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ABSTRACT:

We presenta systemfor the interactive navigation throughhigh-resolutioncylindrical panoramas.The systemis basedon
MPEG-4anddescribesthevirtual world by thescenedescriptionlanguageBIFS.Thisallowstheeasyintegrationof dynamic
videoobjects,3-D computermodels,interactivesceneelements,or spatialaudioin orderto createrealisticenvironments.For
theacquisitionof panoramicviews from real scenes,many preprocessingstepsarenecessary. Methodsfor the removal of
objects,imageenhancements,andtheadaptationof thedynamicrangeof theimagesarepresentedin thispaper. Moreover, a
high-resolutionprojectionof cylindrical panoramasusingmultiple synchronizedprojectorsis demonstrated.

1. INTRODUCTION

Cylindrical panoramasfor the creationof syntheticviews
from real sceneshave a long tradition. Already in 1792,
the painterRobertBarker built a panoramawith a radius
of 20 meters.Animatedpanoramaswerepresentedaround
hundredyearslater in 1897 by Brimoin-Sanson.10 syn-
chronizedprojectorscreatedtheillusion of beingpresentin
foreign countriesor distantplaces. Today, peoplearestill
attractedby giganticpanoramaslike Asisi's 36 metershigh
MountEverestpanorama.

In image-basedrendering[SH00], cylindrical panora-
mas have received particular interest in current applica-
tions dueto their simpleacquisitionsetup. Only a couple
of picturesneedto be capturedon a tripod or freely by
hand[SS97]. Theimagesarestitchedtogetherforming one
panoramicimageasshown in Fig. 4. Fromthe360� scene
information,new views canberenderedwhich enablesthe
userto turn the viewing directionandinteractively decide
the point of interest. Onewell known examplefor sucha
systemis QuicktimeVR[Che95].

In contrastto light �elds [LH96] or concentricmosaics
[SH99], theviewing positionfor panoramicrenderingis re-
strictedto a singlepoint. Only rotationandzoomareper-
mittedfor navigation. This restrictioncansomewhatbere-
laxedby allowing to jump betweendifferentpanoramasas
shown in Fig. 1. However, for many applicationsthis is suf-
�cient andpanoramicviews canbe found moreandmore
oftenonwebsitescreatingvirtual toursfor city exploration,

Fig. 1. Multiple panoramasfrom theEthnologicalMuseum
in Berlin. Interactivesceneelementsallow theuserto jump
betweenthe rooms. Dynamicobjectsareaddedto vitalize
thescene.

tourism,sightseeing,ande-commerce.
In thispaper, wepresentasystemfor streamingandren-

deringof high-resolutionpanoramicviews that is basedon
MPEG-4. The useof MPEG-4technologyprovidesmany
new featurescomparedto conventional360� panoramas.
Video objects, dynamic 3-D computer models [FEK03,
Eis04],or spatialaudioasillustratedin Fig.2 canbeembed-
dedin orderto vitalize thescene.Pressinginteractive but-
tonsgivesadditionalinformationaboutobjectsor modi�es
thecurrentlocation.TheMPEG-4systemalsoensuresthat



Fig. 2. Sceneelementsof our MPEG-4 player. Besides
the panorama,dynamicvideo objects,interactive buttons,
3-D modelsor spatialsoundcanbe addedto the environ-
ment.

only visible datais transmittedavoiding long downloadsof
theentirescene.Thus,largehigh quality environmentscan
be createdthat enablethe userto immerseinto the virtual
world.

