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ABSTRACT:

We presenta systemfor the interactive navigation throughhigh-resolutioncylindrical panoramasThe systemis basedon
MPEG-4anddescribeshevirtual world by the scenalescriptionanguageBIFS. This allows the easyintegrationof dynamic
videoobjects 3-D computemmodels,nteractive sceneslementspr spatialaudioin orderto createrealisticenvironments. For
the acquisitionof panoramicviews from real scenesmary preprocessingtepsare necessaryMethodsfor the removal of
objects,mageenhancementsndthe adaptatiorof the dynamicrangeof theimagesarepresentedh this paper Moreover, a
high-resolutiomprojectionof cylindrical panoramasisingmultiple synchronizegrojectorss demonstrated.

1. INTRODUCTION

Cylindrical panoramador the creationof syntheticviews
from real sceneshave a long tradition. Alreadyin 1792,
the painter RobertBarker built a panoramawith a radius
of 20 meters.Animatedpanoramasvere presentecround
hundredyearslater in 1897 by Brimoin-Sanson. 10 syn-
chronizedprojectorscreatedheillusion of beingpresenin

foreign countriesor distantplaces. Today peopleare still

attractedoy giganticpanoramasik e Asisi's 36 metershigh
Mount Everestpanorama.

In image-basedendering[SHOQ, cylindrical panora-
mas have receved particular interestin current applica-
tions dueto their simple acquisitionsetup. Only a couple
of picturesneedto be capturedon a tripod or freely by
hand[SS97. Theimagesarestitchedtogetherformingone
panoramidmageasshawn in Fig. 4. Fromthe 360 scene
information,new views canberenderedvhich enableghe
userto turn the viewing directionandinteractively decide
the point of interest. Onewell known examplefor sucha
systemis QuicktimeVR[Che9].

In contrastto light elds [LH96] or concentricmosaics
[SH99, theviewing positionfor panoramiaenderings re-
strictedto a singlepoint. Only rotationandzoomareper
mitted for navigation. This restrictioncansomeavhatbere-
laxed by allowing to jump betweendifferentpanoramass
shavnin Fig. 1. However, for mary applicationghisis suf-
cient and panoramicviews canbe found moreandmore
oftenonwebsitescreatingvirtual toursfor city exploration,

Fig. 1. Multiple panorama$om the EthnologicalMuseum
in Berlin. Interactive sceneelementsallow the userto jump
betweenthe rooms. Dynamicobjectsareaddedto vitalize
thescene.

tourism,sightseeingande-commerce.

In this paperwe presentisystenfor streamingandren-
deringof high-resolutionpanoramicviews thatis basedon
MPEG-4. The useof MPEG-4technologyprovidesmary
new featurescomparedto corventional360 panoramas.
Video objects, dynamic 3-D computer models [FEKO3,
Eis04],or spatialaudioasillustratedin Fig. 2 canbeembed-
dedin orderto vitalize the scene.Pressingnteractie but-
tonsgivesadditionalinformationaboutobjectsor modi es
the currentlocation. The MPEG-4systemalsoensureghat



Fig. 2. Sceneelementsof our MPEG-4 player Besides
the panoramagdynamicvideo objects,interactive buttons,
3-D modelsor spatialsoundcanbe addedto the erviron-

ment.

only visible datais transmittedavoiding long downloadsof
theentirescene.Thus,large high quality ervironmentscan
be createdthat enablethe userto immerseinto the virtual
world.

Although the acquisitionof large panoramasds quite
simplein principle,in practice,the situationis often much
morecomple. For example,people,objects,or cloudsin
the scenemay move while capturingthe singleimages.As
a result, the picturesdo not t to eachotherproperlyand
ghostimagesappearMoreover, capturing360 degreesof a
scenemay imposehigh demandson the dynamicrangeof
the camera. Especiallyin indoor scenesgxtremechanges
in intensity may occur betweenwindows and the interior.
We have thereforeinvestigatedalgorithmsfor the removal
of moving peopleandobjectsin orderto simplify the stitch-
ing. Multiple views are capturedat differenttime instants
and the coveredregions are warpedfrom the sameareas
in otherviews. Capturingthe scenewith differentshutter
timesenablesnspatialadaptve adjustmenbdf the dynamic
rangeandto createpanoramaslsofor scenesvith extreme
brightnesshanges.

