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ABSTRACT:

In this papera systemis presentedvhich automaticallyextractsa 3D surfacemodelfrom a sequencef photograph®f
a scene.The systemcandealwith unknavn camerasettingsln additionthe parameter®f this cameraare allowed to
changeduringacquisition(e.g. by zoomingor focussing).No prior knowledgeaboutthe scenes necessaryo build the
3D models. This systemthereforeoffers a high degreeof flexibility. The systemis basedon state-of-the-aralgorithms
recentlydevelopedn computewision. The3D modellingtaskis decomposeihto anumberof succesie steps.Gradually
moreknowledgeof the sceneandthe camerasetupis retrieved. This systemhasbeenappliedto anumberof applications
in archaeologyThe Romansite of Sagalasso&outh-wesTurkey) wasusedasatestcaseo illustratethe potentialof this
new approachBesidegheconstructiorof avirtual site consistingof differentlevel of details,somemoreapplicationgo
archaeologyndconserationof heritagesitesarepresented.

1 INTRODUCTION

In the last few yearsthe interestin 3D modelshasdra-
maticallyincreasedMore andmoreapplicationsareusing
computergenerateanodels. The main difficulty lies with
the modelacquisition.Althoughmoretoolsareat handto
easehe generatiorof modelsiit is still atime consuming
andexpensve process.In mary casesmodelsof existing
scene®r objectsaredesired.Traditionalsolutionsinclude
the useof stereorigs, laserrangescannersand other3D
digitizing devices. Thesedevices are often very expen-
sive, requirecarefulhandlingandcomple calibrationpro-
ceduresandaredesignedor arestricteddepthrangeonly.

In this work an alternatve approachis proposedwhich
avoids mostof the problemsmentionedabove. The scene
which hasto be modeledis photographedrom different
viewpoints. The relative position and orientationof the
cameraand its calibration parametersill automatically
beretrievedfrom imagedata. Hence thereis no needfor
measuremenis thesceneor calibrationproceduresvhat-
soever. Thereis alsono restrictionon range,it is just as
easyto modela small object (usinga macrolens), asto
modelacompletebuilding or evenawholelandscapeThe
proposedmethodthus offers a previously unknowvn flexi-
bility in 3D modelacquisition.In addition,no morethan
a photo camerais neededfor sceneacquisition. Hence,
increasedlexibility is accompaniethy adecreasé cost.

Thisflexibility openstheway to new applications.Scenes
canbereconstructeffom asequencef photographsMod-
elscanbegeneratedrom archive images(e.g. from mon-
umentsdestroyed duringthe war). It becomegpossibleto

generateealistic3D modelsof completesites(e.g.arche-
ologicalsites). Besideghis, 3D modelingof objects(e.g.
for tele-shoppingpplicationsr virtual exhibitions)is eased
alot.

The paperis organizedasfollows. Section2 describeghe
approachthatis followed for the acquisitionof 3D mod-
els from photographs.The subsequensectionsdescribes
differentapplicationsn thefield of archaeology

2 MODEL ACQUISITION

Two thingsareneededo build a 3D modelfrom animage
sequence(1) the calibrationof the camerasetug and(2)
the correspondencesetweenthe images. Startingfrom
an imagesequencecquiredby an uncalibratedphoto or
video camera,both theseprerequisitesare unknovn and
thereforehave to beretrievedfrom imagedata. At leasta
few correspondencemeneededo retrieve the calibration
of the camerasetup,but on the otherhandthis calibration
facilitatesthe searchor correspondenceslot.

In Figurel anoverview of thesystemss given. It consists
of independentnoduleswhich passon the necessaryn-
formationto the next modules.Thefirst modulecomputes
the projectie calibrationof the sequencéogethermwith a
sparsaeconstruction.In the next modulethe metric cal-
ibrationis computedrom the projective cameramatrices
throughself-calibration.Thendensecorrespondenamaps
are estimated. Finally, all resultsare integratedin a tex-

1By calibration we meanthe actualinternal calibrationof the cam-
eraaswell asthe relatve positionandorientationof the camerafor the
differentviews.



tured3D surfacereconstructiorof the sceneunderconsid-
eration. A moredetaileddescriptionof this systemcanbe
foundin (Pollefeys, 1999).

