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ABSTRACT

Thispapempresentanefficientalgorithmfor postcompressiomp-
timal rateallocationandpacletizationwithin JPEG200@ncoding.
JPEG2000the new ISO/ITU-T standardfor still image coding,
hasbeenshavn to provide superiorcodingefficiency to the previ-
ousstandardJPEG.However, the addedefficiency of JPEG2000
comesat the cost of increasedcomputationakequirements. To
improve the computationalefficiengy of JPEG2000we propose
a new algorithmfor JPEG200Cate allocationand pacletization
utilizing the D-Heap datastructure. Implementedn Jasperand
testedon five referencémagesthis algorithmprovidesa speedup
for JPEG200® rate allocation and pacletization of 15.9 times
on average,and enablesan averageoverall speedupof 33% for
JPEG200@&ncoding.

1. INTRODUCTION

JPEG200qQ1], thenew ISO/ITU-T still-image standardhasbeen
shavn to provide superiorcodingefficiengy to the previous stan-
dard, JPEG.However, the addedefficiency of JPEG2000comes
at the costof increasedexecutiontime. To improve the compu-
tationalefficiency of JPEG2000we proposea hew algorithmfor
rateallocationandpacletizationin JPEG200Qusingthe D-Heap
datastructure Usingthis algorithm,we cansubstantiallydecrease
executiontime for rateallocationandpacletization.

JPEG2000s awavelet-basedmagecompressiostandardis-
ing the EBCOT (Embeddedlock Codingwith OptimizedTrun-
cation)imagecompressioralgorithm[2, 3]. The JPEG200Gn-
codingprocesglecomposea still imageinto a hierarchicalorga-
nizationinvolving multiple resolutionlevels, subbandsprecincts,
and codeblocks, asillustratedin Fig. 1. The generalstructure
of the JPEG200Cencoderis shavn in Fig. 2. The encodeffirst
translateghe separateRGB color componentf the imageinto
the corresponding’CbCr color space.Subsequent/ythe wavelet
transformdecomposesachcomponeninto severalresolutionlev-
els eachcontaininga seriesof subband¢3 subbandsteachlevel,
exceptfor the lowestresolutionlevel, which has4). The coefi-
cientsin eachwaveletsubbandirethenquantizedanddividedinto
regulararraysof precinctsandcodeblodksfor entropy coding.

Eachcodeblock is entropy-codedindependentlysingthere-
cursive probability interval subdvision of Elias coding[4]. Each
entrofy-codedcodeblock is composedf several coding passes
(usually calledembeddedit-streams)and eachcoding passpro-
vides a variable quality contritution to the reconstructedmage.
Following entropy-coding, a postcompressiomate allocational-
gorithmselectsodingpassefrom eachentropy-codedcodeblock
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Fig. 1. Partitioninga wavelet-transformedomponentnto resolu-
tion levels, subbandsprecinctsandcodeblocks

sothatanoptimalallocation,minimizing imagedistortionaccord-
ing to the desiredbitrate,is achieved. The selecteccodingpasses
from eachcodeblock arepacletized,andall the datapacletsare
assemblednto thefinal codingstream.Eachdatapacletis justa
collectionof codingpassedn thefinal codingstream andis com-
posedof two parts: headerandbody The headeiindicateswhich
coding passesareincludedin this paclet, andthe body contains
theactualdatafrom theincludedcodingpassesThe pacletization
procedure@mposesa particularorganizationon coding passdata,
commonlyreferredto asthe progressiormode,which facilitates
mary of the desiredcodecfeaturesjncluding rate scalabilityand
progressie recovery by 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
anddiscusses$uturework.

