuous-
toneimageis thresholdedwith aspatiallyperiodicscreenwhereas
in error diffusion halftoning,the error is ‘dif fused’ to the unpro-
cessedneighborpoints[1].

The complexities of the algorithmsand the resulting image
quality aredifferent.Orderedditherrequiresonly pointwisecom-
parisons,and it is a parallelmethod. But the resultinghalftones
suffer from periodicpatternswhereaserror diffusedhalftonesdo
not suffer from periodicity andoffer blue noisecharacteristic[1]
which is found to be desirable.The main drawbackis that error
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Table 1. LUT templateusedin halftoning.
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diffusionis inherentlyserial,andit requirescomputationfor diffu-
sionprocess.Thebluenoisemaskis anotherway to gethalftone
quality similar to error diffusion [2]. The disadvantageof blue
noisemasksis that the resultinghalftonesdo not have enhance-
mentlike theerrordiffusioninherentlyhas.

Recentlywe have developeda Look Up Table(LUT) Method
for inversehalftoning[3], [4] andtree-structureLUT inversehalfton-
ing [5]. In this paperwe will introducethe LUT basedhalfton-
ing methodandtree-structuredLUT halftoningmethod.TheLUT
halftoningwill requireno arithmeticoperationsotherthanmem-
ory access.For any halftoning method,a sampleset of images
andhalftonesof theseimageswill be usedto constructtheLUT.
We will demonstratehow error diffusion characteristicscan be
achievedwith this method.

Therearemorecomputationintensivehalftoningmethodslike
DirectBinarySearch(DBS) [6] whichgive thebesthalftonequal-
ity. WhenTLUT is trainedonDBSlike images,thehalftonequal-
ity will bein betweentheerrordiffusionquality andDBSquality.
Moreover, theTLUT halftonequalitywill getbetterwhenthesize
of TLUT increases.

2. LUT HALFTONING

We will processpixels oneby onein someorder, namely, raster
scan. In order to decidethe halftonevalue at a chosencell (or
pixel location),wewill usethehalftonevaluesalreadydecidedin a
carefullyselectedtemplateor neighborhoodof thechosencell and
thecontonevalueof thechosenpixel. The templatedesignphase
is merelya processof decidingwhich neighboringcellsshouldbe
involved in the prediction. We show a sampletemplatein Table
1. The letter “0” denotesthe cell whosehalftonevalue is being
decidedandothernumbersdenotethe cells in the template.The
templateselectionalgorithmwill bedescribedlaterin thissection.

Let us assumethat thereare
�

pixels (excluding the pixel
being predicted)in the neighborhoodand they are orderedin a
specific way. Let us also call the halftone valuesof pixels as��� ,��� ,...,���	�
� andthecontonevalueof thepixel beingpredicted
as � . Notethatthereare � � � 
 differentpatternssince���������������



for ��� �������� ! " "� �$# � and � �%����� � 
 # ��� . Sincethehalftoneim-
ageis a bilevel image,our LUT, T, shouldreturna valuefor each
pattern&(' ���)�
�* ! " ���	�
� ��+ �%�������,� .
Design of LUT: In the designof LUT, we needtraining images
andcorrespondinghalftoneimages.Thus,we selecta setof im-
agesandhalftonetheseimageswith any halftoningalgorithmof
our choice. We will first obtain the expectedhalftonevalue for
eachpattern.Thenthishalftonevaluewill beassignedto thecorre-
spondingLUT positionfor thatpattern.Let usdenotethenumber
of occurrencesof pattern ' �-�)�
�� " " ���.��� ��+ in the samplehalftone
imagesas /10�230,4�5 5 5 0,687 4)9 andcorrespondinghalftonevaluesas: 0�2;0�4*5 5 5 0�687 4)9=< � for �>� ���*�?�� " " !� / 0�2@0�4�5 5 5 0�687 4)9 # �� 
If /10�230,4�5 5 5 0�687 4;9BA � , the LUT halftonevalue for the pattern' � � � �  " " � �.�
� ��+ will betheclosestquantizationpoint to themean
of thecorrespondinghalftonevaluesis, i.e.,

&(' ���C�
�� " " ���.�
� ��+8�ED � if FG0�2;0�4*5 5 5 0�687 4)9IH �� J� if FG0�2;0�4*5 5 5 0�687 4)9IK �� J
where