Although the acquisitionof large panoramasis quite
simplein principle, in practice,thesituationis oftenmuch
morecomplex. For example,people,objects,or cloudsin
thescenemaymovewhile capturingthesingleimages.As
a result, the picturesdo not �t to eachotherproperlyand
ghostimagesappear. Moreover, capturing360degreesof a
scenemay imposehigh demandson the dynamicrangeof
the camera.Especiallyin indoor scenes,extremechanges
in intensitymay occurbetweenwindows and the interior.
We have thereforeinvestigatedalgorithmsfor the removal
of movingpeopleandobjectsin orderto simplify thestitch-
ing. Multiple views arecapturedat differenttime instants
and the coveredregions are warpedfrom the sameareas
in otherviews. Capturingthe scenewith differentshutter
timesenablesanspatialadaptiveadjustmentof thedynamic
rangeandto createpanoramasalsofor sceneswith extreme
brightnesschanges.

The paperis organizedasfollows. First, the MPEG-4
framework is described that is responsible for view-
dependentrenderingandstreamingof panoramas,videos,
and3-D objects. In Section3.1 thedeterminationof focal
lengthand lensdistortion is describedwhich supportsthe
accuracy of the stitching. The algorithm for the removal
of objectsis illustratedin Section3.2while Section3.3de-
scribesthelocaladjustmentof dynamicrangeandprovides
examplesfrom realpanoramas.In Section4 �nally thedis-
playof largepanoramaswith multiplesynchronizedprojec-
torsis presented.

2. MPEG-4 SYSTEM FOR PANORAMA
STREAMING AND RENDERING

Thesystemfor panoramarenderingusesMPEG-4technol-
ogy which allows local displayor interactive streamingof
thevirtual world over theinternet.Thesceneis represented
very ef�ciently usingMPEG-4BIFS [MPG02] andis ren-
deredat theclientusingourMPEG-4player[GSW02]. The
basicsceneconsistsof a 3-D cylinder texturedwith a high
resolutionpanoramicimageasshown in Fig.4. Otherscene
elementslike 2-D images,video sequences,3-D audio as
well as interactive sceneelements,like buttonsor menus
can easily be added. Sincealphamaskscan be provided
to createarbitrarily shapedvideoobjects,moving peopleor
objectsin motioncanbeaddedto thestaticscenecreating
morelively environments.Buttonsallow to walk from on
room to thenext (Fig. 1) by requestingnew BIFS descrip-
tionsor to displayadditionalinformation.

Fig. 3. Subdivisionof thepanoramainto smallpatchesand
visibility sensorsfor view-dependentrenderingandstream-
ing.

Besideslocal displayof the scene,MPEG-4offers an
interactive streamingtechnique,which transmitsonly data
necessaryto render the current view of the local user.
For a particular panoramicscenewith video sequences,
2-D imagesand 3-D audio objects,the movementsof the
pointerdevice is evaluatedandtheappropriatedatafor the
desiredviewingdirectionis requestedfrom theserver. In or-
der to avoid streamingthe entirepanoramainitially which
would addseveredelays,thehigh-resolutionimageis sub-
dividedinto severalsmallpatches.To eachpatch,a visibil-
ity sensoris added,which is active if the currentpatchis
visible andinactive if it disappearsagain.Only activeparts
needto be streamedto the client unlessthey are already
availablethere. The partitioninginto patchesandthevisi-
bility sensorsareillustratedin Fig. 3. Thevisibility sensors
areslightly biggerthantheassociatedpatch.Thisallows to
prefetchtheimagepatchbeforeit becomesvisible. Thesize
of thesensorstradeprefetchingtimewith numberof patches



Fig. 4. Cylindricalpanoramacapturedat theAdlon hotel,Berlin, Germany. A closeupof thewhitebox is depictedin Fig. 5.

locally stored. This way, a standardcompliantstreaming
systemfor panoramaswith additionalmoving andinterac-
tivesceneelementsis realized.

