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ABSTRACT

Roundtable meetingsare frequentlyusedbetweenprofessionals
to designnew appmades, review developmentspr male deci-
sions. Thesemeetingsare highly collaborative and usually the
objectsor documentgo be discussedire on thetable More and
more of theseobjectsand documentsare not physically present
but only virtually available e.g., displayedon a computerscreen.
Usingcorventionalinput devicessud asmouseandkeyboad the
interactionwith thesevirtual objectsand documentss oftencon-
strainedto oneopeiator while the other meetingparticipantscan
observeandsuggestbut notinteractwith them which hindeis cre-
ativity and collaborative working Thisis a major constaint par-
ticularly to architectswhoare usedto manipulatephysicalmodels
during roundtable review meeting In this paper we describean
augmentedound table systemfor architectue and urban plan-
ning that enablesseveral meetingparticipantsto activelyinteract
with virtual objectsvisualizedthroughheadmounteddisplayson
theroundtable In particular, this paperdescribesl) the means
of interactionthat were developedfor the augmentedoundtable,
namelya wirelesswand and tangibleinterfaces,commanchand
gestuesanda pointing gestue, and 2) the userinteraction. Pre-
liminary feedbak fromendusertestsis positive

Keywords: augmentedeality, collaboratve virtual environments,
tangible userinterfaces,headmounteddisplays, head mounted
camerasplaceholderobjects gesturesecognition.

1. INTRODUCTION

Roundtablemeetingsareregularly usedin professionalife, e.g.,
for creatve brainstorming,decision-makingpr planning. Engi-
neeranayusethemto designproductsjnterdisciplinarygroupsto
createnew productideas,andmedicaldoctorsto plana comple
suigery Commonto all thesemeetingss thatthe participantsare
sitting together seeingeachother and communicatingverbally
andthroughhandgesturesand facial expressions. Furthermore,
documentsandobjectsareoftenonthetableto supportthediscus-
sion.

A professiorthatfrequentlyusesoundtablemeetingss archi-
tecture,particularly for designreview meetingswherea project
is reviewed by seniorarchitectsandtheir assistantsThesemeet-
ingsareextremelycollaboratve andinventive to find new ideasor
solve problems.They areoftenstartingwith simplesketcheghand
drawings),improving over severalstage®f 2D plansand3D mod-
els,gettingmoreandmore comple, finally leadingto very com-
plex CAD modelsand highly sophisticatedreal) 3D models. It

is a highly iterative processwhich is often very time-consuming.
Architectsconsiderthe possibility of interactively changingand
touchingthe sketches plans,and modelsasan importantpart of
inspirationduringdesignreview meetings.

The useof CAD tools allows for more rapid changesandit-
erations,however, at the expenseof collaboratve interactvity.
Oneoperatoris interactingwith the CAD programwhile the oth-
ersareobservingandsuggestingerbally andthroughgestureor
sketches.

1.1 The Content of This Paper

This papempresent&naugmentedoundtablefor architectureand
urbanplanningproviding multi-userinteractionwith the system
throughtangibleinterfacesandgestures.The paperaimsto give
anoverview of the entire projectratherthandetaileddescriptions
of individual components.

The structure of the paperis that section2 first gives an
overview of the entire systemandrelatesit to othersimilar sys-
tems.In section3 theinterfacesusedin the projectaredescribed.
Section4 describeghe different componentsn the systemto-
getherwith the technologiesusedto implementthe individual
componentsSection5 describeshe usage®of the our systemand
presentgpreliminaryresultsfrom usertests. Section6 containsa
conclusion.

2. CONTEXT - THE ARTHUR PROJECT

The ARTHUR project(AugmentedRoundTablefor Architecture
and Urban Planning)[3] is an interdisciplinaryresearchproject
betweentechnologydevelopersand end users(architects) partly
fundedby the EuropeariJnion. Its intentionis to bridgethe gap
betweenreal and virtual worlds by enhancingthe users’current
working ernvironmentwith virtual 3D objects.

The developmentsof the ARTHUR systemfocus on provid-
ing an intuitive ervironment, which supportsnaturalinteraction
with virtual objectswhile sustainingexisting communicatiorand
interactionmechanismsRealworld objectsare usedastangible
interfaces[9] togetherwith handgestureso augmentthe social
situationin a meetingandmalke 3D ervironmentsattractive even
to non-experts. The ARTHUR projectdevelopsnen typesof user
friendly see-throughilisplaysnon-intrusve objecttrackingmech-
anismsandintuitive userinterfacemechanismsvithin a location
independentnulti-userreal-timeaugmentedeality ervironment.
The ARTHUR systemaddressea wide areaof possiblecollabo-
rative applicationswith focuson architectureandurbanplanning.



