
BLOCKWISE MIXED FIXED-LENGTH/VARIABLE-LENGTH CODINGIN JPEG2000Till Halba
h, Tor A. Ramstad and Andrew PerkisDepartment of Tele
ommuni
ations,Norwegian University of S
ien
e and Te
hnology (NTNU)7491 Trondheim, NorwayEmail: fhalba
h,tor,andrewg�tele.ntnu.noABSTRACTA still image subband 
ode
 based on mixed �xed-length 
oding and variable-length 
oding is proposed.The proposed system 
ombines a trellis 
oded quan-tizer with subsequent entropy en
oder - whi
h gener-ates variable-length 
ode words - with a nonuniforms
alar quantizer - produ
ing �xed-length 
ode words- in order to make the resulting bit stream robust to
hannel errors during transmission. After subbandde
omposition, the 
ode
 organizes the wavelet sam-ples blo
kwise, hereby exploiting lo
al energy varia-tions. Finally, the parameter spe
ifying the ratio be-tween �xed-length 
oding and variable-length 
odingand its in
uen
es are investigated. The Veri�
ationModel 2.1 of the standardization proje
t JPEG2000is used as a referen
e.1. INTRODUCTIONEntropy 
oding is known to be prone to 
hannel errorssin
e syn
hronization is usually lost when an error isen
ountered in the variable-length (VL) en
oded bitstream. Appropriate error resilien
e methods there-fore have to be introdu
ed for 
hannels with bit orburst errors. In the following, subband 
oding usinga Mallat subband de
omposition is 
onsidered.The �rst approa
h made in the JPEG2000 
oreexperiments on error resilien
e inserts resyn
hroniza-tion markers in the bit stream and hereby improvesthe image quality of the de
ompressed image greatly[1, 2, 3℄. The approa
h in these works is done sub-bandwise, i.e., the markers are inserted between twosubbands. However, if the bit stream is a�e
ted byerrors the bit stream between two resyn
hronizationmarkers, i.e., one subband, has to be dis
arded sin
ethe error 
annot be lo
ated exa
tly.A further gain 
an be obtained by introdu
ing re-versible VL 
odes (RVLC) [4℄, by whi
h the error 
anbe lo
ated more exa
tly. Samples of the forefrontand rear region of the subband 
an usually be re
ov-ered, and not all are lost. But still the performan
e

of variable-length 
oding (VLC) is limited when mo-bile 
ommuni
ation 
hannels are 
onsidered, implyinglarge bit and burst error probabilities. Sear
hing forbetter error resilien
e strategies, the resear
h on theaforementioned �elds is thus still 
ontinuing.Fixed-length (FL) 
oding as an alternative solu-tion to VLC/RVLC removes the problem of resyn-
hronization during de
oding sin
e every 
hannel er-ror will a�e
t only one wavelet sample. On the otherhand, the rate-distortion performan
e of �xed-length
oding (FLC) is poorer than the performan
e of VLC.Several approa
hes with FLC have been studied sofar.In the �rst method, the entire subband informa-tion is 
oded using FL 
odes [5, 6℄. When 
omparedto entropy 
ode
 performan
es, this leads to improve-ments under 
hannel 
onditions as in mobile and wire-less 
ommuni
ationa, whereas in the error-free 
ase asmall degradation of image quality has to be a

epted.It was also 
onsidered to en
ode only the most impor-tant subband information with FLC, i.e., the lowest-frequen
y subband [7℄. By doing so, the degradationin the error-free 
ase 
ould be minimized, maintain-ing a better 
ode
 performan
e under error 
onditionswhen 
ompared to the performan
e of a 
ode
 whi
huses VLC only.Furthermore, [8℄ approa
hes the problem by partlyen
oding subband information with FL 
odes and theremaining wavelet samples with VL 
odes. However,this is done subbandwise, assuming the important in-formation, i.e., sample sets with a large varian
e, tobe found only in the lower-frequen
y subbands. Lo
alenergy variations are thus not exploited. Also, the ra-tio of FL en
oded samples to VL en
oded samples is�xed. The quality improvement of the de
ompressedimage under error 
onditions therefore depends on theimage to be en
oded and its 
ontent.Hen
e, a 
ode
 based on blo
kwise en
oding withan adaptive 
oding ratio (CR) spe
ifying the ratiobetween FL and VL 
ode words is proposed in thispaper. For this, the subband information is further