The paperis organizedasfollows. First, the MPEG-4
frameawvork is describedthat is responsiblefor view-
dependentenderingand streamingof panoramasyideos,
and 3-D objects. In Section3.1 the determinatiorof focal
length and lensdistortionis describedwhich supportsthe
accurag of the stitching. The algorithm for the removal
of objectsis illustratedin Section3.2while Section3.3de-
scribeghelocal adjustmenbf dynamicrangeandprovides
examplesfrom realpanoramasln Sectiord nally thedis-
play of large panoramasvith multiple synchronizegrojec-
torsis presented.

2. MPEG-4 SYSTEM FOR PANORAMA
STREAMING AND RENDERING

The systemfor panoramaenderingusesMPEG-4technol-
ogy which allows local display or interactive streamingof
thevirtual world overtheinternet. The scends represented
very ef ciently usingMPEG-4BIFS [MPGO0Z andis ren-
deredattheclientusingour MPEG-4player[GSW03. The
basicsceneconsistsof a 3-D cylinder texturedwith a high
resolutionpanoramidmageasshovn in Fig. 4. Otherscene
elementdike 2-D images,video sequences3-D audio as
well asinteractive sceneelementsike buttonsor menus
can easily be added. Sincealphamaskscan be provided
to createarbitrarily shaped/ideo objectsmoving peopleor
objectsin motion canbe addedto the staticscenecreating
morelively ervironments. Buttonsallow to walk from on
roomto the next (Fig. 1) by requestinghew BIFS descrip-
tionsor to displayadditionalinformation.

Current View on Screen~

Visibility Sensor

Fig. 3. Subdvision of the panoramanto smallpatchesand
visibility sensorgor view-dependentenderingandstream-

ing.

Besideslocal display of the scene, MPEG-4 offers an
interactve streamingtechnique which transmitsonly data
necessaryto renderthe current view of the local user
For a particular panoramicscenewith video sequences,
2-D imagesand 3-D audio objects,the movementsof the
pointerdevice is evaluatedandthe appropriatedatafor the
desiredviewing directionis requestedrom thesener. In or-
derto avoid streamingthe entire panoramanitially which
would addsereredelays,the high-resolutionmageis sub-
dividedinto severalsmallpatches.To eachpatch,a visibil-
ity sensoris added,which is active if the currentpatchis
visible andinactiveif it disappearsigain.Only active parts
needto be streamedo the client unlessthey are already
availablethere. The partitioninginto patchesandthe visi-
bility sensorareillustratedin Fig. 3. Thevisibility sensors
areslightly biggerthanthe associategbatch. This allows to
prefetchtheimagepatchbeforeit becomewisible. Thesize
of thesensorsradeprefetchingime with numberof patches



Fig. 4. Cylindrical panoramaapturedat the Adlon hotel,Berlin, Germaly. A closeupof thewhite boxis depictedn Fig. 5.

locally stored. This way, a standardcompliantstreaming
systemfor panoramasvith additionalmoving andinterac-
tive sceneelementss realized.

3. ACQUISITION OF PANORAMAS

The imagesfor the panoramasre capturedwith a digital
cameramountedon a tripod. For indoor ervironments,a
wide anglelens corverteris usedto increasethe viewing
range.The cameraon thetripod is rotatedaroundthefocal
pointby 15to 30 degreeqdependingntheviewing angle)
betweenthe individual shots. Cameracalibrationis used
to estimateandremove radial lensdistortions. The result-
ing imagesarethenstitchedtogetheiinto asinglepanorama
usingacommerciallyavailabletool (e.g.,Panoramagctory
www.panoramadctorycom). Theoutputis apanoramidém-
ageasshavn in Fig. 4, whichis thensubdvidedinto small
patchesof size256x256pixelsfor view-dependenstream-
ing with the MPEG-4 system.With the currentcon gura-
tion anda 4 megapixel camerathe resolutionof the entire
panoramas about14000by 2100 pixels which allows to
view alsosmall detailsby changingthe zoomof the virtual
camera.Fig. 5 shavs a magni cation of the white box in
the panoramaof Fig. 4. Otherexamplesof panoramasire
givenin Fig. 14.

3.1. CameraCalibration

In testswith severalstitchingtools,it hasbeenevidentthat
the accurag of the resultscan be improved by determin-
ing focal length and lens distortionsof the camerain ad-

vanceratherthanoptimizingtheseparameterduringstitch-

ing. We have thereforecalibratedhe camerawith amodel-
basedcameracalibrationtechnique[Eis0Z. The resulting
intrinsic parameterdik e viewing angleandaspectatio are
passedo thestitchingtool while thelensdistortionparame-
tersareusedto correcttheradial distortionsin theimages.
Especiallyfor the wide-anglelenses severedistortionsoc-

cur which have to beremoved. Sincethe usedcameracan

be controlledquite reproduciblejt is sufcient to calibrate
the cameraoncefor varioussettings.