Thegoalof the projectis to developanintuitive augmentedeality
environmentsupportingcommonroundtablemeetings.

ExistingapproachesuchasBUILD-IT [7] useseparat@rojec-
tionsscreenspr suchasMagicMeeting[8] limit directusercom-
municationdue to video augmentation.In our approachvirtual
3D objectsareprojectednto thecommonworking ervironmentof
theusershy semi-transparentearablestereoscopibeadmounted
displays(HMDs). Thus, virtual 3D objectsenhanceround ta-
ble meetings.In contrastto otherapproachesuchasMARE [5]
we focuson naturalinteractionsusingunobtrusie AR basedn-
put mechanismsThereforewe develop new intuitive interaction
mechanisms.

One approachis the useof real world itemsto realizetangi-
ble and intuitive interfacesfor the manipulationof 3D objects.
This presumes flexible andsophisticateabjecttrackingmecha-
nism. The ARTHUR systemthereforeappliesa tracking mech-
anismsbasedon computervision. While similar interface ap-
proacheshave beenpresentecearlier [4], our approachaims to
supportmeetingsnvolving several people.

The multi-user AR ervironment developed allows multiple
usersto sharea virtual spaceprojectedinto their commonwork-
ing ernvironment,seefigure 1). While in generalthe participants
seeandinteractwith thesamevirtual objects personamenusand
individual additionalinformation can be provided to eachuser
Changedo sharedvirtual objectsare immediatelyvisible to all
otherusers,creatingthe sensatiorof actually interactingwith a
single,ratherconcretethanvirtual object.

Figurel: Viewing andmanipulatingsharedvirtual objects
in acommonroundtablemeeting.

3. ARTHUR USERINTERACTION

In orderto beableto actuallyusetheideasof anaugmentedound
tablein reallife theinteractionbetweerthe usersandthe system
needgo beintuitive. Theinteractionsin the ARTHUR systemis
basedn realworld items(placeholdepbjects- PHOandawand)
andhandgestures.A PHO is a real objectthat actsasa place-
holderfor a virtual object. It canbe moved only on thetabletop,
i.e., contains3 degreesof freedom(DoF). Our PHOsaretogether
with thewandandhandgesturesletectecandtracked usingcom-

putervision-basedechniques Due to the computervision-based
approachuserscaninteractwithout ary disturbingcablesor sen-
sorsconnectedo their interfaceelements.

The userinteractionshasedon PHOsarepositionandorienta-
tion manipulationsof virtual objects. For this purposePHOsare
associateavith virtual objectsor groupsof virtual objectsforming
atangibleinterfaceto thevirtual world. We call thisaninteraction
unit (IAU), seefigure 2. In orderto createsuchassociationsthe
PHOsfirst needanappropriatgdefault) representatiomwithin the
virtualworld. Thisis aninvisiblevirtual object,of thesamesizeas
the original PHO. By detecting e.g.,collision betweerthis ghost
objectandothervirtual objects,associationsanbetriggered.The
internalPHO representatioin the virtual world mayalsobe used
for properrepresentatiomf occlusions(i.e., the PHO occluding
virtual sceneobjects).In this caseit is calleda phantom.

Figure2: Interactionunit.

There are two generalinteractionmechanismsprovided by
PHOs. Either the propertiesof the physical PHO are directly
mappedo avirtual object(i.e., the positionandorientationof the
virtual objectwill follow thatof the PHO)or afunctionalrelation-
ship betweensuchpropertieds defined(e.g.,moving a PHO will
scalea virtual object). An exampleof the first mechanismss the
virtual tabletopmenushavnin figure3. Theappropriatenenuen-
try is selectecandhigh-lighteduponcollision betweerthe PHOs
ghostobjectandthe geometryof the virtual menuentry.

Interactingwith the 5 DoF wanddiffers asnot only collisions
betweerthe PHO's ghostandvirtual objectmaybeused but also
a picking ray alongthe pointing direction of the input device. In
conjunctiorwith themouse-lile buttonsonthewirelesswand,this
provideseasyinteractionalsowith objectsoutsidethe armrange
of theuser Thisis especiallyusedfor selectingobjectsincluding
menuentries see4.

The systemcan usethe index finger asa 3D pointing device
very similarto thewanddevice in mostcasesHowever, noghosts
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Figure3: PHOsdirectly controla virtual menu.