3. ACQUISITION OF PANORAMAS

The imagesfor the panoramasarecapturedwith a digital
cameramountedon a tripod. For indoor environments,a
wide anglelens converter is usedto increasethe viewing
range.Thecameraon thetripod is rotatedaroundthefocal
pointby 15 to 30degrees(dependingon theviewing angle)
betweenthe individual shots. Cameracalibrationis used
to estimateandremove radial lensdistortions. The result-
ing imagesarethenstitchedtogetherinto asinglepanorama
usingacommerciallyavailabletool (e.g.,PanoramaFactory,
www.panoramafactory.com). Theoutputis apanoramicim-
ageasshown in Fig. 4, which is thensubdividedinto small
patchesof size256x256pixelsfor view-dependentstream-
ing with the MPEG-4system.With the currentcon�gura-
tion anda 4 megapixel camera,theresolutionof theentire
panoramais about14000by 2100pixels which allows to
view alsosmalldetailsby changingthezoomof thevirtual
camera.Fig. 5 shows a magni�cation of the white box in
thepanoramaof Fig. 4. Otherexamplesof panoramasare
givenin Fig. 14.

3.1. CameraCalibration

In testswith severalstitchingtools,it hasbeenevidentthat
the accuracy of the resultscan be improved by determin-
ing focal length and lens distortionsof the camerain ad-
vanceratherthanoptimizingtheseparametersduringstitch-
ing. We have thereforecalibratedthecamerawith a model-
basedcameracalibrationtechnique[Eis02]. The resulting
intrinsic parameterslike viewing angleandaspectratio are
passedto thestitchingtool while thelensdistortionparame-
tersareusedto correcttheradialdistortionsin the images.
Especiallyfor thewide-anglelenses,severedistortionsoc-
cur which have to beremoved. Sincetheusedcameracan
becontrolledquite reproducible,it is suf�cient to calibrate
thecameraoncefor varioussettings.

Fig. 5. Closeup of the Adlon Gourmet Restaurant
panorama.The contentcorrespondsto the interior of the
white box in Fig. 4.

3.2. Object Removal

The stitching of multiple views to a single panoramare-
quires the picturesto overlap in order to align them and
to compensatefor the distortions(due to projection,cam-
eraposition,lenses,vignetting,etc.). After alignment,the
imagesareblendedto obtaina smoothtransitionfrom one
imageto thenext. If asinglecamerais usedandtheimages
arecapturedoneafter theother, 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
recordedlow, we cut out the unwantedpartsin the image
by handasshown in thethird imageof Fig. 6. This process
couldalsobe automatedby majority voting, but would re-
quire at leastthreeimagestaken for eachview. The miss-
ing partshave now to be �lled again. This canbe accom-
plishedeither from the overlappingregion of the previous
view or from a second(or third) view that is recordedat a
differenttime instantwheretheobjectshave movedagain.



Fig. 6. Left two images:picturesof apersonmoving betweentwo shots,3rd image: manuallyselectedimagemask,Right:
�nal composedimagereadyfor stitching.

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

For the warping, we use the eight-parametermotion
model

x0 =
a0x + a1y + a2

a6x + a7y + 1

y0 =
a3x + a4y + a5

a6x + a7y + 1
(1)

that candescribethe motion of a planeunderperspec-
tive projection.For backwardinterpolation,x andy arethe
2-D pixel coordinatesin the referenceframewhile x0 and
y0 arethecorrespondingcoordinatesof theprevious frame
or othersourceimage.Theeightparametersa0; : : : ; a7 de-
scribethecameramotionbetweentheviews.

If the motion is large, �rst featurepointsaresearched,
correspondencesareestablished,and(1) is directly solved
in a leastsquaressense.With theresultingparameters,the
sourceimageis roughly warpedusing(1) to obtaina �rst
approximation.

This approximationis then re�ned using a gradient-
basedmotionestimator[ESG00]. Equation(1) is combined
with theoptical�o w constraintequation

@I
@x

(x0 � x) +
@I
@y

(y0 � y) = I � I 0; (2)

which relatestemporalwith spatialintensitychangesin
the images.This equationis setupat eachpixel positionin
animageareaaroundthemissingpartto be�lled. An over-
determinedsetof linearequationsis obtainedthatis solved
in hierarchicalframework. Sincemany pixelsareusedfor
the estimation,subpixel accuracy canbe obtained.Again,
thesourceimageis warpedaccordingto theestimatedmo-
tion parametersetandthemissingpixelsare�lled in.

