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Abstract— This report explores distrib uted compression of
light�elds utilizing Wyner-Ziv coding. Wyner-Ziv coding is a form
of distrib uted source coding which allows encoding to be done
without communicationbetweenimagesensors,aswell askeeping
the encoder is relatively simple. The complexity is moved to the
decoder. Such a schemeallows for these large correlated data
setsto be ef�ciently encodedwhile keeping the encoder simple.

The extensionsdescribed in this report are on the problems
of rate control and the intr oduction of a wavelet transform. The
report shows results illustrating the effect of the quality of the
side information on the system.Furthermor e, simulation results
arepresentedfor a simplerate control scheme.Finally, theoretical
resultsfor the waveletsand discussionof implementational issues
are presented.

I . INTRODUCTION

Often imagesof an object are taken from many different
points of view aroundthe object. If this is done by a large
cameraarray, an ef�cient representationis neededto transmit
these imagesback to a central server for aggregation and
storage.Theseimagestogetherare referredto as a light�eld
and are are often highly correlated.To ef�ciently encode
them,this redundancy mustbe taken into account.Traditional
joint encodingwouldnotonly involvecommunicationbetween
the imagersbut also require complex encodersat each of
the image encoders.Alternatively, eachof the imagescould
be encodedseparately, however, the large numberof views
would requirea lot of bandwidthbetweenthe imagersandthe
aggregationpoint. With distributedsourcecoding,the images
can be encodedef�ciently without communicationbetween
the imagersandwithout making the encodertoo complex.

An exciting applicationof this is in wirelesssensornetworks
(WSN). With the cost of imagesensorsand digital cameras
falling, they arebecomingmorecommonplaceandubiquitous.
In a WSN equippedwith image sensors,a large numberof
image sensornodes could be deployed. The images must
be encodedef�ciently to conserve power, but the limited
processingcapability of the nodesmeansthat the encoders
mustalsonot be too complex. In this project,we examinethe
performanceof a systemwhich could allow both constraints
to be met. Distributed sourcecoding is a paradigmwhere
the complexity of the encoder-decodersystemis placed in
the decoder, so that the encodercan be kept simple. The
theoretical foundations of distributed source coding come
from the Slepian-Wolf theorem[6] for losslesscompression
and the Wyner-Ziv theorem[9] for the correspondinglossy
compression.The latter can be thought of as a quantizer

followed by a Slepian-Wolf coder. The main idea is the use
of side information to decodeandreconstructa signal.

This report presentsthe resultsof our investigationof the
performanceof Wyner-Ziv coding for light�eld image data
sets.There has beenrecentwork in this area[8], [10], [1].
The simplest schemeis describedin [8]. This work uses
simpleimageregistrationandsub-samplingto achieve reduce
the amount data to be sent. At the decoder, image super-
resolutionis employed to try andachieve the original quality.
This is a simple heuristic but can never perform very well
especiallyasthenumberof views increases.In [10], a scheme
for Wyner-Ziv coding is presented.This provides the basis
for this project.The �rst part of this project is the extension
of the systemdescribedin [10] to include rate control. By
sendingdifferentamountsand quality of side information as
well as changingthe amountof Wyner-Ziv information sent
we presentresultswhich illustrate the trade-offs in termsof
rate-distortionperformance.A goodoverview of thesystemis
alsogiven in [5].

In [1], a similar idea is applied to random accessin a
light�eld data set. However, in this work, a discretecosine
transform(DCT) wasintroducedto addtransformgain to the
system.With theWyner-Ziv coder, a largecorrelationbetween
thesideinformationandtheWyner-Ziv information,allows for
lessWyner-Ziv information to be sent. In the DCT domain,
the low frequency coef�cients arehighly correlated,allowing
for largegainsin theWyner-Ziv rate.Thehigh frequenciesare
lesscorrelatedhowever typically theserequire fewer bits, as
they aretypically smallerandaffectpicturequality less.This is
how traditional transformcompressionsuchasJPEGachieve
high compressionrates.We extend this work by introducing
a discrete wavelet transform (DWT) instead of the DCT.
Waveletsallow for the separateencodingof the the different
sub-bandspotentiallyyielding large codinggains.

