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ABSTRACT

Thispaperpresentsanefficientalgorithmfor postcompressionop-
timal rateallocationandpacketizationwithin JPEG2000encoding.
JPEG2000,the new ISO/ITU-T standardfor still imagecoding,
hasbeenshown to provide superiorcodingefficiency to theprevi-
ousstandard,JPEG.However, theaddedefficiency of JPEG2000
comesat the cost of increasedcomputationalrequirements.To
improve the computationalefficiency of JPEG2000,we propose
a new algorithmfor JPEG2000rateallocationandpacketization
utilizing the D-Heapdatastructure. Implementedin Jasperand
testedon five referenceimages,this algorithmprovidesa speedup
for JPEG2000’s rate allocationand packetization of 15.9 times
on average,and enablesan averageoverall speedupof 33% for
JPEG2000encoding.

1. INTR ODUCTION

JPEG2000[1], thenew ISO/ITU-T still-imagestandard,hasbeen
shown to provide superiorcodingefficiency to theprevious stan-
dard,JPEG.However, the addedefficiency of JPEG2000comes
at the costof increasedexecutiontime. To improve the compu-
tationalefficiency of JPEG2000,we proposea new algorithmfor
rateallocationandpacketizationin JPEG2000usingthe D-Heap
datastructure.Usingthisalgorithm,wecansubstantiallydecrease
executiontime for rateallocationandpacketization.

JPEG2000is awavelet-basedimagecompressionstandardus-
ing theEBCOT (EmbeddedBlock Codingwith OptimizedTrun-
cation) imagecompressionalgorithm[2, 3]. The JPEG2000en-
codingprocessdecomposesa still imageinto a hierarchicalorga-
nizationinvolving multiple resolutionlevels,subbands,precincts,
and codeblocks, as illustrated in Fig. 1. The generalstructure
of the JPEG2000encoderis shown in Fig. 2. The encoderfirst
translatesthe separateRGB color componentsof the imageinto
thecorrespondingYCbCr color space.Subsequently, thewavelet
transformdecomposeseachcomponentinto severalresolutionlev-
els, eachcontainingaseriesof subbands(3 subbandsateachlevel,
except for the lowest resolutionlevel, which has4). The coeffi-
cientsin eachwaveletsubbandarethenquantizedanddividedinto
regulararraysof precinctsandcodeblocks for entropy coding.

Eachcodeblock is entropy-codedindependentlyusingthere-
cursive probability interval subdivision of Eliascoding[4]. Each
entropy-codedcodeblock is composedof several codingpasses
(usuallycalledembeddedbit-streams)andeachcodingpasspro-
vides a variablequality contribution to the reconstructedimage.
Following entropy-coding,a postcompressionrateallocational-
gorithmselectscodingpassesfrom eachentropy-codedcodeblock
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Fig. 1. Partitioninga wavelet-transformedcomponentinto resolu-
tion levels,subbands,precinctsandcodeblocks

sothatanoptimalallocation,minimizing imagedistortionaccord-
ing to thedesiredbitrate,is achieved. Theselectedcodingpasses
from eachcodeblock arepacketized,andall thedatapacketsare
assembledinto thefinal codingstream.Eachdatapacket is just a
collectionof codingpassesin thefinal codingstream,andis com-
posedof two parts:headerandbody. Theheaderindicateswhich
codingpassesareincludedin this packet, andthe body contains
theactualdatafrom theincludedcodingpasses.Thepacketization
procedureimposesa particularorganizationon codingpassdata,
commonlyreferredto asthe progressionmode,which facilitates
many of thedesiredcodecfeatures,including ratescalabilityand
progressive recoveryby fidelity or by resolution[4].

The remainderof this paperis organizedasfollows. In sec-
tion 2, we introducethe optimal rate allocationschemeusedin
JPEG2000.In section3, we proposean efficient algorithm and
implementationfor this scheme.Section4 evaluatesthe perfor-
manceof our algorithm. Finally, section5 concludesthe paper
anddiscussesfuturework.