Fig. 7. Part of thepanoramaof theBrandenburgerTor with
peopleremoved.

This warping is also doneif multiple imagesare cap-
turedfrom the sameviewing position. Wind or vibrations
can easily changethe cameraorientationslightly so that
shifts of oneor two pixels occur. The rightmostimageof
Fig. 6 shows theresultof thewarpingand�lling. Theper-
sonin the left two imageshasbeenremoved. In thesame
way, multiplepeoplecanberemovedandFig. 7 showshow
theBrandenburgerTor in Berlin lookslike without a crowd
of peoplewhichcanrarelybeobservedin reality.

The different acquisitiontime of the imagescan also
leadto photometricchanges,especiallyif cloudsaremov-
ing. Wethereforeestimatealsochangesin colorandbright-
nessbetweentheshots.A polynomialof secondorder

I 0 = c0 + c1I + c2I 2 (3)

is usedto modela characteristiccurve betweenthe in-
tensityvalueI of the referenceframeandI 0 of thesource
image. Threeunknown parametersc0; c1; c2 areestimated
for eachcolor channelfrom theover-determinedsystemof
equations.Similar to thespatialwarping,intensitychanges
canbecorrectedprior to �lling of themissingimageparts.

Fig. 8 shows somemore examplesfor object removal
by warping and illumination adjustment.The imagesare
recordedin a tower at an airport whereseveral peopleare



Fig. 8. Left: original imagesfrom anairporttower. Right:
sameimagesafterwarpingseveralobjectsfrom otherviews.
The chair is rotated,printer, microphone,and bottle are
movedappropriately.

working. During thecapturing,severalobjectsweremoved
andchairswere turned. The left sideof Fig. 8 shows the
imagescapturedwith thecamerawhile theright imagesare
correctedby warpingfrom previousor succeedingviews.

3.3. Dynamic RangeAdaptation

The dynamicrangein a scenecan vary drasticallywhich
might lead to saturationeffects in a cameracapturingthe
scene.In 360� panoramaswith a largenumberof possible
viewing directions,thechanceis high that thereexist very
bright andvery dark regions. Especiallyin indoor scenes,
drasticdiscontinuitiescan occur, e.g., at windows with a
bright sceneoutsideanda darker interior. Regular digital
camerasare not able to capturesucha dynamicrangeso
thatthey oftensaturateat theloweror upperend.

Thesesaturationeffectscan be avoided by combining
multiple differently exposedimages[MP95, DM97]. In
[GN03], it hasbeenshown, that the simplesummationof
theseimagescombinesall their informationdueto thenon-
linearcharacteristicof thecamera.In our experiments,the
resultingpanoramas,however, showed lower contrast,so
we decidedto usea locally adaptive summationsimilar to
[MP95].

Fig. 9. Left: oneimagefrom theTower panorama.Right:
Automatically computedmask to distinguishbright from
darkimageregions.

For eachviewing direction, we capturethree images.
Onewith alongexposuretimefor darkareas,onewith short
exposurefor bright regions,andoneimagethat is located
betweenthetwo. Then,amaskis computedthatdetermines
bright anddark areasin the image. For that purpose,the
bright imageis searchedfor saturated(bright)pixelsandthe
dark onefor saturationat the lower end. This information
is combinedto form a mask.Small regionsin themaskare
removed,morphological�lters smoothcontours,andanad-
ditional �ltering addsomeblur in orderto getsmoothtran-
sitionsbetweenthedifferentareas.Fig.9 showsanexample
for theautomaticallycomputedmaskandits corresponding
image. Given the mask,a weightedsumof the imagesis
computed,with theweightsbeinglocally determinedby the
imagemask. Thus, the contrastremainshigh in bright as
well asdarkimageregions.

