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Abstract

Thesystempresentedin this paperallows to take a guidedtour to
a virtual reconstructionof the ancientsite of Sagalassos.The site
hasbeenreconstructedby combining3D modelsof the landscape
andremainswith CAD reconstructionsof monumentsbasedon ar-
chaeologicalhypothesis.The 3D modelswereobtainedusingad-
vancedimage-basedmodellingtechniquesdevelopedover the last
few yearsin computervision. Thevisitorcancommunicatewith the
virtual guidethroughnaturalspeech.Theguideitself is represented
by a 3D facemodel.

Keywords: Virtual Tour Guides,Large scaleterrainmodelling,
Sitereconstruction,Speechrecognition.

1 Intr oduction

Thereis a lot of interestof thepublic for visiting ancientarchaeo-
logical sitesandoften theexcavationsare�nanced by public fun-
ding. Therefore,makinga siteaccessibleto aninterestedpublic is
alsooneof the major tasksof archaeologists.This often includes
(partially) rebuilding someof themonuments.On theotherhand,
it is alsotheresponsabilityof thearchaeologistto preserve there-
mainsof thepastfor future generations.Theoretically, reburial is
oneof thesafestmethodsto preserve excavatedmonumentsfor the
future,but sincenon-specialistsin thatcasehave hardlyany access
to their past,it shouldbeavoidedasmuchaspossible.Thesetwo
requirementsareoften contradictory. Anotherimportantaspectis
thatarchaeologicalsitesareoftenlocatedat remoteplaces,making
themunaccessibleto tourists,studentsandscholars.

In this areavirtual reality is a technologythatoffers promising
perspectivesfor archaeologists.Having a virtual reconstructionof
thesite,reducestheneedfor physicalreconstructions.In addition,
new insightscanbegainedby immersionin ancientworlds,unac-
cesiblesitescanbemadeavailableto a globalpublic, coursescan
begivenin situanddifferentperiodsor building phasescancoexist.

Oneof theimportantlimitationsupto now wasthehighcostand
the requiredexpertiseto reconstructvirtual modelsof a complete
site. Nowadays3D modellingtools allow to recreatemonuments
basedon archaeologicalhypothesis[7]. Capturingthedetailedge-
ometryandappearanceof theremainsthatarestill standingis,how-
ever, muchharder. ToolssuchasPhotoModeler[9] andFacade[2]
allow to easilygeneratesimplemodelsof reality, but arenotsuited
for generatingobjectswith complex geometryor that requirehigh
levelsof detail,likelargearchaeologicalsites.Formodellingthere-
mainsof Sagalassos,advancedautomatic3D modellingtoolswere
used[10, 11, 12] (seeSection3).

Sagalassosis one of the largestarchaeologicalprojectsin the
Mediterraneandealingwith a Greco-Romansite over a periodof
more than a thousandyears(
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centuryBC - �

���

centuryAD).
Sagalassos,oneof thethreegreatcitiesof ancientPisidia,lies7km
northof thevillageAglasunin theprovinceof Burdur, Turkey.

The ruins of the city lie on the southern�ank of the Aglasun
mountainridge(apartof theTaurus-mountains)ataheightbetween
1400and1650metres.

Figure1 showsSagalassosagainstthemountain�ank. A teamof
theUniversity of Leuven underthesupervisionof professorMarc
Waelkenshasbeenexcavatingthewholeareasince1990.

As on a real site, allowing a visitor to freely walk aroundis in
generalnot thebestidea.In thisway, thevisitorsoftenquickly gets
boredandtypically missesimportantmonumentson thesite. It is
alsohardto get theright informationacross.Therefore,it is better
to provide the visitor with a virtual guide. In our casethe guide
consistsof ananimatedfacethatcanunderstandtherequestsof the
userthroughspeechrecognition.Thevisitor cane.g. askto go to
a certainbuilding or askquestionsabout�nds thathave beenmade
atdifferentplaces.

In thenext sectionanoverview of thesystemis presented.Then,
someof thecomponentsof thesystemarediscussedmorein detail:
3D modelling(Section3), 3D visualization(Section4) andspeech
recognition(Section5). Thelast two sectionscontainsomefuture
directionsfor researchandtheconclusions.



