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Abstract

The systempresentedn this paperallows to take a guidedtour to
a virtual reconstructiorof the ancientsite of SagalassosThe site
hasbeenreconstructedby combining3D modelsof the landscape
andremainswith CAD reconstruction®f monumentdasedn ar
chaeologicahypothesis.The 3D modelswere obtainedusingad-
vancedimage-basednodellingtechniqueslevelopedover the last
few yearsin computewision. Thevisitor cancommunicatavith the
virtual guidethroughnaturalspeechTheguideitself is represented
by a 3D facemodel.

Keywords: Virtual Tour Guides,Large scaleterrain modelling,
SitereconstructionSpeectrecognition.

1 Introduction

Thereis alot of interestof the public for visiting ancientarchaeo-
logical sitesand often the excavationsare nanced by public fun-
ding. Therefore makinga site accessibleo aninterestecpublicis
alsoone of the major tasksof archaeologistsThis oftenincludes
(partially) retuilding someof the monuments.On the otherhand,
it is alsothe responsabilityof the archaeologisto presere there-
mainsof the pastfor future generations.Theoretically rekurial is
oneof the safestmethodgo presere excavatedmonumentgor the
future, but sincenon-specialistin thatcasehave hardlyary access
to their past,it shouldbe avoidedasmuchaspossible. Thesetwo
requirementsare often contradictory Anotherimportantaspectis
thatarchaeologicasditesareoftenlocatedat remoteplacesmaking
themunaccessibléo tourists,studentandscholars.

In this areavirtual reality is a technologythat offers promising
perspectiesfor archaeologistsHaving a virtual reconstructiorof
thesite, reducedhe needfor physicalreconstructionsln addition,
new insightscanbe gainedby immersionin ancientworlds, unac-
cesiblesitescanbe madeavailableto a global public, coursesxan
begivenin situanddifferentperiodsor building phasegancoexist.

Oneof theimportantlimitationsupto now wasthehigh costand
the requiredexpertiseto reconstructirtual modelsof a complete
site. Nowadays3D modellingtools allow to recreatemonuments
basedon archaeologicahypothesig7]. Capturingthedetailedge-
ometryandappearancef theremainghatarestill standings, how-
ever, muchharder Tools suchasPhotoModelef9] andFacadd?2]
allow to easilygeneratesimplemodelsof reality, but arenot suited
for generatingobjectswith complex geometryor thatrequirehigh
levelsof detail,likelargearchaeologicadites.For modellingthere-
mainsof Sagalassosdwancedautomatic3D modellingtoolswere
used[10, 11, 12] (seeSection3).

Sagalassoss one of the largestarchaeologicaprojectsin the
Mediterraneardealingwith a Greco-Romarsite over a period of
morethana thousandyears(  centuryBC - century AD).
Sagalasso@neof thethreegreatcitiesof ancientPisidia,lies 7km
northof thevillage Aglasunin the province of Burdur, Turkey.

The ruins of the city lie on the southern ank of the Aglasun
mountairridge (apartof theTaurus-mountaingtaheightbetween
1400and1650metres.

Figurel shavs Sagalassoagainsthemountainank. A teamof
the University of Leuven underthe supervisionof professorMarc
Waellenshasbeenexcavatingthe whole areasince1990.

As on a real site, allowing a visitor to freely walk aroundis in
generahotthebestidea. In thisway, thevisitorsoftenquickly gets
boredandtypically missesmportantmonumentn the site. It is
alsohardto gettheright informationacross.Thereforeijt is better
to provide the visitor with a virtual guide. In our casethe guide
consistof ananimatedacethatcanunderstandherequest®f the
userthroughspeecltrecognition. The visitor cane.g. askto goto
acertainbuilding or askquestionsabout nds thathave beenmade
atdifferentplaces.

In thenext sectionanoverview of thesystermis presentedThen,
someof thecomponentsf the systemarediscussednorein detail:
3D modelling(Section3), 3D visualization(Section4) andspeech
recognition(Section5). Thelasttwo sectionscontainsomefuture
directionsfor researctandthe conclusions.



Figurel: Overview of the Sagalassosite.

2 System overview

Thecompletesystemintegratesa diversity of techniqueso createa

interactie virtual tour throughthe ancientcity of SagalassosThe

centralmoduleof the virtual guidesystemconsistsof a nite state
machinethatdescribesheactuallocationduringthevisit andsome
otherstatevariableqe.g.guidevisible or not). Basedonthespeech
input, statetransitionscanbe triggered.Someothertransitionsare

triggeredautomaticallye.g. aftertime-out. This modulealsocon-

trols the motionandanimationof theguide.

The viewpoint of the useris automaticallyadjustedto the posi-
tion of theguide,i.e. theuserfollows the guide. However, the user
still hassomelocal controlover his viewpoint. Whenheadtracking
is enablednotionsof theheadcausesheviewpointto change The
viewpoint canalsobe modi ed usingmouseor joystick.