This is illustratedin Fig. 10. The �gure shows three
differently exposedimagesfrom the interior of an airport
tower with dark instrumentsin theforegroundanda bright
background.After imagewarpingasdescribedin Section
3.2to accountfor movingobjects,theimagesareadaptively
combinedinto a new imageshown on the right of Fig. 10
thatreproducestheentirescenewith high contrast.

4. LARGE SCREENPROJECTION OF
CYLINDRICAL PANORAMAS

With an appropriateMPEG-4 player, the panoramascan
be displayedon any monitor or smallerhandhelddevices.
However, an immersive impressionof really being inside
thescenecanonly beachievedwith largescreensthatcover
the entire �eld of view. Therefore,we have developeda
systemfor theprojectionof cylindrical panoramasinsideof
large rotundas.The panoramasare�rst split into multiple



Fig. 10. Left thr eeimages:Differentlyexposedimagesfrom theinterior of anairport tower. Right: combinedimagewith
highcontrastin darkaswell asbright regions.

segments,eachbeingprojectedontothecanvaswith avideo
beamer. A new hardwarecalledCineCardsynchronizesall
imagestreamsandappliesahardwareblendingat theimage
bordersfor a seamlessphotometricstitching of the over-
lappingsegments. An arbitrarynumberof CineCardscan
be cascaded,thusrealizinga high resolution,synchronous
projectionof largepanoramaswith currentvideobeamers.
Fig. 11 shows a projection of a subpartof a cylindrical
panoramaas it was shown at the InternationalBroadcast
ConventionIBC 2004. Here,only two projectors(Fig. 12)
wereusedcoveringa rangeof about72� .

Fig. 11. PanoramaProjectionat IBC 2004.

Oneproblemthatoccurswhenprojectinganimageonto
a curved screenaredistortionscausedby the varying dis-
tanceto theprojector. As a result,therectangularimageof
the beamergetscurved boundariesat the upper, lower, or
bothends,dependingon thelensshift of theprojector. This
is illustratedin Fig.13for thecaseof two projectors.More-
over, thepixel rowsareno longeruniformly sampledonthe
canvas.Therefore,a warpingis necessarythatremovesthe

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

verticalandhorizontaldistortions.Thisrequiresknowledge
aboutthegeometryof thescreenandtheoff-centerplaced
projectors. Currently, the warpingis donein softwarebut
the new CineCardversionwill alsosupportthe non-linear
warpingandblendingfor cylindrical andsphericalpanora-
mas,enablingthehigh-resolution,immersive projectionof
largedynamicpanoramas.

5. CONCLUSIONS

A systemfor panoramicimagingbasedon MPEG-4is pre-
sented. The use of the MPEG framework enablesboth
streamingandlocal displayof thescene.Moreover, inter-
activeelementslikebuttonsandmenusor objectsby means
of videos,images,and3-D computergraphicsmodelscan
be addedinto thegeneralBIFS scenedescription.This al-
lows to enrich the staticpanoramaby peopleor otherdy-
namicobjectsaswell asview-dependentaudioin orderto
createa morerealisticenvironment. We have shown that,



Fig. 13. Image warping for projectionson cylindrical
screens.

e.g., moving peoplein the real sceneand wide dynamic
rangeof brightnesscancomplicatethe creationof panora-
mas.Algorithmshave beenpresentedto remove unwanted
objectsand to locally adjustthe dynamicrange,thus im-
proving thequalityof thehigh-resolutionpanoramasdrasti-
cally. Thehigh resolutionalsoallowsa largescreenprojec-
tion in rotundas.A hardwarehasbeenpresentedthat syn-
chronizesandseamlesslyblendsmultiple projectorscreat-
ing apanoramawith a large�eld of view.
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Fig. 14. Examplesof panoramascapturedin Berlin.


