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ABSTRACT

Video analysisand mixed reality (MR) systemswhich inte-
gratethe virtual world andthe real world, areimportanttopicsof
multimediaresearchin this paperwe proposeanefficient 3D city
constructionsystemfrom omni video dataasa practicalapplica-
tion of MR systems.To develop this system,two main methods
areproposedor analyzingomni video data. The first oneis om-
niEPI analysis which malkesit possibleto obtain3D information
from omnivideo datarobustly andefficiently. The secondnethod
is omniPVI analysis,which makesit possibleto obtainnot only
front imagesof the buildings but also sideimagesof them. To
demonstratehe effectivenessof thesemethodswe presentsome
experimentalresultsandthe prototypesystemsausingoutdooren-
vironmentomnivideodata.

1. INTRODUCTION

Videoanalysishasbheenanimportanttopic of multimediaresearch
and, with the recentprogressn the computationakfficiency and
expansionof storagecapacity it hasbecomemoreusefulandre-
alistic. As aresultof theseimprovementsn video analysismary
projectswere proposedand subsequentlyealized,for example,
the INFORMEDIA projectat CMU[1]. Recently mixed reality
systemswhich integratethevirtual world andtherealworld, have
cometo be regardedas promising multimediaapplications;for
these,mary new technologiesand devices have beendeveloped.
With thisin mind, we have proposednddevelopedautomatic3D
city constructiorsystemdrom videodataasmixedreality applica-
tions[3]. To make a 3D city mapfrom videodata,video analysis
is neededgspeciallya 3D informationretrieval techniqueandan
efficientvideodatabasstructure we have developedbothof them.

Althoughthesework well, someproblemsstill remain,for ex-
ample,we areto obtainimagesof the topsandsidesof buildings
becausethe cameras usualfield of view is limited to a narrav
rangeand the assumedD information doesnot have suficient
accurag.

In this paper we describehow we solved the former prob-
lem: we adaptedhe omni-directionacameras field of view to be
wide enoughto obtainimagesof the entirebuildings. We alsode-
scribehow we solvedthe latter problemby developinga newv 3D
information retrieval techniquewhich is basedon both EPI and
model-basednalysis.

Section2 describesiow to obtain3D informationfrom omni-
imagesusing EPI analysisand Section3 presentsan actualpro-
cessfor acquiringtexture imagesfrom omni video data. Section
4 shavs our 3D city constructiorsystemto demonstrat¢he effec-
tivenessf our methodin acquiring3D informationaswell asin
constructingvirtual city mapsfrom thoseimages.Section5 con-
cludesthepaper

1.1. 3D information retrieval

In the past,variousresearcherbave investigatedhe possibility of
the acquisitionof threedimensional3D) informationfrom video
data.Thesemethodsareclassifiednto two types:the EPlanalysis
[2] andthefactorizatiormethod[6].

The EPI methodrecarersdepthinformationfrom knovn mo-
tion suchasspeedandrouteof thecameraand,in theactualanaly-
sis, it is usuallyassumedhatthe cameraspeeds constantandthe
routeis straight.

In contrast,the factorizationmethodhas no restrictionson
cameramnotion. Thismethodusesafeaturepointandcollectsthese
featurecoordinatento themeasuremenmhatrixto computeshape
andmotionsimultaneously

However, whenwe apply thesemethodgo areal-world ervi-
ronment,it is difficult to acquire3D informationdueto noiseand
mary obstaclesAnd the objectitself sometimesonsistsof com-
plicatedstructuresnsteadof planesurfacesandalsomay contain
mary comple textures. Thesefactorsoftenresultin difficultiesin
stableextractionof thefeaturepoints.

Basedon the facts: that extracting featurepointsin the real-
world is usually very difficult and that the target video satisfies
the constraintsof EPI ( constantspeedand a straightroute), we
adoptedhe EPlanalysisfor our researchiatherthanthefactoriza-
tion method.