Fig. 5. Closeup of the Adlon Gourmet Restaurant
panorama. The contentcorresponddo the interior of the
white boxin Fig. 4.

3.2. Object Removal

The stitching of multiple views to a single panoramare-
quiresthe picturesto overlapin orderto align them and
to compensatdor the distortions(dueto projection,cam-
eraposition,lensesyignetting, etc.). After alignment,the
imagesareblendedto obtaina smoothtransitionfrom one
imageto thenext. If asinglecamerds usedandtheimages
are capturedone afterthe other ghostimagescanoccurin
theblendingareaif objectsor peoplemoveduringcapturing
as,e.g.,in theleft two imagesof Fig. 6. Thesemismatches
have to beremovedprior to stitching.

In orderto keepthe numberof imagesthat have to be
recordedow, we cut out the unwantedpartsin the image
by handasshawn in thethird imageof Fig. 6. This process
could alsobe automatedy majority voting, but would re-
quire at leastthreeimagestaken for eachview. The miss-
ing partshave now to be lled again. This canbe accom-
plishedeitherfrom the overlappingregion of the previous
view or from a second(or third) view thatis recordedat a
differenttime instantwherethe objectshave moved again.



Fig. 6. Left two images: picturesof a persormoving betweernwo shots3rd image: manuallyselectedmagemask,Right:

nal composedmagereadyfor stitching.

In both caseghe missingpixels mustbe warpedfrom the
otherview, lled into theregionandblendedwith theback-
ground.

For the warping, we use the eight-parametemotion
model

O = XFayta

T agxtagy+ 1
o _ @X+ ay+ as
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that candescribethe motion of a planeunderperspec-
tive projection.For backwardinterpolation x andy arethe
2-D pixel coordinatesn the referenceframe while x° and
y? arethe correspondingoordinatesf the previous frame

scribethecameramotionbetweertheviews.

If the motionis large, rst featurepointsare searched,
correspondenceare establishedand(1) is directly solved
in aleastsquaresense With the resultingparametersthe
sourceimageis roughly warpedusing (1) to obtaina rst
approximation.

This approximationis then re ned using a gradient-
basednotionestimatofESGO0Q. Equation(1) is combined
with the optical o w constraintequation

@0 o, @ 0
& (7 x) @(y y)=|

which relatestemporalwith spatialintensitychangesn
theimages.This equationis setupat eachpixel positionin
animageareaaroundthe missingpartto be lled. An over-
determinedsetof linearequationss obtainedhatis solved
in hierarchicaframework. Sincemary pixels are usedfor
the estimation,subpixel accurag canbe obtained. Again,
the sourceimageis warpedaccordingto the estimatedno-
tion parametesetandthe missingpixelsare lled in.

1 @)

Fig. 7. Partof the panoramadf the Brandenlirger Tor with
peopleremoved.

This warpingis alsodoneif multiple imagesare cap-
turedfrom the sameviewing position. Wind or vibrations
can easily changethe cameraorientationslightly so that
shifts of one or two pixelsoccur The rightmostimage of
Fig. 6 shovs theresultof thewarpingand lling. The per
sonin the left two imageshasbeenremoved. In the same
way, multiple peoplecanberemovedandFig. 7 shavs how
the BrandenlrgerTor in Berlin lookslik e withouta crowd
of peoplewhich canrarelybe obsenedin reality.

The different acquisitiontime of the imagescan also
leadto photometricchangesespeciallyif cloudsare mov-
ing. We thereforeestimatealsochangesn colorandbright-
nessbetweertheshots.A polynomialof secondorder

19= co + ¢ql + cpl 2 ()

is usedto modela characteristicurve betweernthe in-
tensityvaluel of the referenceframeand| ° of the source
image. Threeunknown parametersyg; c;; C; areestimated

for eachcolor channelffrom the over-determinedsystemof
equations.Similar to the spatialwarping,intensitychanges

canbecorrectedprior to lling of themissingimageparts.

Fig. 8 shavs somemore examplesfor objectremoval
by warping and illumination adjustment. The imagesare
recordedin atower at an airport whereseveral peopleare



Fig. 8. Left: originalimagesfrom anairporttower. Right:

samdmagesafterwarpingseveralobjectsfrom otherviews.
The chair is rotated, printer, microphone,and bottle are
movedappropriately

working. During the capturing several objectsweremoved
and chairswereturned. The left side of Fig. 8 shaws the
imagescapturedvith the camerawhile theright imagesare
correctecby warpingfrom previousor succeedingiews.