The 3D visualizationis doneusingOpenGLPerformel{8]. The
systemruns on high-endSGI hardware as well ason linux PCs.
Using SGI hardware high-end3D stereovisualizationscreensan
beused(seee.g.[1]). Thearchitectureof thevirtual guidesystemis
illustratedin Figure2.
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Figure2: Overview of the Virtual Guidesystem

Thevirtual guideconsistf a 3D mask.Animationsareusedto
provide somefeedbackto the usere.g. the guidefrowns the eye-
brows whenhe cant understandvhatthe useris saying. This al-
lows to obtainarelatively naturalcommunicatiorbetweerthe user
andthe system.This is importantsinceit allows untrainedusersto
reactcorrectlyto the systeme.g. by repeatingacommandf neces-
sary In Figure3 a close-upof the virtual guideis shavn. In fact
thisis alreadythe secondterationof the Sagalasso¥irtual Guide.
The rst systemwasbuild severalyearsagoandwasbasedn SGl's
Openliventorfor visualization.A screenshoof this systemcanbe
seenin Figure4.

Figure4: Snapshobf the previousversionof thevirtual guide.

3 Site Modelling

The 3D surfaceacquisitiontechniguethat we have developed|[10,
11, 12] canreadily be appliedto archaeologicasites. The on-site
acquisitionprocedureconsistsof recordingan imagesequencef
the scenethat one desiresto capture. To allow the algorithmsto
yield goodresults viewpoint changedetweerconsecutie images
shouldnotexceed5 to 10 degrees.

The further processings fully automatic. The rst stepcon-
sistsof calibratingthe imagesequencéi.e. obtainingrelative po-
sition and orientationof the cameraup to scalefor the different
viewpoints). Thisis donebasedon featureswhich aretracked over
consecutie images. The next partis the computationof the sur
facegeometnyitself. For every pixel in animagethe corresponding
pointsin otherimagesare searchedhrough crosscorrelatiorand
anoptimal solutionis foundthroughdynamicprogramming.Once
correspondingpointsareknown, theactualsurfaceis reconstructed
in 3D throughtriangulation. The imagescan be usedas texture
maps. An exampleof a 3D modelandtheimagesequencdt was
exctratedfrom is shawvn in Figure5.

An importantadwantageis that detailslike missingstones,not
perfectly planarwalls or symmetricstructuresare presered. In
addition, the surfacetextureis directly extractedfrom the images.
This doesnot only resultin amuchhigherdegreeof realism,but is
alsoimportantfor the authenticityof thereconstructionTherefore
thereconstructionsbtainedwith this systemcouldalsobe usedas



Figure5: Cornerof Romanbathsin SagalasosTop: 6 imagesused
for the reconstructionBottom: differentviews of the reconstruc-
tion.

a scalemodel on which measurementsan be carriedout or asa
tool for planningrestaurations.

A numberof othertechnique$ave alsobeenusedto reconstruct
partsof the site. For highly detailedobjectssuch as statuesthe
ShapeSnatchaechnologyfrom Eyetronics[14] was used. This
technologyis basedon a structuredight approachandcanrecord
both shapeandtexture from a singleimage. The rst processing
stepautomaticallyextractsthe projectedgrid from theimage. The
shapés thenobtainedby observinghedeformationof thegrid and
thetextureis obtainedoy removing thegrid usinganadwncedon-
linear diffusion lter. An exampleis shavn in Figure6. Another

Figure6: Dionysosstatue:Left: imagewith projectedgrid, Right:
reconstructednodel.

recenttechniquevasalsoconsidered5s].

Sincesomeof the monumentsand buildings are only partially
standing,it is not possibleto capturetheir shapedirectly. In this
case3D modellingtoolshave to beusedto reconstructhebuildings
basednarchaeologicatypothesisTheprocedureanbesketched
asfollows. During excavationsarchaeologisttake notesandmake
measurementanddraving of their ndings. After a carefulstudy
of the monumentit is possibleto make reconstructiondravings
basedon all the collectedevidenceandby comparisornwith other
relatedmonuments.Thesethenrepresentonstructionhypothesis
for the considerednonument.An exampleis shavn on the left of
Figure7. Usinga 3D modellingpackaget is thenpossibleto build
a 3D representationf thatmonument. The correspondingecon-
structionis shavn ontheright sideof Figure7. More detailson this
subjectcanbefoundin [7].

Figure7: Reconstructiordraving and3D modelof the Heroonof
Sagalassos.

Figure 8: 3D representatiof Sagalassosontaining3D models
obtainedthroughimage-basdechniquesandinteractve 3D mod-
elling tools.

A view of theintegrated3D representationf thesitecanbeseen
in Figure 8 Somemore views of detailsof the integratedvirtual
Sagalassositecanbeseenin Figures9, 10and11.

4 3D visualization

An importantcomponenbf the systemis the 3D visualization.For
this purposeOpenGLPerformetis used. This malesit possibleto



Figure9: Reconstructiorof the fountain of the upperagorawith
recordeccentralniche.