FG0�2@0,4�5 5 5 0,687 4@9 �MLEN�O 2 O 4�P P P O 687 43Q ����SR � : 0�2;0,4�5 5 5 0�687 4@9T< �/ 0�2;0�4*5 5 5 0�687 4)9  
Nonexistent pattern estimation: If / 0�2;0,4�5 5 5 0,687 4)9U� � , thenthe
pattern ' � � � �  " " � �.��� ��+ doesnot exist. In this casethe halftone
valueshouldbe estimatedin a differentway. Threemethodsare
proposedin [3] for LUT inversehalftoning. Oneof these,called
the bestlinear estimator, modified for LUT halftoningworks as
follows: Let usnumberall thepatternswhich exist in thesample
halftoneimagesas ' ��� < � ��� < �  " " ��� < �.�
� � � + for �V� �������� " " !�=W # �
where W is the numberof existing patterns.Let X1'Y� �[Z +1� � � < \
and ]?'Y�C+V�^&(' � � < �)� � < �� " " � � < �	�
� � � + for �I� �������� " ! "�=W # � , Z ������?�� " " "� �_# � . Also X('Y� � � +`�a� � for �b� �����?�� " " "�=W # � .
The bestlinear estimatorwill be the leastsquaressolutionto an
overdeterminedsystemof equationscGde�gf , which isd%�h'[cji
ck+ �
� cji�f  
whered%�hl m � m �� " " m �.��� m �	n i . Thenfor eachnonexistentpattern' ���C�
�� " " ���.�
� ��+ , we obtainthehalftonevalueasfollows:

&(' ���)�
�* ! " ���	�
� ��+o�^p ��� �Cq r K �� J�?� �Cq r H �� J
wherers�tl ���@���� " ! ���	�
� � n d .
Template Selection: We have shown how to designtheLUT for
a given template. The next questionis how we can choosethe
besttemplatefor LUT halftoning.Wehaveproposedamethodfor
templateselectionin LUT inversehalftoningin [4]. Herewe will
modify thatalgorithmfor LUT halftoning.

Assumethatthenumberof pixelsto beusedin thetemplateis
fixed. Our aim will beto choosethebesttemplateof size

�
. We

will simplify thetemplateselectionproblemby restrictingthepix-
elsto bein afixedcausalneighborhood.Wewill defineourneigh-
borhoodasuwvx� � 'Y� �yZ +�z � �I� #|{8} � �� " " "�T�~���CZ��I� #|{8} � �� ! " "� {�} � ���� � ' ���CZ +�z j ��� #|{8} � �� ! " "� # ����� . Let uscall thepixel whosehalf–
tonevalueis beingestimatedasthecurrentpixel.

Herewegivearecursivealgorithmto choosethetemplate.Let
usdenotea templatehaving � pixelsas ��� . Assumethatwe have�

imageswhich have sizesm �|� r � , m�� � r~� , ..., m�� � r~� in our
trainingset.Wewill havebothcontinuoustoneimages�1�@'Y� � � � � +

Fig. 1. Goldhill halftonedwith FSerrordiffusion.

andhalftoneimages�s�)'Y� ��� ����+ for �
� �?� � �� ! " "� � in our training
setwhere 'Y� ��� ����+ denotesthepixel locationin theimages.

Now let usdefinetheerror in theLUT halftoneimagescom-
paredto LUT imagesfor a giventemplate� asfollows1:�|� '��� � � �b+>� �� � R ���,�� ��R ���=�� \ R � '[� � 'Y� �[Z + # �� �� 'Y� �yZ + �
where �� � is obtainedusingLUT halftoningwith template� . We
cansummarizeoursize W templateselectionalgorithmin 2 steps:
Step0. ��� � . ������� .
Step1. Define ' �
�)� + asfollows:

' �
�;� +o� � ��� Fk�y�'Y� �yZ + � uk� � � ' �� � � �b+  
Includethepixel ' �
�;� + in thetemplate:���V����� ���> ¡� ' ���;� + � .
Step2. If &I¢ � doesnot have W elementsgo to step1. Otherwise
stop.
LUT example: We have chosen

� � ��J and constructedour
templateusingalgorithmgivenin theprevioussection.Thetrain-
ing setincludedseveralerrordiffusedhalftoneimages(seebelow).
This templateis shown in Table 1. In thetable,the letter“0” de-
notesthecell whosehalftonevalueis beingdecidedand“k”th cell
( £ A � ) denotesthatthecell is addedto thetemplatein £ th step.