This report is organizedas follows: First the systemar-
chitecture is presentedincluding the each of the system
components.Thentheresultsof our investigationarepresented
anddiscussed.Finally conclusionsandpossibleextensionsare
presented.

I I . SYSTEM ARCHITECTURE

Threesimilar but differentsystemmodelswereusedin our
investigations.Commonto all andfundamentalto theschemes,
is the differentiationof views into two types,describinghow
they are encodedand transmittedto the decoder. Thesetwo



types are Key views and Wyner-Ziv views. Key views are
conventionally encodedand can be decodedindependently
of Wyner-Ziv views. They are typically higher rate than the
Wyner-Ziv views. Theseviews are in turn usedto generate
the side information at the decoderwhich are then usedto
decodethe Wyner-Ziv views. In the following sections,three
systemmodelsare introducedwhich are were usedto obtain
the resultsdescribedin sectionIII.

A. UncompressedKey Views

This is the most basic systemmodel and is know as the
Pixel domainWyner-Ziv encoder. Shown in Figure1, theKey
views are transmittedto the decoderuncompressedand are
fed into the side information generator. The side information
generatoris a rendererwhich usesthe positionsand angles
of the views (sceneand object geometry)to rendera “best
guess”from the relevant available Key views. This becomes
the side information.

In [10], a practicalway to implementthe Wyner-Ziv coder
using turbo coderswas introduced.The encoderonly sends
a suf�cient number of parity bits, so that using the side
information and statisticsbetweenthe side information and
Wyner-Ziv view, thedecodercanrecover theoriginal encoded
bits. How the statisticsaregeneratedwill be explainedbelow
when the decodingprocessis describedin more detail. First
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Fig. 2: Illustration of bit-planeextraction for 4x4 block with
3 bits of depth.

however, all the blocksof theencoderareexplained.The �rst
block in the Wyner-Ziv encoderis the quantizer. We used
a simple

���

level uniform quantizer. The quantizedoutput
is then fed into a block which extracts the bit-planesof the
image.Figure2 illustratesthis proccess.Eachquantizedvalue
is assigneda binary representation.To simplify the decoding
process,thelowestquantizedvaluewasassigned� �������	�
��� and
the largest ��
�
��	����
�� . Therefore, � bit-planesare obtained
from the most signi�cant bit (MSB) to the least signi�cant
bit (LSB). Eachbit planeis thensentto the turbo encoderin
sequencefrom MSB to LSB.

The turbo encoderwas a rate-compatiblepuncturedturbo
coder(RCPT).The functioningof this is beyond thescopeof

this reportand is describedin detail in [4].
On the decoder, the �rst block is the turbo decoder. While

the detailedmechanismof decodingis beyond the scope[4]
of this report,it is worth explaining the inputswhich mustbe
provided for its operationandwhich ultimately determineits
performanceand the performanceof the systemas a whole.
The decodertakesasits input, the sideinformationgenerated
by the rendereranda set of cross-over probabilitiesfor each
bit. Theseprobabilitiesaredeterminedby thesideinformation
and the previously decodedbits for that pixel. The error is
modeledasLaplacian.To obtainthemeanandvarianceof the
Laplaciandistribution,theerrorwasfoundbetweentheWyner-
Ziv views andthe generatedsideinformationusinga training
set. This also con�rmed that the error is indeedLaplacian.
For each pixel and bit-plane, the probability is calculated
as illustrated in Figure 3. The lower and upper boundsare
determinedby the previous moresigni�cant bit decoded.The
Laplacian is centeredaround the side information denoted
by � . Then the integral is taken from the lower bound to
the middle and from the middle point to the upper bound.
The former is the probability of that the bit is zero and
the latter that the bit is one. For the MSB, the range is
the entire quantizationrange.It is assumedthat the previous
bit-planewas decodedcorrectly. At eachstep,the Laplacian
is renormalizedso that the sum of probabilitiesequalsone.
Finally, onceall the bit-planesaredecodedthey arearranged
from MSB to LSB and converted back to quantizedvalues
( ��� ). Thentheseareput into the reconstructionblock.