1.2. Omni directional camera

Theomnidirectionalcamerés acameralesignedo take anomni-
directionalview of the ervironmentall at onceby taking the re-
flectedview on a symmetricalmirror [5] [7] [4]. Many kinds of
omnicameragsrenow available;we selectedheparaboloidamir-
ror for ouranalysis.

The omni camerawith a paraboloidalmirror (Fig.2(a)) has
only onefocusandcanmalke anorthogonabprojectionimagefrom
the mirror and can easily reconstructthe perspectie view. The
paraboloidalomni cameracan take one hemisphereof the ervi-
ronmentaliew atatime.

2. RETRIEVAL OF 3D INFORMATION

In this section we proposeanefficient methodto obtain3D infor-
mationfrom omni video datausing EPI analysis.However, there
remainsomesignificantdifficulties in applyingthis techniqueto
thereal-world ervironmentasopposedo usingthis in the experi-
mentalindoorlaboratoryervironment.So,we proposehe model-
basedanalysisin additionto the EPI analysisto achiese robust
and accurateresults. In the following section,we describeboth
EPlandmodel-basednalysisthenshav theactualprocesof the
retrieval of 3D informationfrom omnivideosequence(s).



2.1. Model-based EPI analysis

Underthecircumstancethatthe cameraspeeds constanandthe
cameras moving alonga straightroute, the tracesof objectsde-
scribestraightlineson EPI. The coeficientsof thesestraightlines
representhe depthof the objects;we candeterminethe depthof
theobjectsby assumingheincline of thesdlines.

Ontheotherhand the EPlanalysiss sometimewery difficult
to applyto realworld data,becauséeepingthe cameraspeedal-
mostconstaneindmoving alongtheroutein a straightdirectionis
difficult in reality. Also, objectsin therealworld have complicated
shapesndtextures.

Further we can obtain modelsfor most objectsin the real
world, especiallymodelsof buildings. And in theactualsituation,
whenwe usethe video datataken from the vehicleasit travels
alongthe streetwe canusemapdataasa model.

Consideringhesesituationswe proposea model-basednal-
ysis to avoid the difficulties of image processingcausedby real
world compleity. To put this analysisconcretely we perform
matchingbetweenvideo dataand models,and then retrieve 3D
informationfrom video datausingthe matchingresults.

2.2. Omni EPI

In this section,we shav how to make EPI from omni video data.
UsualEPlis a crosssectionof spatio-temporalolumemadefrom

ordinary video dataand horizontalplane. To emplg/ the same
methodto omnivideodata,we first make spatio-temporayolume
from omni images;thenwe cut this spatio-temporavolumeat a

curvedplanewhichis equivalentto thehhorizontalplanein the per

spectve image. In the following section,we describethe charac-
teristicsof this spatio-temporal/olume madefrom omni images
(STVO) andactualshapeof curvedplane.We alsoshav omniEPI

madefrom omnivideosequence.

2.2.1. Spatio-Temporal Volume

By accumulatingomni imagesalong the time axis, we can ob-
tain a spatio-temporaVolume of omni images(STVO) asshovn
in Fig.1(a). For the analysisof this 3D volume,we cangenerate
severaldifferentkindsof crosssectiondn this volume,andextract
usefulcharacteristicsf tracesof imagefeaturesIn this paperwe
describehow we cut this STVO at the streamline andthe radius
line; eachline is equivalentto the horizontalandverticalllinesin
the perspectie image, respectiely. We will discussthe stream
line in this sectionandtheradiusline in Sec.3.

2.2.2. Locuson Omni

The paraboloidalomni camerathe useof which is describedn
this paper hasa paraboloidaimirror, a solid of revolution gener
atedfrom aparaboliccurve. Theequatiorof aparaboloidamirror
is representeds:
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Here,we usethesameparameterizatioas[5]. As shavnin Fig. 2,
underthis parameterizatiorall theincomingraystowardthefocus
of the paraboloidamirror becomeparallelandorthogonalagainst
theimageplaneof the cameraafterbeingreflectedby the mirror.