Note that we need � � � 
 �M� �@¤�¥ �Y¦3§ ( � MBytes) to storethe
LUT. We have trainedour LUT with imageswith the following
images:Lena,peppers,grey ramp,boat,airplaneandZeldaand
two moresmoothimages.Thehalftonesof theseimagesfor train-
ing are obtainedwith error diffusion. Afterwardswe halftoned
goldhill with the designedLUT. Notice that goldhill was not in

1Notethat,abettererrormeasurewouldbetheMSEof theHVS filtered
errorbetweenthehalftones.However this topic is left for furtherresearch.



Fig. 2. Goldhill halftonedwith LUT halftoning.

the training set. Theresultis shown in Fig. 2. For comparison
we show Goldhill halftonedwith error diffusion in Fig. 1. Ex-
ceptin regionsof very low grey levelstheLUT halftoningmethod
givesthesameimagequality aserrordiffusion2. Notice that, the
storagerequirementof LUT halftoning is alsohigh. In the next
sectionwe will introduceTLUT halftoningin orderto overcome
theseproblems.

3. TREE-STRUCTURE LUT HALFTONING

As illustratedabove, LUT halftoninghassomedefectsin regions
of very low andvery high grey levels. It canbe easilyseenthat
thehalftonepattern� � ��;¨@© hasapproximately��ªk�«��ª period-
icity, andLUT halftoningwith templateshown in Table 1 cannot
capturethis periodicity. Differentcellsshouldbeaddedto capture
differenthalftonepatterns.However, the templatesizecannotbe
increasedarbitrarily becauseof storageproblems. This problem
canbesolvedby addingcellsadaptively to thetemplate.We will
show thatadaptivecellscanbestoredefficiently in atreestructure.

Tree structure: Let usdenotethesizeof the initial template
usedas � (this is typically small, e.g., �¡� �?� ). We will define� �,¬ 
 binary treescorrespondingto the different patternsin the
template.Eachtreenodeis eithersplit furtheror it is a leaf. Tree
nodesaresplit so that the halftonevaluesof LUT obtainedwith
initial templatecanberefined.If a nodeis split, thenthelocation
of additionalpixel, 'Y� �yZ + , is storedin thenodeandtwo morenodes
areattachedto thisnodeasits children.If a treenodeis atreeleaf,
thena halftonevalueis storedin thenode.

In Fig 3 wehaveillustratedagenerictreestructure.Theupper
treenodesarethe treeroots. Theblackshadednodesarethetree
leavesandthey storea halftonevalue. Unshadedtreenodeshave
two childrenandalsothey storethelocationof theadditionalpixel
asshown.

2Theimagescanbefoundat [7] for betterviewing.
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Fig. 3. Generictreestructuresusedin halftoning.

In orderto storethetree,we needto recordthetreestructure,
additionalpixel locations,and halftonevaluesstoredin the tree
leaves. Let us assumethat we have � ��¬ 
 treesand ] treeleaves.
Thenit canbeshown thatweneed] bitsto storethehalftonevalues
in the treeleaves, 'y�,] # � �,¬ 
 + bits to storethe treestructureand'Y] # � �,¬ 
 + memoryunitsto storethelocationsof additionalpixels.
Onememoryunit usuallycorrespondsto 1 or 2 bytes.
TLUT halftoning algorithm: In TLUT halftoning,we try to find
a treeleaf for eachpixel in thehalftoneimage. After finding the
treeleaf, thehalftonevaluestoredin thetreeleaf will beassigned
asthehalftonevalueof the pixel. To find thecorrespondingtree
leaf for eachhalftonepixel locationwe will do thefollowing:

1. First look at thepatterninsidetheinitial template� of size� . Eachdifferentpatternwill correspondto oneof thebi-
narytrees.Therootof thecorrespondingtreeis declaredas
thecurrentnode.

2. Eachnodeis eithersplit into two nodesor it is a leaf. If a
nodeis a leaf, thenthehalftonevalueis storedin thenode.
This valueis assignedasthehalftonevalueat thepixel.

3. If a nodeis split into two, then the location 'Y� �[Z + of the
additionalpixel is storedin thenode.Getthehalftonevalue
of thepixel which is 'Y� �yZ + away from thecurrentpixel. If
this value is � ( � ), then left(right) nodeis assignedas the
currentnode.Thengo to step2.