2.1 Retrieving the Projective Framework

The first correspondenceare found by extractinginten-
sity cornerdn differentimagesandmatchingthemusinga
robusttrackingalgorithm. In conjunctionwith the match-
ing of the cornersthe projectie calibrationof the setup
is calculated.This allows to eliminatematcheswhich are
inconsistentvith the calibration.Usingthe projective cal-
ibrationmorematchesaneasilybe foundandusedto re-
fine this calibration.

At first correspondingornersin two consecutie images
arematchedThis definesa projective framewvorkin which
theprojectionmatricesof theotherviews areretrievedone
by one(Beardslg et. al., 1996). We thereforeobtainpro-
jectionmatriceq(3 x 4) of thefollowing form:

P, = [I|0] andPy = [Hig|e1x] 1)

with H;;, thehomographyor anarbitraryreferenceplane
from view 1 to view k£ andey the correspondingpipole.

2.2 Retrievingthe Metric Framework

Sucha projectie calibrationis certainly not satishctory
for thepurposeof 3D modeling.A reconstructiombtained
upto aprojectivetransformatiorcandiffer verymuchfrom

theoriginal sceneaccordingto humanperception.orthog-
onality andparallellismarein generalnot presered, part
of thescenecanbewarpedo infinity, etc. To obtainamore
completecalibration, constraintscan be obtainedby im-

posingsomerestrictionsontheinternalcamergarameters

(e.g. squarepixels). By exploiting theseconstraintsthe
projective reconstructiorcan be upgradedo metric (Eu-
clideanupto scale)(Pollefeyset. al., 1998).

2.3 Dense Correspondences

At this pointwe disposeof a sparsemetricreconstruction.

Only a few salientpoints arereconstructed.Obtaininga
densereconstructiorcould be achiezed by interpolation,
butin practicethisdoesnotyield satishctoryresults.Often
somesalientfeaturesaremissedduring the cornermatch-
ing andwill thereforenot appeaiin the reconstruction f
for examplethe cornerof the roof is missing, this could
resultin awhole partof theroof missingwhenusinginter
polation.

Theseproblemscanbeavoidedby usingalgorithmswhich
estimatecorrespondencder almostevery pointin theim-
ages.At this point algorithmscanbe usedwhich werede-
velopedfor calibrated3D systemdike stereorigs. Since
we have computedhe projectie calibrationbetweersuc-
cessve imagepairswe canexploit the epipolarconstraint
that restrictsthe correspondencsearchto a 1-d search
range.In particularit is possibleio remaptheimagepairto
standardgyeometrywherethe epipolarlines coincidewith
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Figure 1. Overview of the system: from the image se-
quencegI(z,y)) theprojectvereconstructiois computed;
the projectionmatricesP arethenpassedn to the self-
calibration module which delivers a metric calibration
Py; the next moduleusestheseto computedensedepth
mapsD(z,y); all theseresultsare assembledn the last
moduleto yield atextured3D surfacemodel. On theright
sidetheresultsof thedifferentmodulesareshavn: thepre-
liminary reconstructiongboth projective and metric) are
representedby point clouds,the camerasarerepresented
by little pyramids,the resultsof the densematchingare
accumulatedn densedepthmaps(light meanscloseand
darkmeandar).



Figure 2: Image sequencavhich wasusedto build a 3D
modelof the cornerof the Romarbaths

theimagescanlines. The correspondencsearchis then
reducedo a matchingof theimagepointsalongeachim-
agescanline. In additionto the epipolargeometryother
constraintdik e preservingheorderof neighboringpixels,
bidirectionaluniquenessf thematch,anddetectiorof oc-
clusionscan be exploited. Theseconstraintsare usedto
guidethecorrespondenc®wardsthe mostprobablescan-
line matchusinga dynamicprogrammingchemeFalken-
hagen1997).Themostrecentalgorithm(Kochet. al.,1998)
improvestheaccurag by usinga multibaselineapproach.