Figure1: Overview of theSagalassossite.

2 System overview

Thecompletesystemintegratesadiversityof techniquesto createa
interactive virtual tour throughtheancientcity of Sagalassos.The
centralmoduleof thevirtual guidesystemconsistsof a �nite state
machinethatdescribestheactuallocationduringthevisit andsome
otherstatevariables(e.g.guidevisibleor not). Basedonthespeech
input, statetransitionscanbetriggered.Someothertransitionsare
triggeredautomaticallye.g. after time-out. This modulealsocon-
trols themotionandanimationof theguide.

Theviewpoint of theuseris automaticallyadjustedto theposi-
tion of theguide,i.e. theuserfollows theguide.However, theuser
still hassomelocalcontroloverhisviewpoint. Whenheadtracking
is enabledmotionsof theheadcausestheviewpoint to change.The
viewpoint canalsobemodi�ed usingmouseor joystick.

The3D visualizationis doneusingOpenGLPerformer[8]. The
systemruns on high-endSGI hardware as well as on linux PCs.
UsingSGI hardwarehigh-end3D stereovisualizationscreenscan
beused(seee.g.[1]).Thearchitectureof thevirtual guidesystemis
illustratedin Figure2.

Speech
Recognition

3D Guide

3D Site

3D Visualization

Virtual Guide
Control

Mouse/

Head
Tracking

Joystick

U
S

E
R

 

Figure2: Overview of theVirtual Guidesystem

Thevirtual guideconsistsof a 3D mask.Animationsareusedto
provide somefeedbackto the usere.g. the guidefrowns the eye-
brows whenhe can't understandwhat the useris saying. This al-
lows to obtaina relatively naturalcommunicationbetweentheuser
andthesystem.This is importantsinceit allows untrainedusersto
reactcorrectlyto thesysteme.g.by repeatingacommandif neces-
sary. In Figure3 a close-upof thevirtual guideis shown. In fact
this is alreadytheseconditerationof theSagalassosVirtual Guide.
The�rst systemwasbuild severalyearsagoandwasbasedonSGI's
OpenInventorfor visualization.A screenshotof this systemcanbe
seenin Figure4.

Figure3: Close-upof thevirtual guide

Figure4: Snapshotof thepreviousversionof thevirtual guide.

3 Site Modelling

The3D surfaceacquisitiontechniquethatwe have developed[10,
11, 12] canreadilybeappliedto archaeologicalsites. Theon-site
acquisitionprocedureconsistsof recordingan imagesequenceof
the scenethat onedesiresto capture. To allow the algorithmsto
yield goodresults,viewpoint changesbetweenconsecutive images
shouldnotexceed5 to 10degrees.

The further processingis fully automatic. The �rst stepcon-
sistsof calibratingthe imagesequence(i.e. obtainingrelative po-
sition and orientationof the cameraup to scalefor the different
viewpoints).This is donebasedon featureswhich aretrackedover
consecutive images. The next part is the computationof the sur-
facegeometryitself. For everypixel in animagethecorresponding
points in other imagesare searchedthroughcrosscorrelationand
anoptimalsolutionis foundthroughdynamicprogramming.Once
correspondingpointsareknown, theactualsurfaceis reconstructed
in 3D throughtriangulation. The imagescan be usedas texture
maps.An exampleof a 3D modelandthe imagesequenceit was
exctratedfrom is shown in Figure5.

An importantadvantageis that detailslike missingstones,not
perfectly planarwalls or symmetricstructuresare preserved. In
addition,thesurfacetexture is directly extractedfrom the images.
Thisdoesnot only resultin a muchhigherdegreeof realism,but is
alsoimportantfor theauthenticityof thereconstruction.Therefore
thereconstructionsobtainedwith this systemcouldalsobeusedas



Figure5: Cornerof Romanbathsin Sagalasos:Top: 6 imagesused
for the reconstruction,Bottom: differentviews of the reconstruc-
tion.

a scalemodelon which measurementscanbe carriedout or asa
tool for planningrestaurations.