2. RATE DISTORTION OPTIMIZA TION

This sectiongivesaconciseoverview of theoptimalrateallocation
schemeausedby JPEG2000A muchmorethoroughdiscussiorof
the rate distortion optimization componentof the EBCOT algo-
rithm canbefoundin [3].
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Fig. 2. Structureof JPEG200@Encoder

Asillustratedin Figurel, eachcomponenof thewavelettrans-
formedimageis partitionedinto a collection of relatively small
codeblocks, B;, whoseentropy-codedembeddedbit-streamsnay
be truncatedto rates, R;*, accordingto the specifiedmaximum
bitrate for the final coding stream. The contrikution from B; to
distortionin thereconstructeémageis denotedD?*, for eachtrun-
cationpoint,n. Heretherelevantdistortionmetriccanbeassumed
to beadditive, i.e.,

D=3 D (1)

whereD representtheoverallimagedistortionandn; denoteghe
truncationpoint selectedor codeblock B;. Usually anadditive
distortionmetricwhich approximateMeanSquared=rror (MSE)
is usedby setting
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Here, 3; [E] denoteghe two-dimensional2-D) sequencesf sub-
bandsamplesn codeblock B;, &7 [E] denoteghequantizedepre-
sentatiorof thesesamplesassociateavith truncationpoint», and
wp,; denoteghecoeficientweightingfor thesubbandb;, to which
codeblock B; belongs.

To minimizedistortionsubjecto aspecifiednaximumbitrate,
R™* the rate allocationalgorithm mustfind the optimal setof
truncationpointsthatsatisfieghefollowing equation:

R™*>R=) R} (3)

The problemof selectingthe optimal truncationpointsto satisfy
Equation 3, canbesolvedusingageneralized.agrangemultiplier
method[5]. Any setof truncationpoints,{n; }, which minimizes
Equation 4 for someA

(D(A) +AR(N) = 57 (DI + AR} (@)

i

is optimalin thesensehatthedistortioncannotereducedvithout
alsoincreasinghe overallrateandvice-versa.

The determinationof the optimal truncationpoints, n}', for
ary given A\, may be performedvery efficiently basedon a small
amountof summaryinformation collectedduring the generation
of eachcodeblock’s embeddedit-stream. It is clear that, for
eachcodeblock B;, it is aseparateninimizationproblem.A sim-
ple algorithmto find the truncationpoint, n*, which minimizes

A A
(D} + AR;?), is asfollows:

o Initialize n) =

e Forj=1,2,3,...

. . A . A .
- SetAR! = R} — R} andAD! = D;* — DJ;

- If AD!/AR! > X thenupdaten} = j;

We first find the subsebf feasibletruncationpoints, V;. Let
Jj1 < j2 < ... beanenumeratiomf thesefeasibletruncationpoints
andletthecorrespondlngilstortlon rateslopes begivenby S7* =
(AD!/AR?) whereAR!* = RI* — R/*~" andAD?* = DI* —
D}*¥='. Theseslopesmustbe strictly decreasingfor if S;*** >
S{’“ , thenthe truncationpoint, ji, could never be selectedby the
above algorithm,regardles®f thevalueof A, contradictinghefact
that lV; is thefeasiblesetof truncationpoints.

Whenrestrictedto a setof truncationpointswhoseslopesare
strictly decreasingthe above algorithmreduceso the trivial se-
lectionny = maz{ji € N;|S* > A} sothateachsuchpoint
mustbe a valid candidatefor somevalueof . It follows that V;
is the largestsetof truncationpointsfor which the corresponding
distortion-rateslopesarestrictly decreasingThis uniquesetmay
be determinedisinga conventionalcorvex hull analysis.

3. HEAP-BASED PACKETIZA TION ALGORITHM

We proposea new algorithm for more efficiently implementing
postcompressiomate allocationand pacletizationin JPEG2000.
This algorithmimplementsthe optimal rate allocationschemen
JPEG200(3], asdiscusse@dbovein section2, usingthe Minimum
SpanninglreeAlgorithm [6] andthe D-Heapdatastructure.

In JIPEG200@ncodingthesubsetf feasibletruncationpoints,
N;, canbe determinedmmediatelyafter codeblock B; hasbeen
entrogy-coded. Once N; hasbeendeterminedthe next process
is postcompressiomateallocationandpacletization. During rate
allocationandpacletization,codestreamsnaybegeneratedsei-
therresolution-scalabler quality-scalableThe postcompression
rateallocationandpacletizationschemegor generatinghesetwo
progressie scalability modesvariesslightly. This papermainly
focuseson generatingguality-scalablecode stream althoughthe
principle for generationresolution-scalableode streamsis the
sameandtheimplementatioris similar.