Designing the tree structure: First, theinitial template� of size� shouldbe found. The pixels in � arechosenfrom a neighbor-
hood u v of the currentpixel. This templatecanbe found using
the algorithmoutlinedin Sec. 2. Then,eachpatternin this tem-
platewill correspondto oneof the binary trees. Thesewill also
correspondto the initial � �,¬ 
 treeleaves. Startingfrom this tree
structure,we will addnew treeleavesincrementally. This is done
until we get sufficient numberof tree leaves or we are satisfied
with thehalftonequality. In this processthecostfunctionwill be
the MSE of a specifictreestructure.By this, we meanthe mean
squarederrorbetweentheLUT halftonedimageswith thespecific
treestructureandthehalftoneimagesin the trainingset. Finding
the MSE of a treerequiresthe halftonevaluesin the treeleaves.
Given any tree,thereis an optimalway to assignhalftonevalues
to its leavesusingthemajority rule. Herewe give analgorithmto
addthe‘best’ treeleaf to a treestructure.

1. For eachleaf ¦ andfor eachpixel � in u v do the follow-
ing: Assumethat the leaf ¦ is split into two nodeswith the
additionalpixel � . CalculatetheMSE of this treestructure
( W�­ �U® < 0 ).



Fig. 4. Goldhill halftonedwith TLUT halftoning.

2. Findtheleaf ¦@¯ andadditionalpixel � ¯ suchthat W�­ � ®Y° < 0 °
is minimum.

3. Updatethe treestructureby splitting the tree leaf ¦ ¯ with
theadditionalpixel � ¯ .

Assigning halftone values to tree leaves: We have to find the
halftonevaluesfor eachtreeleaf given a treestructureandaddi-
tional pixel locations. Afterwards,thesehalftonevalueswill be
assignedashalftonevaluesin theTLUT halftoningalgorithm.We
will usetraining imagesin this process,i.e., halftoneimagesand
correspondingcontoneimages. First we find the tree leaves for
eachpixel in thetrainingsetusingtheTLUT halftoningalgorithm
in Sec.3. Let usdenotethesetof halftonevaluesof pixelswhich
have the sametreeleaf ¦ as ­ ® where � ® is the sizeof ­ ® . Thus­ ® � � : � � : � �� � � *� : ��± � . If therearemoreonesthanzerosin ­ ® ,
thenthe halftonevalueof the leaf ( � ® ) will be one. Otherwiseit
will bezero.

TLUT example: We have chosenour initial templateto consist
of the first 11 elementsof the templateshown in Table 1. Then
we have refinedthe treeswith the training set as in Sec. 2 for
LUT halftoningwith u �C² . In theresultingtree,we have �k� �?� ,]³�a� �,¬ 
   �?´�µ ��� � J ��¶~��·?· . The TLUT halftoneimageis
shown in Fig. 4. As it canbeseenfrom thefigure,theproblems
with very high andvery low grey levels in LUT halftonedimages
do not occur for TLUT halftoningalgorithm (seethe sky in the
image).Thetotal storagecostis approximately158KB.Notethat
this is muchlessthanstoragerequirementsof LUT halftoning.

We have alsotrainedTLUT on DBS halftones.Thehalftones
areobtainedby applyingfifty stepsof DBS iterationson FSerror
diffusedhalftones[6]. Our initial templateconsistsof thefirst 11
elementsof thetemplateshown in Table 1. Theparametersof the
TLUT with u �C² areasfollows: �¸� �?� , ]G�¹� �,¬ 
   µ?�?´ ª ·��J�J ´ �?J�ª . TheTLUT halftonedimagefor Goldhill is shown in Fig.
5. Noticethatthequalityof thehalftoneimageis betterthanerror
diffusedhalftoneimage(especiallyin thesky).

Fig. 5. Goldhill halftonedwith TLUT halftoning trainedon DBS
Images.

4. CONCLUSION

We proposeda new LUT basedhalftoning method. The algo-
rithm is capableof producinggood quality halftones. To refine
thehalftones,wethenproposedtree-structureLUT halftoning.We
havedemonstratedtheperformanceof ouralgorithmby trainingon
errordiffusedandDBSimages.Thecomplexity of TLUT halfton-
ing is higher thanerror diffusion algorithmbut muchlower than
DBS algorithm. Thus,halftoneimagequality betweenerror dif-
fusion andDBS will be achieved dependingon the sizeof tree-
structurein TLUT algorithm.
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