The reconstructionblock calculatesE ���

���

�����
�

� andobtains
the bestreconstructedimage �

�

.In practicehowever, a much
simpler heuristic with similar performancewas used. The
heuristicis that if the sideinformationandthe decodedvalue
are in the samequantizationbin, thenside information is the
reconstructedvalue.If they fall into differentquantizationbins,
the edgeof the bin the reconstructedvalueclosestto the side
information is the reconstructedvalue.

B. RateControl

In the previous model, we concentratedon the Wyner-
Ziv views and the Key views were assumedto be sent
uncompressed.In orderto do ratecontrol,however, theremust
also be compressiondoneon the Key views. We did this by
usinga JPEG2000encoder-decoder. Thenew systemmodelis
shown in Figure4. The resultof the JPEG2000blocksbeing
insertedis that thereis somedegradationin the quality of the
Key views beforeenteringthe renderer. At low bit rates,the
quality of the JPEG2000imageis low so the additionalerror
in the rendererdoesnot mattermuch in termsof the quality
of thesideinformation.As thebit rateincreases,however, the
quality of the JPEG2000imageimprovesandthe error of the
rendererbegins to dominate.Figure5 illustratesthis behavior.
Figure 7 shows the differencein side information quality as
the rateandquantityof Key views is increased.JPEG2000is
describedin detail in [7], and was chosenbecauseit takes a
target rate at its input. This was useful for rate control. The
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Fig. 3: Illustration of how theprobabilitiesinputsto the turbo
decoderare calculated.In the top �gure, correspondingto
the �rst bit-plane,the Laplacianis centeredaroundthe side
information, and we seethat the bit is more likely to be 1,
hencethe bit is decodedas 1. In the next bit-planethe new
lower boundis the middle value from the previous bit plane
and the upperboundremainsunchanged.The new � value
is themidpoint.This canbedonebecausethequantizerlevels
areencodedas their binary representations.
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Fig. 5: Comparisonof Key FrameQuality with RenderedSide
Information

implementationof theencoderweusedwaspartof theKakadu
SoftwarePackage[2].

The problem of rate control was formulated as given a
PSNRof theKey views,whatis therequiredrateof theWyner-
Ziv views in order to obtaina similar PSNRfor the decoded
Wyner-Ziv views?To investigatethis problem,the numberof
Key views andtheir quality was �x ed. Then the quantization
level of theWyner-Ziv viewswaschosensothatat theinput of
turboencoderthequalitiesof thesideinformationandWyner-
Ziv views (beforeencoding)wereroughlyof thesamequality.
The resultsof this approacharediscussedin SectionIII.

C. WaveletTransform

The�nal systemmodelpresentedis theonewith thewavelet
transformincludedandis shown in Figure6. As canbe seen,
a DWT is placedbeforethequantizerin theencoderandafter
the rendererin the decoder. Finally, a IDWT is taken of the
reconstructedvalues to obtain the reconstructedimage. We
used the implementationof the shapeadaptive DWT (SA-
DWT) in QccPack Software package[3]. The wavelet used
was a lifting implementationof the Cohen-Daubechies9-7
(CD9/7)wavelet.Eachsub-bandof thewaveletdecomposition
of the Wyner-Ziv view is independentlyencodedusing the
Turboencoder. Thedecodingis alsoperformedindependently
for eachsubbandusing laplacianstatisticsthat are obtained
from the correspondingsub-bandin the training set (andside
information). Finally after reconstruction,all the sub-bands
arecombinedandthe SA-IDWT is appliedin order to obtain
the �nal reconstructedimage.The resultsarediscussedin the
following section.

I I I . SIMULATION RESULTS

In this section,simulation results that were obtainedfor
the distributedcompressionof light �elds are discussed.The
resultsarecomparedwith JPEG2000asa conventionalcoder
that can be usedto encodethe views obtainedfrom all the
different cameraviews. In this project, the syntheticdataset
consistsof a Buddhastatuewhich is imagedby 281 cameras
that areplacedin a hemispherearoundthe object.Eachview
producesa 512x512 image. Since a synthetic data set was
used,perfect geometryinformation available to the decoder
(without any associatedcost). The performancebene�ts of
distributedcompressionof light�elds for differentdistribution
of the available 281 views into Wyner-Ziv views and Key
views. The effect of Key frame quality on the total rate of
the systemis also investigated.