3.3. Dynamic RangeAdaptation

The dynamicrangein a scenecan vary drasticallywhich
might lead to saturationeffectsin a cameracapturingthe
scene.ln 360 panoramasvith a large numberof possible
viewing directions,the chanceis high thatthereexist very
bright andvery dark regions. Especiallyin indoor scenes,
drastic discontinuitiescan occur, e.g., at windows with a
bright sceneoutsideand a darker interior. Regular digital
camerasare not ableto capturesucha dynamicrangeso
thatthey oftensaturateat thelower or upperend.

Thesesaturationeffects can be avoided by combining
multiple differently exposedimages[MP95, DM97]. In
[GNO3], it hasbeenshawvn, that the simple summationof
thesemagescombinesall theirinformationdueto the non-
linear characteristiof the camera.ln our experimentsthe
resulting panoramashowever, shoved lower contrast,so
we decidedto usea locally adaptive summationsimilar to
[MP95].

Fig. 9. Left: oneimagefrom the Tower panoramaRight:
Automatically computedmaskto distinguishbright from
darkimageregions.

For eachviewing direction, we capturethreeimages.
Onewith alongexposuregimefor darkareaspnewith short
exposurefor bright regions,and oneimagethatis located
betweerthetwo. Then,amaskis computedhatdetermines
bright and dark areasin the image. For that purpose the
brightimageis searchedor saturatedbright) pixelsandthe
dark onefor saturationat the lower end. This information
is combinedto form a mask.Smallregionsin the maskare
removed,morphologicallters smoothcontoursandanad-
ditional Itering addsomeblur in orderto getsmoothtran-
sitionsbetweerthedifferentareasFig. 9 shovsanexample
for theautomaticallycomputedmaskandits corresponding
image. Given the mask,a weightedsum of the imagesis
computedwith theweightsbeinglocally determinedy the
imagemask. Thus, the contrastremainshigh in bright as
well asdarkimageregions.

This is illustratedin Fig. 10. The gure shaws three
differently exposedimagesfrom the interior of an airport
tower with darkinstrumentsn the foregroundanda bright
background.After imagewarpingasdescribedn Section
3.2to accounfor maving objects theimagesareadaptiely
combinedinto a new imageshowvn on the right of Fig. 10
thatreproducesheentirescenewith high contrast.

4. LARGE SCREENPROJECTION OF
CYLINDRICAL PANORAMAS

With an appropriateMPEG-4 player, the panoramasan
be displayedon any monitor or smallerhandhelddevices.
However, an immersive impressionof really being inside
thescenecanonly beachievedwith largescreenshatcover
the entire eld of view. Therefore,we have developeda
systemfor the projectionof cylindrical panoramasideof
large rotundas. The panoramasre rst split into multiple



Fig. 10. Left thr eeimages: Differently exposedmagesfrom the interior of anairporttower. Right: combinedmagewith

high contrasin darkaswell asbrightregions.

segmentsgeachbeingprojectecdontothecarvaswith avideo
beamer A new hardwarecalled CineCardsynchronizesll
imagestream@andappliesahardwareblendingattheimage
bordersfor a seamlesgphotometricstitching of the over-
lapping sgments. An arbitrary numberof CineCardscan
be cascadedthusrealizinga high resolution,synchronous
projectionof large panoramasvith currentvideo beamers.
Fig. 11 shows a projection of a subpartof a cylindrical
panoramaas it was shovn at the InternationalBroadcast
CorventionIBC 2004. Here,only two projectors(Fig. 12)
wereusedcoveringarangeof about72 .

Fig. 11. Panoramé&Projectionat IBC 2004.

Oneproblemthatoccurswhenprojectinganimageonto
a curved screenare distortionscausedoy the varying dis-
tanceto the projector As aresult,therectangulaimageof
the beamergetscurved boundariesat the upper lower, or
bothendsdependingn thelensshift of theprojector This
is illustratedin Fig. 13 for thecaseof two projectors.More-
over, thepixel rows arenolongeruniformly samplednthe
carvas. Therefore awarpingis necessaryhatremovesthe

Fig. 12. High-ResolutionProjectionof Cylindrical Panora-
masusingMultiple SynchronizedProjectors.

verticalandhorizontaldistortions.Thisrequiresknowledge
aboutthe geometryof the screemandthe off-centerplaced
projectors. Currently the warpingis donein software but
the new CineCardversionwill alsosupportthe non-linear
warpingandblendingfor cylindrical andsphericalpanora-
mas,enablingthe high-resolutionjmmersie projectionof
largedynamicpanoramas.