A numberof othertechniqueshavealsobeenusedto reconstruct
partsof the site. For highly detailedobjectssuchas statuesthe
ShapeSnatchertechnologyfrom Eyetronics[14] was used. This
technologyis basedon a structuredlight approachandcanrecord
both shapeandtexture from a single image. The �rst processing
stepautomaticallyextractstheprojectedgrid from the image.The
shapeis thenobtainedby observingthedeformationof thegrid and
thetextureis obtainedby removing thegrid usinganadvancednon-
linear diffusion �lter . An exampleis shown in Figure6. Another

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

recenttechniquewasalsoconsidered[5].
Sincesomeof the monumentsandbuildings areonly partially

standing,it is not possibleto capturetheir shapedirectly. In this
case3D modellingtoolshaveto beusedto reconstructthebuildings
basedonarchaeologicalhypothesis.Theprocedurecanbesketched
asfollows. During excavationsarchaeologiststake notesandmake
measurementsanddrawing of their �ndings. After a carefulstudy
of the monumentit is possibleto make reconstructiondrawings
basedon all the collectedevidenceandby comparisonwith other
relatedmonuments.Thesethenrepresentconstructionhypothesis
for theconsideredmonument.An exampleis shown on the left of
Figure7. Usinga3D modellingpackageit is thenpossibleto build
a 3D representationof that monument.The correspondingrecon-
structionis shown ontheright sideof Figure7. Moredetailsonthis
subjectcanbefoundin [7].

Figure7: Reconstructiondrawing and3D modelof theHeroonof
Sagalassos.

Figure8: 3D representationof Sagalassoscontaining3D models
obtainedthroughimage-basdtechniquesandinteractive 3D mod-
elling tools.

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

4 3D visualization

An importantcomponentof thesystemis the3D visualization.For
this purposeOpenGLPerformeris used.This makesit possibleto



Figure9: Reconstructionof the fountainof the upperagorawith
recordedcentralniche.

Figure10: Excavationsof theromanbathsrecordedat threediffer-
entlevelsof resolution.

have the Virtual Guiderunningon linux PCsaswell ashigh-end
SGI visualizationsystems.Thesystemhasbeendevelopedin such
a way thatdifferenttypesof displayscanbeused.

Besidesa standardPCscreenthesystemwill alsoberunningon
high-endBARCO displayssuchasthe BARCO BaronVR work-
benchandtheBARCORealityCentercylindrical display(SeeFig-
ure12). In this caseit alsomakessenseto useheadtrackingsothat
the perspective projectionadaptsto the positionof the user. This
is importantto increasethe immersionfor theuser. However, this
alsolimits thefull experienceof thevisit to a singleuser.

5 Speech recognition

For the purposeof speechrecognitiontwo differentsystemshave
beenused. In oneversionour in-houselarge-vocabulary speaker-
independentcontinuousspeechrecognizerwasused[3, 4]. This
systemis, similar to all modernlargevocabulary speechrecogniz-

Figure 11: Reconstructionof the Heroon locatedin the virtual
Sagalassosterrain.

Figure12: High-endVR displaysconsideredfor SagalassosVirtual
Guide.

ers,basedonstatisticalpatternrecognitionandintegratesall know-
ledgeconcerningthespokeninputaccordingto theschemedepicted
in �gure 13. Theacousticmodelsdescribethetime-frequency char-
acteristicsof all basicsounds(phonemes)in a languageby means
of hiddenMarkov processes.Thesetime-frequency propertiesare
learnedfrom a large databasecontaininga few hundredspeakers,
allowing theguideto copewith almostany voiceor accent.By re-
lying on phonemesasfundamentalspeechunits,all wordsrelevant
to thetaskcanbeeasilyaddedto thesystemby justproviding their
phonetictranscription,ascanbe found in pronouncingdictionar-
ies.To copewith co-articulationeffectswithin andbetweenwords,
context dependentphonememodelsareused,i.e.not thephonemes
themselvesaremodelledbut thephonemesgiventheir left andright
neighboringphonemes.The�nal component,thelanguagemodel,
describestheformatof typicaluserinput.