split into blo
ks. The CR has to be kept adaptivein order to allow for 
oding of images of various size,type and quality under di�ering 
hannel 
onditions.2. SYSTEM DESCRIPTIONSIn this se
tion, the referen
e system based on the Ver-i�
ation Model VM2.1 of the JPEG2000 proje
t [9℄and the proposed system are des
ribed in detail.2.1. Referen
e Code
: The VM2.1The blo
k diagram des
ribing the basi
 prin
iple ofthe en
oder side in the VM2.1 is shown in Fig.1.
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allocationFigure 1: VM2.1 en
oder blo
k diagram.First, a dis
rete wavelet transform (DWT) with aMallat de
omposition tree is applied to the image ar-ray. This results in a two-dimensional de
ompositioninto 4 subbands for one de
omposition level.After DWT, the VM 
lassi�er 
omplements thede
omposition pro
ess by splitting one subband into2 sequen
es of similar statisti
s [9℄. The motivation isthat subsequent phases of the en
oder will take bene-�t of the 
ommon properties of ea
h sequen
e.Then, the wavelet samples are passed to the trellis
oded quantizer. Ea
h sample is quantized using oneof 4 separate (s
alar) quantizers with adaptive stepsizes. The allowable sequen
e of 
hoi
es among thesequantizers is spe
i�ed in the form of a trellis. The rateallo
ation is a Lagrangian method whi
h minimizesthe MSE under a rate 
onstraint.Finally, a binary arithmeti
 bit plane en
oder with
ausal 
ontexts is employed to VL en
ode the quan-tizer output indi
es.2.2. Proposed Code
The proposed system is illustrated in Fig.2. It 
an beseen that the stru
ture of the VM is basi
ally main-tained but extended in 
ertain areas.DWT and the VM 
lassi�
ation are maintained.Between the subband de
omposition and quantizationtwo further blo
ks are inserted whi
h are des
ribed inthe following. Also, an FLC blo
k parallel to the VLCse
tion is added. At the end, all data streams aremerged to the �nal bit stream. The streams 
ontain-ing side information are not depi
ted for simpli
ityreasons.
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Figure 2: Blo
k diagram of the en
oder of the pro-posed system.The blo
k formation of the sequen
es is done withregard to the de
omposition tree. Beginning with ablo
k size of 4 at the highest level, i.e., the lowest-frequen
y sequen
e, the respe
tive sizes for blo
ks oflower de
omposition levels are 16, 64, 256, et
. The
orresponden
e of samples is shown in Fig.3. It 
analso be seen that one de
omposition level 
ontains 3subbands, ex
ept the highest level. After blo
k for-mation, the statisti
al properties of ea
h blo
k are
omputed, e.g., mean and varian
e.
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level l

level l-1Figure 3: Mallat de
omposition tree and sample 
or-responden
e among di�erent levels.Then, a 
oding swit
h passes the blo
ks to eitherthe FL or the VL en
oder, where the latter is identi
alto the one from the VM2.1. This is done with respe
tto a 
ertain 
oding ratio (CR), the image size and thedesired (target) bit rate. The CR is further dis
ussedin Paragraph 3.1. It has to be sele
ted su
h that themost important information is FL en
oded, whereasVL en
oding is used for less important information.It hereby takes 
hannel signal-to-noise ratio (CSNR),quality of the re
eived image and error robustness ofthe bit stream to be transmitted into a

ount.After that, The samples of one blo
k are quan-tized, where the fun
tionality of the VLC part is asmentioned in Paragraph 2.1. The FL quantization
onsists of 6 di�erent s
alar mid-tread quantizers withnonuniform de
ision and re
onstru
tion levels opti-mized for a Lapla
ian distribution of samples in oneblo
k, using the mean-squared error (MSE) 
riterion.