Figure4: Userselectingin a virtual pop-upmenuwith the
5 DoFwand.

and phantomsare available for the users’hands. Thusinitiating
aninteractionis moreintuitive thanusingthewanddevice, but on
theotherhandmaybemorecumbersomeGesturegexceptfor the
pointing gesture)are currentlyusedfor commandsonly, e.g.,for
startingandstoppinga certainactionor for changingthe stateof
certainobjects.

4. THE COMPONENTS AND TECHNOLOGIES IN
THE ARTHUR SYSTEM

In orderto build an entireaugmentedoundtable systema num-
ber of differentcomponentshave to be designedjmplemented,
andlinked together In this sectionthe main componentf the
ARTHUR systemaredescribedn termsof their purposeandthe
appliedtechnologies.

4.1 MORGAN VR/AR Framework

The augmentedeality systemfor the ARTHUR ervironmentis
basednthemulti-userdistributedVR/AR framevork MORGAN.
This software backboneprovidesthe basisfor a flexible connec-
tion of the varioussystemcomponentsn a heterogeneousom-
puting ervironment. The componentEommunicatesia CORBA
usinga publisher/subscribeapproach.Serviceprovidersinclude
thevariouscomponentgonnectingheinput andtrackingdevices
for the users headpositionandorientation,wandinput, gestures
andPHOs. Theseservicesarealsomadeavailableto externalap-
plicationssuchasthe GRAIL ernvironment(seebelawv) via a de-
vice andscenegraphAPI. This API alsoallows creation,access
andmodificationof arbitrarysceneggraphelements.

4.2. Head Mounted Displays

The HMDs have SXGA resolution(1280x1024) have approx.45
degreesfield of view, andare bright enoughto usein normalin-
doorlighting. Thusthevisual quality of the virtual modelis com-
parablewith regular monitors. Thereis very little obstructionof
theusersface.Bothdirectandperipherakye contactcanbemain-
tainedwith otherusersandfacial expressionsanbe recognized.
This preserestheimportantsocialaspect®f thecollaboratve de-
sign process. The see-througatureof the displaysmeansthat
otherusers’naturalgesturesand body languagecanstill be seen
andrecognizedvithin the ervironment. Peripheralision is very
good and removes the problemof "simulator sickness”that can
occurin full VR ernvironments. The first prototypeis shovn in
figure5 andthefinal versionin figure6.

Figure5: Headmounteddisplay First prototype.Note the
headmountedcamera,inertial cube, and two sonic discs
locatedon the barmountedon the HMDs.

4.3. Rendering

A renderenginefor real-timestereoscopi@magess usedto drive
the3D imagesn theHMDs dependingntheindividual viewpoint
andviewing orientationof the user HMDs outputis provided as
quad-lufferedor dual-headstereo.In additionto see-througlaug-
mentatiorprovided by theHMDs, therenderengineprovidessup-
port for video augmentatior(usedin nonesee-througtdisplays,
wherethe ervironmentis capturedrom oneof the headmounted
cameras).In orderto supportaugmentedeality applicationsthe



Figure6: Headmounteddisplay Secondprototype.

renderenginesupportgphantomobjects.Besidescenegraphsus-
ing anextendedvVRML'97 descriptiorsetcurrentlyused thisren-
derenginewill alsobe capableto display external CAD datadi-
rectlyin the nearfuture.

4.4. Head Tracking

In orderto alow therenderingo be correctlyalignedwith thereal
world objects, the headposeneedsto be tracked at all time. This
is currentlydoneby a commercialtrackingsystemnamelyInter
SensdS 600[1]. Thetrackingsystemis basedon anintegration
of two input sourcesnamelyaninertial cubefor relative poseand
an ultrasoundsystemfor absolutepose. In figure 5 the inertial
cubecanbe seenasthe black box locatedin the centerof the bar
mountedon thefront of theHMDs. Thebaralsocontainsto sonic
discswhoseultrasoundvavesarepick up by anumberof recevers
mountedn theceiling.

4.5, Multi-User Support

In orderto facilitate the sensatiorof an augmentednvironment,
whereall usersnot only sharetheir naturalsurroundingsbut also
the virtual objectsas an integral registeredpart of it, two main
prerequisiteshave to be fulfilled: Firstly, the viewpoint and the
viewing directionof eachuserfor renderingthe virtual scenehas
to be updatedin realtime, secondly all usersneedto perceve a
consistenview of the virtual objectsin their ervironment. While

thefirst issueis coveredby the distribution mechanismgrovided
by the MORGAN framework, the secondaspectequiresan addi-
tional synchronizatiomechanisnbetweerthe scenegraphsof all

users. While this issuein generalis similar to collaboratve vir-

tual ervironments(CVESs) or distributeddatabases generalthe
real-time synchronizatioris much more critical in a sharedAR

ervironment,sinceall userswork within the samephysicalenvi-

ronment. However, therealso exist situationswhere sharingof

visualinformationis notintended(e.g.,for private menusor user
relatedhead-upinformation). Our approachallows us to specify
the synchronizatiorof scenegraphelementson a sub-treebasis,
supportingbothaspectsaccordingto applicationrequirements.