2. RATE DISTORTION OPTIMIZA TION

Thissectiongivesaconciseoverview of theoptimalrateallocation
schemeusedby JPEG2000.A muchmorethoroughdiscussionof
the rate distortion optimizationcomponentof the EBCOT algo-
rithm canbefoundin [3].
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Fig. 2. Structureof JPEG2000Encoder

As illustratedin Figure1,eachcomponentof thewavelettrans-
formed imageis partitionedinto a collection of relatively small
codeblocks,

���
, whoseentropy-codedembeddedbit-streamsmay

be truncatedto rates, ���� , accordingto the specifiedmaximum
bitrate for the final codingstream. The contribution from

���
to

distortionin thereconstructedimageis denoted���� , for eachtrun-
cationpoint, 	 . Heretherelevantdistortionmetriccanbeassumed
to beadditive, i.e.,

��
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where� representstheoverall imagedistortionand 	 � denotesthe
truncationpoint selectedfor codeblock

���
. Usually, an additive

distortionmetricwhichapproximatesMeanSquaredError (MSE)
is usedby setting�

� �� 
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Here,

�� � � ��' denotesthe two-dimensional(2-D) sequencesof sub-
bandsamplesin codeblock

� �
,

�� �� � ��$ denotesthequantizedrepre-
sentationof thesesamplesassociatedwith truncationpoint 	 , and� � 
 denotesthecoefficientweightingfor thesubband,( � , to which
codeblock

� �
belongs.

To minimizedistortionsubjectto aspecifiedmaximumbitrate,��)+*-, , the rateallocationalgorithmmustfind the optimal setof
truncationpointsthatsatisfiesthefollowing equation:
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The problemof selectingthe optimal truncationpoints to satisfy
Equation3, canbesolvedusingageneralizedLagrangemultiplier
method[5]. Any setof truncationpoints, 4-	65�#7 , which minimizes
Equation 4 for some8
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(4)

isoptimalin thesensethatthedistortioncannotbereducedwithout
alsoincreasingtheoverall rateandvice-versa.

The determinationof the optimal truncationpoints, 	65� , for
any given 8 , may beperformedvery efficiently basedon a small
amountof summaryinformationcollectedduring the generation
of eachcodeblock’s embeddedbit-stream. It is clear that, for
eachcodeblock

� �
, it is aseparateminimizationproblem.A sim-

ple algorithmto find the truncationpoint, 	>5� , which minimizes?@� � � ��=
� 9 8;� ��=
� %
, is asfollows:

A Initialize 	65� = 0;A For j = 1, 2, 3, B/BCB
– Set D1�FE� 
��FE � " � ��=
� and DG�HE� 
�� ��=
� " �HE� ;
– If D1�HE�JI D1�@E ��K 8 thenupdate	 5� 
ML ;

We first find thesubsetof feasibletruncationpoints, N � . LetL3O�PQL � P2BRBSB beanenumerationof thesefeasibletruncationpoints
andlet thecorrespondingdistortion-rate�-T&UWVYX�� begivenby Z E<[� 
� D1� E � I D1� E � % where DG� E<[� 
�� E<[� " � E<[-\#]� and D1� E<[� 
�� E<[� "
� E<[/\#]� . Theseslopesmustbestrictly decreasing,for if Z E<[W^;]� 0Z E<[� , thenthe truncationpoint, L � , couldnever beselectedby the
abovealgorithm,regardlessof thevalueof 8 , contradictingthefact
that N � is thefeasiblesetof truncationpoints.

Whenrestrictedto a setof truncationpointswhoseslopesare
strictly decreasing,the above algorithmreducesto the trivial se-
lection 	>5� 
`_ba!c�4dL �fe N �Wg Z E<[� K 8 7 so that eachsuchpoint
mustbea valid candidatefor somevalueof 8 . It follows that N �
is the largestsetof truncationpointsfor which thecorresponding
distortion-rateslopesarestrictly decreasing.This uniquesetmay
bedeterminedusinga conventionalconvex hull analysis.