An internal (lo
al) bit allo
ation pro
edure pre
eedsthe quantization and allo
ates every sample 0 to 7 bitsa

ording to the varian
e of the respe
tive blo
k. Themid-tread 
hara
teristi
 is 
hosen be
ause it prevents
oding artifa
ts like granular noise.Finally, the multiplexer (MUX) merges the di�er-ent data streams to the one that is transmitted. Itssyntax is depi
ted in Fig.4. The header 
ontains im-portant side information and must be prote
ted 
om-pletely by forward error 
orre
tion 
odes. The FLCpart of the header 
onsists of bit allo
ation table andquantized blo
k varian
es. The VLC part 
ontainsne
essary de
oder information like step size of thequantizers, et
. It should be noted that the bit streamsyntax and the aforegoing blo
k formation make it im-possible to progressively de
ode the bit stream sin
ethe blo
ks with important information are typi
allydistributed over all de
omposition levels and there-fore over all subbands or sequen
es, respe
tively.
General FLC VLC VLC dataFLC data

Header Quantized coefficients

Figure 4: Bit stream syntax for the Core Experiment.A drawba
k of the new 
ode
 is that it adds ap-proxemately 53% to the header size without FLC. Forthe image used later, the header size takes a reason-able 7% of the 
ompressed �le size when 
oded witha bit rate of 0.25 bpp. The relative header size growsfurther the smaller the image is. Sin
e it a
hieves even15% for a bit rate of 0.125 bpp, it should therefore beattempted to redu
e the amount of side informationand keep it small near 5% in future investigations.However, the implementation of 
oding ratio and its
orresponding bit allo
ation me
hanism does not re-quire further side information. All ne
essary informa-tion 
an be taken out of the FLC header.Another disadvantage is in
reased 
omplexitiy ofboth en
oder and de
oder. The 
omputation timeis not a�e
ted signi�
antly. Unfortunately, it is notpossible to determine the optimal CR prior to trans-mission sin
e its 
hoi
e is mainly in
uen
ed by thePSNR of the re
onstru
ted image.3. TESTINGHere, the newly developed system has to 
ompetewith the referen
e 
ode
. The testing is done a
-
ording to the Common Testing Conditions of theJPEG2000 
ommunity [10℄. Only the image Goldhillis used.

3.1. Obje
tive EvaluationFor obje
tive evaluation, i.e., the determination ofpeak-signal-to-noise ratio (PSNR) of the re
onstru
-ted image, 3 
ases are investigated: The error-free
hannel (EFC), the binary symmetri
 
hannel (BSC)de�ned by the bit error rate (BER), and a Raleighfading 
hannel (RFC) or burst 
hannel whi
h param-eters are total BER and burst length (BL). To 
overa wide spe
trum of error pattern possibilities, 20 runswith di�erent seeds are done. The PSNR is averagedarithmeti
ally over the di�erent runs. The results aredis
ussed in the following.Fig.5 shows the PSNR as a fun
tion of CR forsome BSCs. The more CR tends to 0, the larger theVLC part in the en
oded bit stream, and the smallerthe FLC part. On the other way round, the FLCpart grows the more CR tends to 1, wheras the VLCpart at the same time shrinks. It 
an be seen thatfor the 
hoosen BERs, FLC is superior to VLC, i.e.,limCR!0(PSNR) < limCR!1(PSNR), and that the
urves are almost monotone. It is obvious that PSNRis the larger the smaller BER is. The 
urve of EFC isadditionally depi
ted, for a dominating FLC part (CR! 0) showing a degradation in PSNR when 
omparedto the 
ase where the bit stream 
onsists mostly of VLen
oded 
oeÆ
ients (CR ! 1).
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Figure 5: ImageGoldhill 
oded at 0.25 bpp and trans-mitted over both EFC and several BSCs with the BERas a parameter.Fig.6 is analogous to Fig.5, that means the 
ode
shows the same behaviour. The PSNR yielded forburst lengths of 10 ms is generally larger than whenthe bursts are only 1 ms long. The reason for this isthat the bit errors are more s
attered over the 
odewords for a shorter burst length and the same (total)BER. For 10 ms, the 
hannel errors a
t more 
on
en-