Figure8 comparestheperformanceof Wyner-Ziv codingof
half the dataset (i.e. 140 views) with JPEG2000encodingof
theseimages.Alternateviews of the datasetareusedasKey
views andthe restareusedasWyner-Ziv views. EachWyner-
Ziv frame has it' s side information obtainedvia rendering
usingtheneighboringKey views. Moreover, thesideinforma-
tion is assumedto be generatedusing the uncompressedKey
views.Gainsashigh as � dB canbeobtainedusingWyner-Ziv
coding when comparedto conventionalJPEG2000encoding.
However, thesegainsare obtainedonly for low bit ratesand



(a) Rate1, 10% Key Views (b) Rate1, 30% Key Views (c) Rate1, 50% Key Views

(d) Rate2, 10% Key Views (e) Rate2, 30% Key Views (f) Rate2, 50% Key Views

(g) Rate3, 10% Key Views (h) Rate3, 30% Key Views (i) Rate3, 50% Key Views

Fig. 7: RenderedBuddhaImagesfor differentKey frame Qualitiesandpercentageof Key views. Rate1: 0.017bpp; Rate2:
0.061bpp; Rate3: 0.374bpp
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Fig. 8: Comparisonof Wyner-Ziv Codingwith JPEG2000

whena largenumberof Key views is availableat therenderer.
Notethatasthepercentageof total viewswhichareKey views
dropsfrom 50% to 30%, the gainsof distributedcompression
decreases.In fact,whenonly 10%of theviewsareusedasKey
views, thereis no gain in usingdistributedcompressionover
conventional JPEG2000.Therefore distributed compression
resultsin gainsonly at low bit ratesand the numberof Key
views thatareusedis critical in obtaininggoodquality images.
Theseresultswere lower than the conditionalentropy of the
Wyner-Ziv views given the side information by a factor of
2.15. This factor can be reducedby using a better Slepian-
Wolf coder.

In a practical system,the Key views would also be sent
to the decoderafter performing some encoding.JPEG2000
is used in order to achieve this in this project. One of the
main motivations for using JPEG2000was that the EBCOT
functionality of JPEG2000allows for scalableencodingof
the side information therebyobtaining the desiredratesand
qualities at the decoder. Three different qualities are �x ed
for the Key views in this project (at 30.36dB,34.5dB and
47.14dB) and the effect of thesequalities on the total rate
of the systemfor a given distortion is investigated.Figure 9
shows how thedifferentquantizationstep-sizesfor theWyner-
Ziv views improves the �nal quality after reconstructionfor
a �x ed Key frame quality (in this case, it was chosento
be 34.5dB).The Wyner-Ziv reconstructionquality is plotted
versusthe total rate of the systemwhich includesboth the
Wyner-Ziv views and the Key views. The effect of different
distributionsof the Wyner-Ziv views andKey views wasalso
investigated.As expected,the quality of the decodedWyner-
Ziv views improves by using a betterquantizationstep-size.

Figure 10 shows the results for the rate control problem
where the decodedWyner-Ziv views and Key views are
expected to have the same (or similar quality). With this
constraint,different quantizationstep-sizeswere chosenfor
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Fig. 10: Quality of DecodedImagesversusTotal Rate

the Key views basedon the quality of the Key views and
the numberof Key views that are available.The total rate is
plotted for the systemversusthe PSNR that is desired.We
note that when we have 50% of the views as Key views, a
gain of as much as 
�� � dB can be obtainedusing Wyner-Ziv
coding over JPEG2000.However, when the numberof Key
views decreases,the quality of the side information reduces
therebyreducingthe bene�ts of distributed compression.For
the30%distributionof Key views,minorgainsarevisibleonly
at very low rateswhereasthe10%Key framedistribution case
resultsin a very badperformance.In order to obtain this rate
distortiontrade-off, differentqualitieswereusedto encodethe
Key views.

Figure 11 presentsthe resultsfor an alternateview of the
rate control problem.Here, the 281 camerasare assumedto
take turns in sending Wyner-Ziv views and Key views in
a round-robin fashion.Therefore,of interest is the average
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image quality that is obtained at the decoder for a total
rate of transmissionfor the system.In order to obtain this,
the qualitiesof the Wyner-Ziv views obtainedwith different
quantization step-sizesfor a �x ed Key frame quality are
averagedand quality of the the Key views is varied. This
resultsin a numberof Rate-PSNRpointsandfrom which the
convex hull of is obtained.Again, with 50% of the views
being Key views, the gain can be as large as � dB. When the
percentageof Key views reducesto 30%and10% of the total
numberof availableviews, thenthegainsof distributedcoding
reducesdrasticallywhencomparedto JPEG2000.