3. HEAP-BASED PACKETIZA TION ALGORITHM

We proposea new algorithm for more efficiently implementing
postcompressionrateallocationandpacketizationin JPEG2000.
This algorithmimplementsthe optimal rateallocationschemein
JPEG2000[3], asdiscussedabovein section2,usingtheMinimum
SpanningTreeAlgorithm [6] andtheD-Heapdatastructure.

In JPEG2000encoding,thesubsetof feasibletruncationpoints,N � , canbedeterminedimmediatelyaftercodeblock
� �

hasbeen
entropy-coded. Once N � hasbeendetermined,the next process
is postcompressionrateallocationandpacketization.During rate
allocationandpacketization,codestreamsmaybegeneratedasei-
therresolution-scalableor quality-scalable.Thepostcompression
rateallocationandpacketizationschemesfor generatingthesetwo
progressive scalabilitymodesvariesslightly. This papermainly
focuseson generatingquality-scalablecodestream,althoughthe
principle for generationresolution-scalablecode streamsis the
sameandtheimplementationis similar.

For rateallocationandpacketizationof quality-scalablecode
streams,thefinal codingstreamis composedof oneor morequal-
ity layers,numberedfrom h to i "kj , wherei K h . Eachentropy-
codedcodingpassis eitherassignedto oneof the i layersor dis-
carded.Thecodingpassescontainingthemostimportantdataare
includedin the lower layers,while the codingpassesassociated
with finer detailsareincludedin thehigherlayers.



Thepostcompressionrateallocationandpacketizationalgo-
rithm we implementedassignssegmentsfrom eachcodeblock to
quality layers, wherewe definea segmentas the set of coding
passesbetweentwo consecutive feasibletruncationpoints. The
algorithmis basedon theD-Heapdatastructure.Eachnodein the
heaprepresentsaseparateentropy-codedcodeblock. Thekey of a
nodeis thedistortion-rateslopeof thefirst unmarkedcodingseg-
mentof this codeblock,wherea segmentis markedif andonly if
it hasbeenselectedandassignedto a quality layer. Thenodesare
sortedaccordingto theirkey valuesandtherootnodehasthemax-
imumkey value,whichmeansthatit hasthelargestcontributionto
thedistortionamongall theunmarkedsegmentsin thiscodeblock.
In eachstep,only therootnodeis processed,atwhich time its first
unmarked codingsegmentis marked andthe correspondingseg-
mentis assignedaquality layer. Thenthisnodeis updatedandthe
new key is generatedaccordingto thenext unmarked segmentin
this codeblock which hasthelargestkey value.Thedetailsof the
algorithmaregivenbelow.

procedurepacketization(setof cblk s, int layernum);
int cumrate,curlayer;heaph;
mapping rate: layernumberl layerrate;mkn 
�_ka � X m X a V � � % ;odp;q3T a!r X-q n 
�h ;
while ( oCp;q�T a'r XJq P T a'r X-q 	 p _ ) doodp _ q a$s X n 
th ;

while ( oCp _ q a$s X P q a's X � oCp;q�T a'r XJq % ) doodp _ q a$s X n 
 oCp _ q a$s X 9 T�X 	�u$s m � q�U�U s � mY%<% ;
markthefirst unmarkedsegmentof root(h);
updatethekey valueof root(h);�/vxw szy U �{	 � q�U�U s � mY%d|}� X r � q�U�U s � m;%<%d|<mY% ;

endwhile
encodepackets(thesegmentsmarkedin this loop);odp;q�T a'r X-q n 
 odp;q3T a!r X-q 9~j ;

endwhile

heapfunction makeheap(setof cblk s);
int j; heaph;mkn 
2� ;
for

� v e � % L n 
 g m g 9~j3�}m � L %@n 
 v ; rof;L�
 �<� g m g "�jJ% I y % ;
while (L K h ) do�/vxw szy U �{	 � m � L %d|W� X r � m � L %<%d|}mY% ;L n 
ML "�j ;
endwhile
return h;

proceduresiftdown (cblk i, int x, modifiesheaph);
int c;o n 
�_ka'c o m v�T y � c |<m;% ;
while