trated and result therefore in a smaller MSE of there
onstru
ted image, 
orresponding to a higher PS-NR.
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Figure 6: Image Goldhill 
oded at 0.25 bpp and trans-mitted over several RFCs with BER and BL as param-eters.In Fig.7 �nally, three 
ode
s are 
ompared to ea
hother. First, the 
ode
 generating VL 
ode wordsonly, i.e., the VM2.1, shows the best performan
e inthe EFC sin
e it 
an operate 
losest to the informa-tion theoreti
al bound. Above a 
ertain threshold(here: BER > 10�6), the 
ode
's performan
e 
ol-lapses rapidly until it 
onverges to a parti
ular value.This is due to the error resilien
e method of the 
ode
that sets one or more sequen
es to zero if an error isen
ountered. Sequen
es are separated by resyn
hro-nization markers whi
h are dete
ted by the de
oder.Thereby, not the whole bit stream is lost under error
onditions but the sequen
es nearest to the error, typ-i
ally one. The PSNR threshold is rea
hed when allsequen
es are set to zero ex
ept the lowest frequen
ysubband whi
h 
oeÆ
ients are set to the image mean.Su
h an image hereby appears 
ompletely gray with-out further 
ontexts.Furthermore, the performan
e of a 
ode
 that onlyFL en
odes the subband samples is depi
ted. In theEFC, it typi
ally a
hieves a somewhat lower PSNRthan the VLC 
ode
, whereas it outperforms other
ode
s 
learly for medium BERs. This is be
ause abit stream 
onsisting of FL 
ode words is most ro-bust to bit or burst errors sin
e only one or a few
oeÆ
ients are altered by the 
hannel. All other sam-ples are maintained. However for (in real 
onditionsunusually) high BERs, eventually its 
urve degradesqui
kly as well.In this work it 
an be shown that a mixed FLC/-VLC 
ode
 
ombines some advantages of both afore-

mentioned 
ode
s and �lls the gap between them. Inthe following, this 
ode
 is 
alled Core Experiment(CE) a

ording to JPEG2000 
onventions. As men-tioned before, the CE migrates into the FLC 
ode
 forCR ! 1 and turns into the VLC 
ode
 for CR ! 0.This 
an be seen for CR=0.9, CR=0.6 and CR=0.2in Fig.7 as well. Here at approxemately 4 � 10�6, the
urves lie 
losest together.
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Figure 7: ImageGoldhill 
oded at 0.25 bpp and trans-mitted over a BSC.By modifying CR, it is possible to adjust the ro-bustness of the bit stream to the 
hannel 
onditions.If the 
onditions are known prior to transmission -whi
h is often the 
ase for two-dire
tion 
hannels - thequality of the re
onstru
ted image 
an adaptively beoptimized. Further in the interval �4 � 10�6; 1 � 10�2�,it 
an be observed that the 
urves of the CE do notdegrade neither as fast as the FLC nor as fast as theVLC 
ode
. The reasons for this behaviour is, �rst,that the CE bit allo
ates to blo
ks s
attered over allsubbands a

ording to visual importan
e and not towhole subbands or sequen
es as the VLC 
ode
. Se
-ond, the bit stream of the CE additionally holds VLen
oded 
oeÆ
ients grouped together in blo
ks as wellwhi
h are signi�
antly smaller than the sequen
e theywere taken from. As with the sequen
es of the VLC
ode
, after every sample blo
k there is a resyn
hro-nization marker. The small blo
k sizes lead to theresult that - in 
ase of errors - only very few 
oeÆ-
ients are lost. This explains why the CE is mu
hmore stable in the interval mentioned above.A further positive result is that the CE outper-forms the FLC 
ode
 for large bit error rates and ahigh CR (e.g. 0.9). This is due to the fa
t that VLen
oded blo
ks whi
h are not a�e
ted by 
hannel er-rors add signi�
antly (partly more than 4 dB) to there
eived PSNR.