2.4 Building the Model

Oncea densecorrespondencenap and the metric cam-
eraparameterfave beenestimateddensedepthmapsare
computedusing depthtriangulation. The 3D modelsur
faceis constructedf triangularsurface patcheswith the
verticesstoring the surfacegeometryandthe faceshold-
ing the projectedmagecolorin texturemaps.Thetexture
mapsaddverymuchto thevisualappearancef themodels
andaugmenmissingsurfacedetail.

The modelbuilding processs at presentestrictecto par
tial modelscomputedfrom single view points and work
remainsto be doneto fuse differentview points. Since
all the views are registeredinto one metric framework it
is possibleto fusethe depthestimateinto one consistent
modelsurface(Koch,1996).

Sometimed is notpossibleo obtainasinglemetricframe-
work for large objectslike buildings since one may not
be able to recordimagescontinuouslyaroundit. In that
casethedifferentframenorkshave to beregisteredo each
other Thiswill bedoneusingavailablesurfaceregistration
schemegChenandMedioni, 1991).

3 VIRTUALIZING SCENESFROM IMAGES

The 3D surfaceacquisitiontechniquethat was presented
in the previous section,canreadily be appliedto archaeo-
logical sites. The on-siteacquisitionprocedureconsistof
recordinganimagesequencef the scenehatonedesires
to virtualize To allow the algorithmsto yield goodresults
viewpointchange®etweerconsecutieimagesshouldnot
exceed5 to 10 degrees. An exampleof sucha sequence
is givenin Figure2. Thefurther processings fully auto-
matic. Theresultfor theimagesequencenderconsidera-
tion canbeseerin Figure3. An importantadwantages that

Figure 3: Virtualized corner of the Romanbaths, on the
right somedetailsare shown

detailslike missingstones,not perfectly planarwalls or
symmetricstructuresarepresered. In additionthesurface
textureis directly extractedfrom theimages.This doesnot
only resultin amuchhigherdegreeof realism,but is also
importantfor theauthenticityof thereconstructionThere-
fore thereconstructionsbtainedwith this systemcanalso
be usedasa scalemodelon which measurementsanbe
carriedoutor asatool for planningrestaurations.

4 VIRTUALIZING AWHOLESITE

A first approachto obtain a virtual reality model for a
whole site consistsof taking a few overview photographs
from the distance. Sinceour techniqueis independenof
scalethis yieldsanovervien modelof thewholesite. The
only differences thedistanceneededetweertwo camera
poses.An exampleof the resultsobtainedfor Sagalassos
areshavn in Figure4. The modelwascreatedrom 9 im-
agestaken from a hillside nearthe excavation site. Note
thatit is straightforvardto extracta digital terrainmapor
orthophotogrom the globalreconstructiorof the site.

Figure 4: Overviav modelof Sagalassos

4.1 Integration of modelsat different scales

The problemis that this kind of overvien modelis too
coarsdo beusedfor realisticwalk-throughsroundthesite
or for looking at specificmonumentsThereforeit is nec-
essarnyto integratemoredetailedmodelsinto this overview
model. This canbe doneby taking additionalimagese-
quencedor all the interestingareason the site. These
are usedto generatereconstruction®f the site at differ-
entscalesgoingfrom aglobalreconstructiorof thewhole
siteto a detailedreconstructiorfor every monument.
Theseaeconstructionthusnaturallyfill in thedifferentlev-
els of detailswhich shouldbe provided for optimal ren-
dering. In Figure 5 reconstruction®f the Romanbaths



aregivenfor threedifferentlevelsof details(site overview,
completeRomanbathhouseanddetail of right corner).

Figure 5: Modelsof the Romanbathsat different scales:
completebaths(top), zoomontothe bathsin the overviev
modelof Figure 4 (bottomleft), detailedright cornerofthe
baths(bottomright)

4.2 Combination with other models

An interestingpossibilityis the combinatiorof thesemod-
els with othertype of models. In the caseof Sagalassos
somebuilding hypothesisveretranslatedo CAD models.
Thesewereintegratedwith our models. Theresultcanbe
seenn Figure6. Also othermodelsobtainedwith different
3D acquisitiontechniquegouldeasilybeintegrated.