For rateallocationand pacletizationof quality-scalablecode
streamsthefinal codingstreamis composedf oneor morequal-
ity layers,numberedrom0to L — 1, whereL > 0. Eachentrofy-
codedcodingpassis eitherassignedo oneof the L layersor dis-
carded.The codingpassegontainingthe mostimportantdataare
includedin the lower layers,while the coding passesassociated
with finer detailsareincludedin the higherlayers.



The postcompressionmate allocationand pacletizationalgo-
rithm we implementedassignsegmentsfrom eachcodeblock to
quality layers, where we define a segmentas the set of coding
passesetweentwo consecutie feasibletruncationpoints. The
algorithmis basedn the D-Heapdatastructure Eachnodein the
heaprepresents separatentrofy-codedcodeblock. Thekey of a
nodeis the distortion-rateslopeof the first unmarled codingseg-
mentof this codeblock, wherea segmentis markedif andonly if
it hasbeenselectechndassignedo a quality layer Thenodesare
sortedaccordingo theirkey valuesandtherootnodehasthe max-
imumkey value,whichmeanghatit hasthelargestcontrikbutionto
thedistortionamongall theunmarled segmentsn this codeblock.
In eachstep,only therootnodeis processedatwhichtimeits first
unmarled coding sggmentis marked andthe correspondingeg-
mentis assigned quality layer Thenthis nodeis updatecandthe
new key is generatediccordingto the next unmarlked segmentin
this codeblock which hasthe largestkey value. The detailsof the
algorithmaregivenbelow.

procedure pacletization(setof cblk s, int layernum);
int cumratecurlayer;heaph;
mapping rate: layernumber— layerrate;
h := makeheap(s);
curlayer := 0;
while (curlayer < layernum) do
cumrate := 0,
while (cumrate < rate(curlayer)) do
cumrate := cumrate + length(root(h));
markthefirstunmarled segmentof root(h);
updatethe key valueof root(h);
siftdown(root(h), key(root(h)), h);
endwhile
encodepakets(thesegmentamarkedin thisloop),
curlayer := curlayer + 1,

endwhile

heapfunction makeheap(setof cblk s);
int j; heaph;
h:=0;
for (< € )j := |h| + 1; h(j) := ¢; rof;
3= ((|hl = 1)/d);
while (j > 0) do
siftdown(h(j), key(h(5)), h);
j=ji-1
endwhile
return h;

procedure siftdown (cblk i, int x, modifiesheaph);

int c;

¢ := maxchild(z, h);

while (¢ # Null) and(key(h(c)) > key(z)) do
h(z) := h(c);  := ¢; ¢ := mazchild(z, h);

endwhile

h(z) =1,

Regardingthis algorithm,length(root(h) denoteshelength
of the first unmarled segmentthat will be marked in the inner
while loop; layernum indicatesthe numberof quality layers,

int function maxchild(int x, heaph);

int i, maxc;

mazc:=d(z — 1)+ 2;

if (mazc > |h|) return O; fi;

1 := maxc+ 1;

while s € min{|h|,dz + 1} do
if (key(h(?)) < key(h(mazc))) maxc:=1i; fi;
t:=141;

endwhile

return maxc;

andthe numberof bits per quality layer, in the final codestream.
Oncethe numberof bits for a quality layer has beensatisfied,
the encodepackets procedurds calledto pacletizedthis quality
layer Also,weused = 2.

The computationalcompleity of the proposedalgorithmis
O(ndlog,n). Eachexecutionof siftdowntakestime O(dlog,n),
wheren denoteshe numberof codeblocksin this image. The
runningtime for maleheapis O( f) where

n n n
fln) = Zd+ 52+ 33d+ ..
whichis O(n). Assumingthebit-depthpercomponenbf theorig-
inal imageis 8 bits, eachcodeblock hasno more22 codingpasses
(i.e. 3*(b-1)+1,whereb=8), sothereis amaximumof 22 sgments
percodeblock. Sinceeachsegmentis processe@nceat most,the
total runningtime is O(22 * ndlog,n), whichis O(ndlog,n).