The shapeof a streamcurwe is alsoan elliptic curve andits

equationis expresseds:
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Figure 1. (a)Hyperboloidalomni spatio-temporalvolume (b)
Crosssectionof spatio-temporavolumeof omni

(a) (b)

Figure 2: (a)modelof paraboloidaimirror (b)locusof horizontal
line on omni-camera

2.2.3. Examples

By cutting the STVO alonga streamcurve (eq.2),we canobtain
crosssections,as shavn in Fig.3. Here we denotethosecross
sectionsasa parabolicEPI.

In the STVO, a distantfeaturemovesslowly, while a nearby
featuremoves rapidly. Due to the differencein the distance,a
traceof animagefeature,asshovn in Fig. 3, hasan S curve on
acrosssection.By applyinga perspectie transformationyve can
successfullgransformthis S curve into astraightline asshavn in
Fig. 4 . ThistransformedEPI is equivalentto thosedefinedin [2].

2.3. ModelEPI

Sincethe real-world video is taken from a vehiclemoving along
the street,we have to createthe model EPI correspondingdo this
videodata.The procedurdor makingmodelEPI is asfollows.

1. Assumethe pathalongwhich thevehicletravels.

2. Extractpolygonsof thebuildingswhichlie within acertain
distancegrom the path.

3. Createa 3D mapusingtheseextractedpolygons.

4. Renderthe sequentiaimagestaken by the virtual camera
whichis installedin thevirtual vehicletraveling alongthis
assumegbathwith constanspeed.

5. CreateEPIfrom thesesequentiaimages.



Figure3: omniEPI(i) Figure4: omniEPI(ii)

2.4. EPI - EPI matching

We defineEPl asthe commonbasisfor matching.This EPI-based
matchinghassomeadvantagesomparedvith theusualEPI anal-
ysisto extract3D featuresrom EPIs. Namely the routedoesnot
have to beexactly straightandthe cameramotiondoesnothave to
strictly keepthe velocity constantpecausehis EPI-basednatch-
ing comparesegionsgeneratedrom bothrealandsimulatedEPIs.
This methoddoesnot needpreciseline detectionbecauseave are
not going to extract parameter®f lines; ratherwe will compare
regionsboundedoy thesdinesfor matching.

Thus, the 3D information retrieval problemresultsin a 2D
matchingproblem.By assuminghatthe orderof objectsdoesnot
changewe canusethe DP matching. Next we shav the method
for DP matchingadaptedor the 2D pattern.

2.4.1. 2D DP matching

We must carry out the matchingbetweenEPIs madefrom the
omni-videocameraanda model. EPIis a 2D image,sowe have
to emplgy the matchingbetween2D images. In this paper we
proposea 2D imagematchingmethodusingthe DP matching;the
procedurdor this methodis asfollows.

1. Make arectangulaparallelpipedfrom two EPIs(Fig.5)

2. Cutthis 3D polygonby a horizontalplaneandmake a 1D
searchplane

3. Carryout 1D DP matching( usualDP matching) for each
1D searctplane(Fig.6)

4. Iteratel to 3 usingthe constraintsothatthe matchingpath
makesa continuousplane

2.4.2. Result of 2D DP matching

To achieve high accurag androbustnesf the matching,we use
threedifferentpatternsor matching suchastheedgeof thebuild-
ing, the boundaryof the building andthe sky pattern.Fig.7 and8
shaws the resultof DP matching.The formerfigure shawvs all the
matchingpaths,andthe latterfigure shavs only oneselectedpath
from 2D matchingresults.

Whenseethe Fig.7, we canidentify that all matchingpaths
make asmoothcurvedsurfacebecausef theconstrainthattheall
matchingpathsare continuousto ary direction. In Fig.8, we can
seethatthe matchingresultstill hassmallerrors,but nevertheless
achievessufiicientaccurag for our proposedsystem.

1D matching plane

Figure5: Concepiof 2D DP matching

matching path

..........