Figure 6: Virtualized landscapeof Sagalassoscombined
with CAD-model®f reconstructednonuments

5 OTHER APPLICATIONS

Since thesereconstructionsare almost completelyauto-
matic and the on-siteacquisitiontime is very short, sev-
eralnew applicationscometo mind. In this sectiona few
possibilitiesareillustrated.

5.1 3D Stratigraphy

Archaeologyis one of the sciencesvere annotationsand
precisedocumentatiomremostimportantbecausevidence
is destrgedduringwork. An importantaspectf thisis the
stratigraphy This reflectsthe differentlayersof soil that

correspondso differenttime periodsin anexcavatedsec-
tor. Dueto practicallimitations this stratigraphyis often
only recordedor someslices,notfor thewhole sector
Ourtechniqueallows a moreoptimal approach For every
layera complete3D modelof the excavatedsectorcanbe
generatedSincethis only involvestaking a seriesof pic-
turesthis doesnot slowv down the progresf thearchaeo-
logicalwork. In additionit is possibleto modelseparately
artifactswhich arefoundin thesdayersandto includethe
modelsin thefinal 3D stratigraphy

This conceptis illustratedin Figure7. The excavationsof
anancientRomanvilla at Sagalassowererecordedwith
ourtechniqueln thefigureaview of the 3D modelof the
excavationis providedfor two differentlayers.

Figure 7: 3D stratigraphy the excavationof a Romarvilla
at two differentmoments.

5.2 Generating and testing building hypothesis

The techniqueproposedn this paperalsohasa lot to of-

fer for generatingand testing building hypothesis. Due
to the easeof acquisitionandthe obtainedevel of detall,
onecouldreconstrucevery building block separatelyThe
differentconstructiorhypothesisantheninteractizely be
verifiedon avirtual building site. Sometestingcouldeven
be automated.The matchingof the two partsof Figure8

for examplecould be verifiedthrougha standardegistra-
tion algorithm (Chenand Medioni, 1991). An automatic
procedurecanbe importantwhendozensof broken parts
have to be matchedagainsteachother

5.3 Reconstruction from archives

Herethe reconstructiorof the ancienttheaterof Sagalas-
sosis shovn. Thereconstructioris basedon a sequence
filmed by a cameramarfrom the BRTN (BelgischeRa-
dio enTelevisie van de Nederlandstaliggemeenschai
1990.Thesequencavasfilmedto illustratea TV program
aboutSagalassosBecausef the motiononly fields—and
not frames—could be used. The resolutionof the images
we could use was thus restrictedto 768x288. The se-
quenceconsistedf abouthundredimages threeof them
areshown in Figure9. We recordedapproximately3 im-
agespersecond.

In Figure10thereconstructiorof interestpointsandcam-
erasis given. This shavs thatthe approactcandealwith
longimagesequences.



Figure 8: Two imagesof parts of broken pillar s (top) and
two orthographicviewsof thematding surfacegenemated
fromthe 3D modelg(bottom)

Figure 9: This sequencavasfilmedfrom a helicopterin
1990bya cameamanoftheBRT(BelgistieRadioenTele-
visie)to illustratea TV programon Sagalassogan archae-
ological sitein Turkey).

Densedepthmapsweregeneratedrom this sequencand
a densetextured 3D surfacemodelwas constructedrom
this. Someviews of this modelaregivenin Figurell.

6 CONCLUSION

An automatic’3D scenanodellingtechniquavasdiscussed
thatis capableof building modelsfrom uncalibratedm-
agesequencesThetechniques ableto extractmetric 3D
modelswithoutary prior knowledgeaboutthesceneor the
camera. The calibrationis obtainedby assuminga rigid
sceneandsomeconstraint®n theintrinsic camergparam-
eters(e.g. squarepixels).

This techniquewvassuccessfullyappliedto the acquisition
of virtual modelsof archaeologicasites. The advantages
are numerous: the on-site acquisitiontime is restricted,
the constructionof the modelsis automaticandthe gen-
eratedmodelsare realistic. The techniqueallows some
morepromisingapplicationdik e 3D stratigraphythe (au-
tomatic)generatiorandtestingof building hypothesisand
thevirtual reconstructiorof (destroyed) monumentgrom
archiveimages.
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