� o��
2N pYT�T % and
� � X r � m � o %<% K � X r � v %<% dom � c %.n 
 m � o %d� c n 
 o � o n 
~_ka'c o m vxT y � c |<mY% ;

endwhilem � c %+n 
 v ;
Regardingthis algorithm, T&X 	Yu$s m � q�U�U s � mY% denotesthelength

of the first unmarked segment that will be marked in the inner
while loop; T a'r X-q 	 p _ indicatesthe numberof quality layers,

int function maxchild(int x, heaph);
int i, maxc;_ka'c o n 
2y � c "�jJ%:9�� ;
if
� _ba!c o K g m g %

return 0; fi;v n 
~_ka'c o 9�j ;
while v e _ v 	64 g m g | y$c 9~j 7 do

if (
� X r � m � v %<% P � X r � m � _ka'c o %<% ) maxc:= i; fi;v n 
 v 9~j ;

endwhile
return maxc;

andthenumberof bits perquality layer, in thefinal codestream.
Once the numberof bits for a quality layer has beensatisfied,
the X 	 oCU y X<V a o � X s � procedureis calledto packetizedthis quality
layer. Also, we useyG
 �

.
The computationalcomplexity of the proposedalgorithm is� � 	�y$�S�3�'�J	 % . Eachexecutionof siftdowntakestime

� � y$�R���'��	 % ,
where 	 denotesthe numberof codeblocks in this image. The
runningtime for makeheapis

� � w % where

w � 	 % 
 	 y y 9 	y � � y 9 	y'�Y� y 9 BSBSB
whichis

� � 	 % . Assumingthebit-depthpercomponentof theorig-
inal imageis 8 bits,eachcodeblockhasnomore22codingpasses
(i.e. 3*(b-1)+1,whereb=8),sothereis amaximumof 22segments
percodeblock. Sinceeachsegmentis processedonceatmost,the
total runningtime is

� � ���{� 	�y$�S�3� � 	 % , which is
� � 	�y$�S�3� � 	 % .

To further improve the performanceof the postcompression
rateallocationpacketizationprocedure,several modificationsare
made.First, only pointersto theseentropy-codedcodeblocksare
storedin the heap,which reducesheaptraversaltime. Second,
theheapis implementedusinga vector, which helpsreducecache
miss rates. Third, we considerthe amountof headeroverhead
whenpackagingtheselectedsegments,using q a's X � oCp;q�T a'r XJq %J" D
insteadof simply q a$s X � oCp;q�T a'r X-q % as the boundon packet size,
whereD is estimatedusingstatisticalanalysis.For our implemen-
tation, we let D�
��3� � q a$s X � odp;q3T a!r X-q % for all packetsexcept
thefinal packet in the last layer, in which we allow anadditional
200bytesfor thefinal packetizationoverhead.Finally, wedeletea
codeblock from theheaponceall its segmentshave beenmarked
(i.e. allocated),whichhelpsfurtherreduceexecutiontime.

4. PERFORMANCE EVALUATIONS AND COMPARISON

We evaluatedthe performanceof our proposedalgorithmin two
areas:executionspeedandallocationprecision. We usedJasper
[7], oneimplementationof theJPEG2000standardwrittenin C,as
ourbaselineJPEG2000codec,andmodifiedtherateallocationand
packetizationmethodto usetheproposedalgorithm,asdiscussed
above in section3.

Evaluationexperimentsof both theoriginal Jaspercodecand
theJaspercodecwith theD-Heap-basedrateallocationandpack-
etizationalgorithm wereperformedusing five images,the char-
acteristicsof which aregiven in Table1 ( ( V3V indicates”bits per
pixel” percomponent,and odU _ V B indicatesthenumberof compo-
nents). The imageswereall encodedusinga 10:1 compression
ratio, and all quality layershad the samelength. Finally, exe-
cution times weremeasuredon a 733 MHz PentiumIII running
Linux, and all experimentsusedthe Daubechiesinteger 5/3 re-
versiblewaveletfilter [8].



Table 1. ImageDescription.

Name Resolution bpp Comp.

Monarch 768x512 8 3

Fruit 512x512 8 3

Baboon 512x512 8 3

Lena 512x512 8 3

Mona-Lisa 605x790 8 3

Table 2. ExecutionSpeedComparison.