Model EPI pattern

Figure6: 1D searchplaneof 1D DP matching

3. OMNI PVI ANALYSIS

A vertical line in the 3D spaceis projectedas a straightline on
an omni image,alonga radiusdirection. In this section,we de-
scribehow wewill cuta STVO alongaradiusline. This operation
is equivalentto the oneto extractverticalsslits of a usualperspec-
tive imageandcollectthosevertical slits into animage. Thus, by
applyingthis operationto the STVO, we canobtaina panoramic
view image(PVI)definedby [7].

We canselectary cutting line from infinite candidate®f ra-
diuslines. All of thesecutting lines male differentPVIs. Usual
PVIs, generatedrom perspectie images arerestrictecby thean-
gle of the field of view of a camera. However, an omni camera
hasa 360 degreefield of view. Thus,by usingan STVO, we can
generateary PVI toward ary viewing direction. This is the great
adwantageof STVO in retrieval of textureimagesandmap-making.

We will shaw threedifferentPVIs givenby threedifferentra-
diuslines (Fig.9, 10). We canseethe differencein theseimages,
dependingn view directions.

4. 3D CITY MAP

We have performedsomeexperimentsto demonstratehe effec-

tivenessof our method. We apply the model-based&PI method

mentionedn Sec2.3 to omnivideodataandmake 3D city mapus-

ing the 3D informationacquiredby this method. The targetomni

videodatawe usein this experiments takenfrom avehiclewhich

runsalonga city street.And we usea 2D digital mapasa model.
Outline of actualprocesss asfollows.

1. Obtain3D informationfrom omnivideodatausingmodel-
basedEPIl analysis.

2. After restoring3D informationto video data,and simply
cutting the PVI accordingto the acquired3D information,
we canobtaintextureimagesof eachbuilding.



Figure7: Resultof the2D DP matching
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Figure8: 1D searciplane.Theverticalaxisrepresentshe coordi-

nateof EPIfrom the videodataandthe horizontalaxis represents

thecoordinateof themapdata.lf themodeldatais preciselycorre-
spondingto therealworld, this matchingpathdescribes straight
line from the origin of the coordinateaxesto the endpoint. But
therearesomeerrorsin themapdata,andthe EPImadefrom video
alsocontainssomedistortionerrors.Thus,theactualpathdoesnot
describea straightline; rather it describegheline asa solid line
in thefigures.A brokenline is thematchingresultobtainedby our
matchingmethod.

FigurelO: PVI planel9

3. Make 3D city mapfrom 2D digital mapusingopenGLlIi-
braryandput textureimageson these3D polygons

Wewill shav aprototypeof the3D city mapconstructiorsys-
tem,whichis successiely developedby usingour 3D information
retrieval method.Fig.11and12 shov thesamplesnapshotsf a3D
city map.In Fig.11,we canseethewholetexturesof thebuildings
whosethe topimagesareobtained andin Fig.12,we canseethat
thetextureof the sideview is successfullymappecdnthe polygon
of thebuildings.

5. CONCLUSION

We developedanautomatic3D city constructiorsystenfor mixed
reality (MR) applications.To obtainwhole texture imagesof the
buildings, we adaptedan omni video camerawhich hasa wide
field of view. And to obtainthe sideimagesof the buildings, we
used3D informationacquiredfrom omnivideodata.

To acquire3D information robustly and accurately we pro-

Figurel12: Snapshotof Virtual 3D map

posedan model-based®EPI| analysiswhich used2D digital maps
asamodelandwasachieved by matchingbetweenomni EPI and
modelEPI.

To make omni EPI from omni video data, we madespatio-
temporalvolumefrom omni video data(STVO) andcut this vol-
umeatthestreamline which is equivalentto thehorizontalline in
perspectieimage.

We also proposedan efficient matchingalgorithm between
EPIs,thatis, 2D DP matchingto improve the matchingresult.

To demonstrat¢he effectivenesf our proposednethod,we
conductedseveral experimentsusingreal-world omni video data.
And theresultsof theexperimentsaandsnapshotmagesof thesys-
temsshow that our proposedmethodand matchingalgorithmis
successfullyvorking.
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