The previous two curves also indicate that thereexists an
optimumdistribution of Key views that leadsto thebestgains
for distributedcompression.Sinceencodingall theviewsusing
JPEG2000amountsto usingall the views asKey views, this
curve correspondsto the 100% Key frame distribution case.
Thereforethebestdistribution of Key views mustlie between
30% and 100%.We expect the optimum distribution of Key
views to remain close to 50%. A much lower distribtuion
of Key views will affect the obtainedquality of the decoded
Wyner-Ziv imageswhile a muchhigherdistribution will affect
the total rateof the system.

Figure 12 shows the Rate-PSNRperformanceof the Pixel
domain basedWyner-Ziv encodercomparedwith the DWT
basedWyner-Ziv encoder. The PSNR results are obtained
after performing reconstructionusing the quantizedWyner-
Ziv views and the renderedside information while the rates
are obtainedusing the conditionalentropiesof the quantized
Wyner-Ziv views given the side information. Therefore,the
rates that are mentionedin this curve are smaller than the
actual simulation performancesby a factor of 2.15 as men-
tioned before.We show only theseresultsas the simulation
resultsfor the DWT basedWyner-Ziv encoderwerenot good
dueto the inef�ciencies of the Turbo decoder. We noticethat
the Pixel domainWyner-Ziv coderhasa betterratedistortion
performancewhen comparedto the DWT basedWyner-Ziv
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encoder. Althoughthis seemsto bea verysurprisingresult,we
believe that this result is obtainedbecausethe SA-DWT that
wasusedresultedin a mismatchbetweenthesideinformation
and the Wyner-Ziv views therebydegradingthe quality. The
different points on the curve were obtained by giving a
differentnumberof bit planesto eachof the4 sub-bandsof the
one-level waveletdecompositionthatwasperformed.A CD9/7
wavelet was used for the DWT encoder. Figure 13 shows
the reconstructedWyner-Ziv imagesfor different ratesof the
JPEG2000Key frame encoderand for different distributions
of theKey views. TableI comparestheconditionalentropy of
eachsubbandof the 1-level DWT coderwith the correspond-
ing values of the Pixel domain coder for different number
of representationlevels at the quantizer. For the subbandsof
the DWT basedcoder, the samestepsizeis chosen(in this
case16). This resultedin the lowestsub-bandbeingallocated
32 representationlevels while the second,third and fourth
sub-bandswere allocated 8, 8 and 4 representationlevels
respectively. It canbe notedthat the wavelet coef�cients lead
to signi�cantly lower ratesthan the Pixel domain coder for
the given quantizationstepsize.This resultedin a betterrate,
however the quality also signi�cantly degradesand therefore
the pixel domainencoderhasa betterR-D performance.This
observation was also observed to hold for all combinations
of the numberof representationlevels allocatedfor eachsub-
band.Severaldifferentlevelsof decompositionweretried and
similar R-D performanceswere obtained(which was worse
than the Pixel domaincoder).

IV. CONCLUSION

In this project,we investigatedthe performanceof Wyner-
Ziv codingwith differentamountsandqualitiesof side infor-
mation.This wasformulatedasa ratecontrol problem,where
the PSNR of the Key and Wyner-Ziv views were made to
be comparable.The resultsshow that if the side information



������� �	�

of Wavelet Sub-band#
Numberof representationlevels

������� �	�

for Pixel domain 0 1 2 3
2 0.0141 0.01479 0.1368 0.14193 0.174898
4 0.0568 0.05567 0.1426 0.1505 0.1830167
8 0.0986 0.094419 0.16877 0.18495 0.234052
16 0.1835 0.17926 0.219176 0.262096 NA
32 0.3089 0.30707 NA NA NA

TABLE I: Entropy calculationsfor the conditionalentropy of the Pixel domainencoderand the individual sub-bandsfor a
1-level wavelet decompositionfor the DWT encoder