3.2. Subje
tive EvaluationSin
e PSNR is not a reliable subje
tive measure, theimages are also evaluated subje
tively. Be
ause ofspa
e limitations, here only the two most important
ases are investigated: The nearly error-free 
ase (ne-gle
tible BER) and a BSC with a (high) BER of 0.01.For reasons of 
omparison the original image is givenas well (Fig.8).

Figure 8: Original imageGoldhill, 720x576 pixel, gray,8 bpp representation.Comparing Fig.9 and Fig.8, the image qualities arenearly 
omparable. The CE generates a high-
ontrastimage whi
h is partly slightly blurred (e.g., in the darkregion on the right). Also, some high-frequen
y infor-mation is missing (street, roofs). No artifa
ts are ob-served. In 
on
lusion, the image quality 
an be ratedas satisfa
tory.Fig.10 shows the e�e
ts of 
hannel errors on there
onstru
ted image. The 
onspi
uous artifa
ts aredue to bit alterations in FL 
ode words when one ormore bits of a higher bit plane are a�e
ted. Be
auseof the inverse wavelet transform on the de
oder side,modi�ed samples a�e
t small regions. The higher thesample in the de
omposition tree, the larger the region(e.g. sky, left image edge on the ground).The image has also lost sharpness (dark region onthe right). This is due to the error resilien
e of VL en-
oded blo
ks that sets all blo
k samples to zero if 
on-taminated. However, the image 
ontent is simply re
-ognized, and still there are a lot of details (e.g., win-dows), despite of the very high BER! The CE 
ode
 istherefore most appropriate for su
h error-prone 
han-nels. As already mentioned before, the VM produ
esa 
ompletely gray image under the same 
onditions.

Figure 9: Goldhill 
oded at 0.25 bpp (
ompressionratio 32) with CE 
ode
 and transmitted over anerror-free 
hannel. Further values: PSNR=29.404,CR=0.2, relative header size 0.077.

Figure 10: Goldhill 
oded at 0.25 bpp with CE 
ode
and transmitted over a BSC with BER=0.01. Furthervalues: PSNR=25.129, CR=0.9, relative header size0.068. 4. CONCLUSIONSA new 
ode
 was proposed that 
onsists of a mix-ture of existing 
ode
s, one using VLC and one usingFLC only. This 
ode
, 
alled CE, 
an adaptively re-a
t on 
hanging 
hannel 
onditions by 
hoosing anappropriate ratio between FLC and VLC. For good
onditions the CR is low and hereby VLC dominates,whereas under bad 
onditions a high CR is re
om-mended whi
h makes the bit stream more robust to



errors.It is shown that for large BERs, the CE outper-forms the VM2.1 signi�
antly. Furthermore for evenpoorer 
hannel 
onditions, it a
hieves better imagequalities than the FLC 
ode
. By 
hoosing a lowCR, the performan
e 
onverges to the one of the VLC
ode
 whi
h operates 
losest to the information theo-reti
al bound.Con
luding, the newly developed 
ode
 in
ludingits bit stream syntax is proposed as a possible 
an-didate for 
exible image 
ompression and de
ompres-sion. It is also re
ommended for implementation inthe 
urrent JPEG2000 Veri�
ation Model. Finally, itis proposed to group the samples of ea
h subband inblo
ks before subsequent quantization and en
oding(both FLC and VLC) in order to exploit lo
al energyvariations. By this, also the error resilien
e 
apabilityof a VL en
oded bit stream is in
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