Image i�
 j i�
2� i�
 j h
Monarch 12.9,1.1 14.5,1.23 14.7,1.31

Fruit 12.1,1.13 12.6,1.23 13.2,1.27

Baboon 14.6,1.19 15.1,1.25 19.4,1.33

Lena 13.8,1.16 13.9,1.23 13.6,1.28

Mona-Lisa 12.8,1.18 16.2,1.32 18.4,1.46

Average 13.24,1.15 14.46,1.25 15.86,1.33

Table2 indicatesthe executiontime results. In this table, i
indicatesthe numberof quality layersgeneratedwhenencoding
theimages.In eachcell, thefirst valueis theexecutionspeedupof
theD-Heap-basedrateallocationandpacketizationprocedureover
theoriginalJasperimplementation,andthesecondvaluegivesthe
overallexecutionspeedupof theJPEG2000encodingusingtheD-
Heap-basedrateallocationand packetizationalgorithm over the
originalJasperimplementation.Eachspeedupvaluerepresentsan
averageof 10 runsof the programfor that imageandnumberof
quality layers. The resultsshow that the speedupof the rateal-
locationandpacketizationprocedurevariesacrossdifferentnum-
bersof quality layersfrom 13.2to 15.9onaverage,andtheoverall
speedupvariessimilarly from 1.15 to 1.33 in average,with the
speedupincreasingasthenumberof quality layersincreases.

Table3presentstheaverageallocationprecisionmeasurements
of our algorithm.In this experiment,thereweretenquality layers
in eachof thefinal codingstreams.Onceagain,thecompression
ratiowas10:1andall quality layerswereof equalsize.Eachentry
in Table3 indicatesthe deviation in lengthof eachquality layer
comparedwith its specifiedlength. Overall, thedeviation is very
minor(lessthan1%for mostquality layers).Theresultsshow that
therateallocationprecisionof ouralgorithmis excellent.

5. CONCLUSION AND FUTURE WORK

In this paperwe designedand implementedan efficient rate al-
locationandpacketizationalgorithmfor JPEG2000basedon the
D-Heapdatastructure.Theresultsshow thatour implementation
is muchfaster, with speedupsupto 15.9onaveragefor therateal-
locationandpacketizationprocedure,giving overall encodingex-
ecutiontimesof 33rateallocationprecisionis excellent,with the
allocationprecisiontypically deviating by lessthan1%. Finally,
while this implementationfocusedon generatingquality-scalable
codedbitstreams,the sameprinciple is effectively the samefor

Table 3. PrecisionEvaluation.

layer monarch fruit baboon lena mona-lisa

0 -3.2% -2.2% -4.1% -4.2% -3.2%

1 -0.6% +1.9% +1.5% -0.36% -1.0%

2 +0.3% -0.05% -1.5% +1.3% +1.3%

3 +0.35% +0.06% +3.5% -0.53% -0.83%

4 +0.10% +0.28% -3.5% -0.59% +1.2%

5 -0.76% +0.79% +2.3% +2.4% -1.4%

6 +0.50% +0.39% -1.7% -2.1% +0.87%

7 +0.44% -0.83% -0.3% +0.63% -0.32%

8 -0.69% -0.49% +1.9% -0.53% +1.0%

9 +0.88% -0.52% -0.9% -0.91% -1.0%

Total -0.28% -0.44% -0.3% -0.49% -0.34%

codingresolution-scalablebitstreams.
WhendesigningtheD-Heap-basedrateallocationandpacke-

tizationalgorithm,wefoundthatwhenthefinal compressionratio
is high, many of the codingpassesin eachcodeblock arenever
used.Sincetheentropy codingis oneof themosttime consuming
partsof JPEG2000encoding,we planto investigatenew rateallo-
cationandpacketizationalgorithms,whichcandirecttheencoding
of individual codingpassesfor codeblockssuchthatanotherpass
is generatedif andonly if it is necessary. Usingthisalgorithm,we
anticipatesignificantlyhigherspeedupswill beobtained.
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