(a) Rate1, 10% Key Views (b) Rate1, 30% Key Views (c) Rate1, 50% Key Views

(d) Rate2, 10% Key Views (e) Rate2, 30% Key Views (f) Rate2, 50% Key Views

(g) Rate3, 10% Key Views (h) Rate3, 30% Key Views (i) Rate3, 50% Key Views

Fig. 13: ReconstructedBuddhaImagesfor differentKey views qualitiesandpercentageof Key views



quality is not good, then the performanceof the Wyner-Ziv
coder deterioratesrapidly and quickly falls below the rate-
distortion performanceof just using JPEG2000to encode
all the views. Furthermore,the gainsof Wyner-Ziv are most
signi�cant at low bit rates,and are quickly lost at higher bit
rates.

The wavelet transform looked to yield signi�cant perfor-
mancegains.Unfortunately, simulationsand theoreticalwork
have shown that thestraightforward introductionof theDWT
deterioratesperformance.This could be due to a numberof
factorsandmustbe further investigated.
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VI . POSSIBLE FUTURE EXTENSIONS

Basedon the results obtained and our work during the
courseof this project,we envision future work on this topic
to be:

1) Improving the Turbo encoder/decoderin order to get
closerto the ratespredictedby the conditionalentropy
of the Wyner-Ziv views given the renderedside infor-
mation. Currently, the resultsobtainedin this projects
areoff from theconditionalentropy by a factorof 2.15.

2) Getting the Wyner-Ziv coder to work in the DWT
domain. The current implementationsuffers from a
shortcomingeither in the Turbo encoder/decoderor in
the simulation model. This needsto be addressedin
order to obtainbettersimulationresultswhich canthen
be translatedinto practice.

3) Currently, in this project,given a setof Key views and
Wyner-Ziv views, we choosethose Key views whose
cameracoordinatesare closeto the Wyner-Ziv camera
coordinatesin order to obtain the side information via
rendering.This heuristicseemsto work quite well for
thepixel domainencoder. However, whena DWT based
Wyner-Ziv coder is used,one can get smarterin the
choiceof the Key views that shouldbe usedfor render-
ing. For example,for eachsub-band,wecouldpick those
Key views whose DWT coef�cients have the highest
correlation with the DWT coef�cients of the current
Wyner-Ziv frame. This might lead to an improvement
in the quality of the side information which would
then improve the performanceof distributed coding
signi�cantly.

VI I . WORK DIV ISION AND PROJECT LOG

LiteratureSurvey - SumanthandPrimoz
GettingJPEG2000Kakadusoftwareto work andobtainingit' s
R-D performancefor the given dataset - Primoz
Deciding and implementing the heuristic for choosing the
necessaryKey views that are requiredto obtain the rendered
side information for a given Wyner-Ziv frame- Sumanth
ImplementingtheUniform QuantizerandBit PlaneExtraction
- Primoz
Obtaining the Laplacian error statisticsbetweenside infor-
mation and Wyner-Ziv views for the pixel domainencoder-
Primoz
Sending the required bit planes to the Turbo encoderand
Successive decodingof the bit-planesat the Turbo decoder
after passingthe requiredprobabilitiesbasedon the acquired
Laplacianstatistics- Sumanth
Reconstructionoperationfor obtaining the �nal image from
the decodedbit planes- Sumanth
Using the Poissondisk samplingmethodand generatingthe
Light�eld.info (a �le thatdecideswhich Key views areneeded
to rendera certainWyner-Ziv view) �le for the renderingfor
differentdistribution of Key views - Primoz
ChoosingdifferentWyner-Ziv quantizationstep-sizesbasedon
Side informationquality - Sumanth
Implementingthe DWT basedWyner-Ziv coder using SA-
DWT from QccPack and choosingdifferent number of bit
planesfor eachsub-bandbasedon their statistics- Primoz
Calculationof conditionalEntropiesfor the Pixel domainand
DWT basedWyner-Ziv coders- Sumanth
Obtaining the error statistics(betweenside information and
Wyner-Ziv views) for the DWT Wyner-Ziv encoder- Primoz
Resultsgenerationandanalysis- SumanthandPrimoz
In this project,the work wasessentiallyequallysplit between
the project teammembers.
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