To furtherimprove the performanceof the postcompression
rate allocationpacletizationprocedure several modificationsare
made.First, only pointersto theseentrofy-codedcodeblocksare
storedin the heap,which reducesheaptraversaltime. Second,
the heapis implementedisinga vector which helpsreducecache
miss rates. Third, we considerthe amountof headeroverhead
whenpackagingheselectedegmentsusingrate(curlayer) — A
insteadof simply rate(curlayer) asthe boundon paclet size,
whereA is estimatedisingstatisticalanalysis.For ourimplemen-
tation,we let A = 5% * rate(curlayer) for all paclets except
thefinal pacletin thelastlayer, in which we allow an additional
200bytesfor thefinal pacletizationoverhead Finally, we deletea
codeblock from the heaponceall its segmentshave beenmarled
(i.e. allocated) which helpsfurtherreduceexecutiontime.

4. PERFORMANCE EVALUATIONS AND COMPARISON

We evaluatedthe performanceof our proposedalgorithmin two
areas:executionspeedandallocationprecision. We usedJasper
[7], oneimplementatiorof the JPEG200Gtandardwvrittenin C, as
ourbaselinelPEG200@odec andmodifiedtherateallocationand
pacletizationmethodto usethe proposedalgorithm,asdiscussed
abore in section3.

Evaluationexperimentsof boththe original Jaspeicodecand
the Jaspecodecwith the D-Heapbasedateallocationandpack-
etizationalgorithm were performedusing five images,the char
acteristicsof which aregivenin Table1 (bpp indicates”bits per
pixel” percomponentandcomp. indicateshe numberof compo-
nents). The imageswere all encodedusinga 10:1 compression
ratio, and all quality layers had the samelength. Finally, exe-
cution times were measurecn a 733 MHz Pentiumlll running
Linux, andall experimentsusedthe Daubechiednteger 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 L=1 L=5 L =10
Monarch 129,11 145,1.23 | 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

Table 2 indicatesthe executiontime results. In this table, L
indicatesthe numberof quality layersgeneratedvhen encoding
theimages.In eachcell, thefirst valueis the executionspeedumpf
theD-Heapbasedateallocationandpacletizationprocedurever
theoriginal Jasperimplementationandthe secondraluegivesthe
overall executionspeedumf the JPEG200@ncodingusingthe D-
Heapbasedrate allocationand pacletizationalgorithm over the
original JasperimplementationEachspeedualuerepresentsn
averageof 10 runsof the programfor thatimageand numberof
quality layers. The resultsshav that the speedupof the rate al-
locationandpacletizationprocedurevariesacrosdifferentnum-
bersof quality layersfrom 13.2to 15.9on average andtheoverall
speedupvariessimilarly from 1.15to 1.33in average,with the
speedupncreasingasthe numberof quality layersincreases.

Table3 presentsheaverageallocationprecisiormeasurements
of our algorithm. In this experimenttherewereten quality layers
in eachof thefinal codingstreams.Onceagain,the compression
ratiowas10:1andall quality layerswereof equalsize.Eachentry
in Table 3 indicatesthe deviation in length of eachquality layer
comparedwith its specifiedlength. Overall, the deviation is very
minor (lessthan1% for mostquality layers).Theresultsshav that
therateallocationprecisionof our algorithmis excellent.

5. CONCLUSION AND FUTURE WORK

In this paperwe designedand implementedan efficient rate al-
locationand pacletizationalgorithmfor JPEG200Masedon the
D-Heapdatastructure.The resultsshaw thatourimplementation
is muchfasterwith speedupsipto 15.9on averagefor therateal-
locationandpacletizationproceduregiving overall encodingex-
ecutiontimesof 33rateallocationprecisionis excellent,with the
allocationprecisiontypically deviating by lessthan1%. Finally,
while this implementatiorfocusedon generatingjuality-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-scalablbitstreams.

Whendesigningthe D-Heapbasedateallocationandpacle-
tizationalgorithm,we foundthatwhenthefinal compressiomatio
is high, mary of the coding passesn eachcodeblock are never
used.Sincetheentrofy codingis oneof the mosttime consuming
partsof JPEG200@&ncodingwe planto investigatenew rateallo-
cationandpacletizationalgorithmswhich candirecttheencoding
of individual codingpassegor codeblockssuchthatanotherpass
is generatedf andonly if it is necessaryUsingthis algorithm,we
anticipatesignificantlyhigherspeedupsvill beobtained.
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