Sincespeechrecognizershave –in contrastto humanguides–no
world knowledge,every aspectof theuserinput, suchasthefunc-
tion andmeaningof thewordsandhow sentencesareformed,must
be incorporatedin this model. Automatic techniquesthat extract
this kind of knowledgefrom large text corporaexist, but for new
taskssuchasthevirtual guide,mostknowledgemustbeaddedman-
ually. To be usefulasan interfaceto the virtual guide,the recog-
nizernotonly hasto make few andpreferablynorecognitionerrors
irrespective of thespeaker, but it alsohasto reactpromptly.

Due to the smartrepresentationof the lexicon [3] and the fast
evaluationof theacousticmodels[4], our recognizerprovidesreal-
timedecodingin combinationwith a low latency, evenfor continu-
ousspeechandlargevocabularies(20000or morewords).Thelow-



latency of therecognizerallows for exampledirectvisualfeedback
to the userby meansof frowning eyebrows whenever a language
constructthat is likely to bemisunderstoodby thevirtual guide,is
heard.Althoughprimarily designedto be a �e xible researchtool,
ourin-housespeechrecognizerwasableto provideall functionality
requiredfor a naturalcommunicationwith thevirtual guide.
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Figure13: Overview of the largevocabulary speaker independent
recognitionsystem.

In anotherversionof oursystemasmallvocabularyon-chipsys-
tem wasused[6]. This last systemprovidesadaptive stereoecho
cancellingand noisereduction. This allows to provide effective
speechrecognitionfrom a distantmicrophone,while 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 interrupt the guide while he is
providing audiooutput.

6 Future developments

Futurework consistsof usinga real facefor thevirtual guide.The
goalis to captureboththeshapeandtheanimationfrom a realper-
son. For this purposethe technologyof Eyetronicswould beused
for thecapture[14]. A preliminaryexampleis shown in Figure14.
Fourdifferentphasesof ananimationhavebeencaptured.Thegoal
is to automaticallybuild animationmodelsby analysingthe cap-
tureddata.Theultimategoalin thiscontext is to build aspeech-to-
animation(or even text-to-animation)packagethat canbeusedto
automaticallygeneraterealisticfacialanimationfor theguidebased
ondatacapturedfrom a realperson.

7 Conc lusions

In this paperwe presentedour virtual guidesystem.This system
allows to visit a virtual reconstructinof theancientcity of Sagalas-
sos.High-endvisualizationis combinedwith speechrecognitionto
provide a convincing experienceto thevisitor. Facialanimationis
succesfullyusedto provide theuserwith feedback.The3D repre-
sentationof thesiteis mostlyobtainedusingadvancedimage-based
techniques.

Figure14: Four framesof a capturedanimation.
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ForteandD. Sanders(Eds.),ArcheoPress,Oxford (British Ar-
chaeologicalReports,InternationalSeries# 843).

[8] OpenGL Performer, by SGI, (for mroe information:
http://www.sgi.com/software/performer / )

[9] PhotoModeler, by Eos SystemsInc., (for more information:
http://www.photomodeler.com )

[10] M. Pollefeys,R. KochandL. VanGool.Self-Calibrationand
Metric Reconstructionin spite of Varying and Unknown In-
ternalCameraParameters,InternationalJournalof Computer
Vision,32(1),7-25,1999.

[11] M. Pollefeys, R. Koch, M. Vergauwen,L. Van Gool. Auto-
matedreconstructionof 3D scenesfrom sequencesof images,
IsprsJournalOf PhotogrammetryAnd RemoteSensing(55)4
(2000)pp.251-267.

[12] Marc Pollefeys, Luc Van Gool, MaartenVergauwen,Kurt
Cornelis,FrankVerbiest,JanTops,Image-based3D Acquisi-
tion of ArchaeologicalHeritageandApplications,Proc.VAST
2001.

[13] MarcProesmans,Luc VanGoolandA. Oosterlinck,One-shot
active rangeacquisition,Proc.Internat.Conf.PatternRecogni-
tion (ICPR),Vienna,Vol. C, pp.336-340,1996

[14] ShapeSnatcher, by Eyetronics. (more information
http://www.eyetronics.com ).