Figure10: Excavationsof theromanbathsrecordedht threediffer-
entlevelsof resolution.

have the Virtual Guiderunningon linux PCsaswell as high-end
SGlvisualizationsystemsThe systemhasbeendevelopedin such
away thatdifferenttypesof displayscanbe used.

Besidesa standard®Cscreerthe systemwill alsoberunningon
high-endBARCO displayssuchasthe BARCO BaronVR work-
benchandthe BARCO Reality Centercylindrical display(SeeFig-
ure12). In this casdt alsomakessensdo useheadtrackingothat
the perspectie projectionadaptsto the position of the user This
is importantto increasethe immersionfor the user However, this
alsolimits thefull experienceof thevisit to asingleuser

5 Speech recognition

For the purposeof speectrecognitiontwo differentsystemshave
beenused. In oneversionour in-houselarge-wocahlulary speakr
independentontinuousspeechrecognizerwas used[3, 4]. This
systemis, similar to all modernlarge vocahulary speechrecogniz-

Figure 11: Reconstructiorof the Heroon locatedin the virtual
Sagalassoterrain.

Figure12: High-endVR displaysconsideredor Sagalassogirtual
Guide.

ers,basedn statisticalpatternrecognitionandintegratesall know-
ledgeconcerninghespoleninputaccordingo theschemealepicted
in gure 13. Theacoustianodelsdescribehetime-frequeng char
acteristicsof all basicsounds(phonemes)n a languageby means
of hiddenMarkov processesThesetime-frequenyg propertiesare
learnedfrom a large database&ontaininga few hundredspeakrs,
allowing the guideto copewith almostary voice or accent.By re-
lying on phonemegssfundamentaspeechunits, all wordsrelevant
to thetaskcanbeeasilyaddedo the systemby just providing their
phonetictranscription,as can be found in pronouncingdictionar
ies. To copewith co-articulatioreffectswithin andbetweerwords,
contet dependenphonemeanodelsareused,.e. notthephonemes
themselesaremodelledbut the phonemesgiventheirleft andright
neighboringphonemesThe nal componentthelanguagenodel,
describegheformatof typical userinput.

Sincespeechrecognizerdiave —in contrasto humanguides—no
world knowledge,every aspeciof the userinput, suchasthe func-
tion andmeaningof thewordsandhow sentenceareformed,must
be incorporatedn this model. Automatic techniqueshat extract
this kind of knowledgefrom large text corporaexist, but for new
taskssuchasthevirtual guide,mostknowledgemustbeaddedman-
ually. To be usefulasaninterfaceto the virtual guide,the recog-
nizernotonly hasto make few andpreferablyno recognitionerrors
irrespectve of the spealker, but it alsohasto reactpromptly.

Due to the smartrepresentatiomf the lexicon [3] andthe fast
evaluationof theacoustiomodels[4], our recognizeiprovidesreal-
time decodingn combinationwith alow lateng, evenfor continu-
ousspeectandlargevocalularies(20000or morewords). Thelow-



lateng of therecognizerllows for exampledirectvisualfeedback
to the userby meansof frowning eyebravs wheneer a language
constructthatis likely to be misunderstoody thevirtual guide,is
heard. Although primarily designedo be a e xible researcttool,
ourin-housespeechecognizemwasableto provide all functionality
requiredfor a naturalcommunicatiorwith thevirtual guide.
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Figure13: Overview of the large vocahulary spealkr independent
recognitionsystem.

In anothewersionof our systema smallvocatulary on-chipsys-
temwasused[6]. This lastsystemprovidesadaptve sterececho
cancellingand noise reduction. This allows to provide effective
speectrecognitionfrom a distantmicrophonewhile allowing the
systemitself to have an audiooutput. In the future, similar tech-
niqueswill be addedto our in-houserecognizer allowing us to
combinethe bestof both solutions: a naturalinterfaceusing u-
ent speechwith the possibility to interruptthe guide while he is
providing audiooutput.

6 Future developments

Futurework consistof usinga realfacefor thevirtual guide. The
goalis to captureboththe shapeandthe animationfrom areal per
son. For this purposethe technologyof Eyetronicswould be used
for thecapturg[14]. A preliminaryexampleis shawvn in Figure14.
Fourdifferentphase®f ananimationhave beencaptured Thegoal
is to automaticallybuild animationmodelsby analysingthe cap-
tureddata.The ultimategoalin this contet is to build a speech-to-
animation(or even text-to-animation)packagehat canbe usedto
automaticallygenerateealisticfacialanimationfor theguidebased
ondatacapturedrom arealperson.

7 Conclusions

In this paperwe presentedur virtual guide system. This system
allows to visit avirtual reconstructirof the ancientcity of Sagalas-
sos.High-endvisualizationis combinedwith speectrecognitionto
provide a corvincing experienceto the visitor. Facialanimationis
succesfullyusedto provide the userwith feedback.The 3D repre-
sentatiorof thesiteis mostlyobtainedusingadvancedmage-based
techniques.

Figure14: Four framesof a capturedanimation.
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