5. CONCLUSIONS

A systemfor panoramidmagingbasedon MPEG-4is pre-
sented. The use of the MPEG framework enablesboth
streamingandlocal display of the scene.Moreover, inter-
active elementdik e buttonsandmenusor objectshy means
of videos,images,and 3-D computergraphicsmodelscan
be addedinto the generalBIFS scenedescription. This al-
lows to enrichthe static panoramaby peopleor other dy-
namicobjectsaswell asview-dependenaudioin orderto
createa morerealisticervironment. We have showvn that,



Fig. 13.
screens.

Image warping for projectionson cylindrical

e.g., moving peoplein the real sceneand wide dynamic
rangeof brightnesscancomplicatethe creationof panora-
mas. Algorithms have beenpresentedo remove unwanted
objectsandto locally adjustthe dynamicrange,thusim-

proving the quality of the high-resolutiorpanoramasrasti-
cally. Thehighresolutionalsoallows alargescreerprojec-
tion in rotundas.A hardwarehasbeenpresentedhat syn-
chronizesand seamlesslyplendsmultiple projectorscreat-
ing apanoramawith alarge eld of view.

6. ACKNOWLEDGMENT

The work presentedn this paperhasbeendevelopedwith
the supportof the EuropeanNetwork of ExcellenceVIS-
NET (IST Contract506946).

7. REFERENCES

[Che95] S.E. Chen. QuickTime VR - An image-based
approachto virtual ervironmentnavigation. In
Proc. ComputerGraphics (SIGGRAPH) pages
29-38,Los Angeles,USA, Aug. 1995.

[DM97] P E.DeberecandJ.Malik. Recoreringhigh dy-
namicrangeradiancemapsfrom photographsln
Proc. ComputerGraphics(SIGGRAPH)1997.

[EisO2] P. Eisert. Model-basedameracalibrationusing
analysisby synthesigechniquesin Proc. Inter-
national Workshopon Vision, Modeling and Vi-
sualization pages307—314 ErlangenGermaury,
Nov. 2002.

[Eis04] P Eisert.3-D geometryenhancemerity contour
optimizationin turntablesequences. In Proc.

International Confeenceon Image Processing

(ICIP), pages3021-3024SingaporeQct. 2004.

[ESGO00] P. Eisert, E. Steinbach,and B. Girod. Auto-
matic reconstructionof stationary3-D objects
from multiple uncalibrateccameraviews. IEEE
Transactionson Circuits and Systemdor Video
Technolagy, 10(2):261—-277Mar. 2000.

[FEKO3] I. Feldmann,P. Eisert, and P. Kauff. Exten-
sion of epipolarimageanalysisto circular cam-
eramovements. In Proc. International Confer
enceon Image Processing(ICIP), pages697—

700,BarcelonaSpain,Sep.2003.

[GNO3] M. D. Grossbeg and S. K. Nayar High dy-
namic rangefrom multiple images: Which ex-
posuresto combine. In Proc. ICCV Wbrkshop
on Color and PhotometridViethodsn Computer

Vision (CPMCV) Oct. 2003.

[GSWO02] C. Grinheit, A. Smolic, and T. Wiegand. Ef-
cient representatiorand interactive streaming
of high-resolutionpanoramicviews. In Proc.
International Confeenceon Image Processing
(ICIP), RochesterUSA, Sep.2002.

[LH96] M. Levoy andP. Hanrahan.Light eld render
ing. In Proc. ComputerGraphics(SIGGRAPH)
pages31-42,New OrleansUSA, Aug. 1996.

[MP95] S. Mann and R. Picard. On being 'undigital’

with digital cameras:Extendingdynamicrange
by combining differently exposedpictures. In
IS&T's48thAnnualConfeence pagest22-428,
WashingtonMay 1995.

[MPGO02] ISO/IEC 14496-1:2002 Coding of audio-visual
objects:Part 1: Systemd)ocumeniN4848 Mar.
2002.

[SH99] H.-Y. Shumand L.-W. He. Renderingwith
concentricmosaics. In Proc. ComputerGraph-
ics (SIGGRAPH) pages299-306,Los Angeles,

USA, Aug. 1999.

H.-Y. Shum and L.-W. He. A review of
image-basedenderingtechniques.In Proc. i-
sualComputatiorandimage ProcessingVCIP),
pages2—-13,Perth,Australia,June2000.

[SHOO]

[SS97] R. Szeliski and H-Y. Shum. Creating full
view panoramicimage mosaicsand erviron-
mentmaps. In Proc. ComputerGraphics(SIG-
GRAPH) pages251-258,Los Angeles,USA,

Aug. 1997.



Fig. 14. Exampleof panoramasapturedn Berlin.