4.6. Computer Vision

The computervision systemcurrently consistsof a fixed monoc-
ular cameratracking systemanda pair of HMCs (headmounted
camerasjor eachuser The fixed camerdook at the roundtable
andtrackthe PHOsin 3 DoF (degrees-of-freedomin the planeof

the roundtable, two translationaland onerotational. The HMCs

trackthewandin 5 DoF, a3D pointinggesturgfingertip position)
anda”click” action,andrecognizestatichandgestures.

4.7. Color-Based2D Segmentation

A color-basedsggmentations usedto detecthandsandobjectsin
the input imagesof the HMCs andthe fixed camera. The PHOs
andwand have uniquecolor codeswhich allow for easyidentifi-
cation: PHOshave threecoloredcircleson ablue backgroundand
thewanda small color blob connectedo a larger color blob, see
figure7.B. Thecolorsof the objectsandthe skin color arelearned
duringaninteractive initialization procedure Color blobsaresey-
mentedby recursve labellingusingnormalizedRGBsin orderto
be invariantto intensitychanges The PHOsandwandarerecog-
nizedby thegeometricconfigurationof the segmentecdcolor blobs
andskin areasarerecognizedy their colorandsize.

4.8 Command Gesture and Pointing Gesture Recogni-
tion

Five staticcommandgesturesanbe recognized.The numberof
fingerscorrespondo agestureseefigure7.A. In eachsggmented
skin areain the HMC imagesthe centerof the handis estimated
asthe centerof gravity, which works surprisinglywell for HMCs,
seefigure7.B*. Thenthenumberof skin coloredblobsarecounted
on severalconcentriccirclesof differentradii aroundthe centerof
the hand,seefigure 7.C. From this we candeterminewhetheror
notasegmentedskin arearepresents hand,andif so,thenumber
of fingers- thegesture is decidedby voting.

Whenonly onefingeris detectedve concludethata pointing
gesturas presentindsearchalongthefingerto find its tip. Thisis
donein bothcamerado obtaina 3D positionof thefingertip. The
pointinggesturecanbeaccompaniethy a”click” gesturevhichis
performedby moving the thumpaway from the index finger and
backagain. This movementis detectedby analyzingthe changes
in the sizeof the boundingbox of the hand,seefigure 7.B.

4.9, 3D PoseConsistency

Thecamerasiregeometricallycalibratedusinga standarccamera
calibration. The poseof the PHOsis estimatedassuminghatthe
PHOsaremoved in the table plane,thusa 2D table planeto 2D
imageplanemapping. The wand and fingertip position are esti-
matedin 3D usingsteredriangulation.To allow for a consisteng
in differentcoordinatesystemsboth the HMCs andfixed camera
arecalibratedto a global coordinatesystemdefinedby the Inter-
Sensdrackingsystem.

1In someapplicationswe have beenrunning the gesturerecognizing
algorithmin the fixed camera.ln this situationthe centerof gravity is too
simpleanapproactto locatethe centerof the hand. Insteadwe first apply
morphologyto eliminate"holes” in the sggmentedhandandthenusea
distancetransformto find the centerof thehand.
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Figure7: A: Thefive staticcommandgesturesB: Skin colour segmentationandgesturerecognitionby concentriccircles.

C: Concentriccirclesfor gesturerecognition.

4,10 Graphical Reality Augmentation Interface Lan-
guage(GRAIL)

TheGRAIL application seefigure8, sitsontop of the MORGAN

framavork and actsasa "tool building tool” to develop the AR

userinterfacesthatdefinethe propertiesandcharacteristicef the
overall interactionervironment. It canprovide a seamlesénter-

facethatcombineshoth 2D applicationsand3D manipulationand
visualizationtoolsin the3D spacelt allows usergo createarange
of toolsby graphicallydefiningthe relationshipbetweerthewand
andPHOs,andthevirtual objects.

For example, one tool might simply track the motion of the
wandin 3D spaceandcreatea ribbon form alongthattrack, al-
lowing the userto "sketchin space”. The relationshipswithin a
GRAIL configurationcould easily be changedandreassignedo
variouswand and PHOs, providing the ARTHUR systemwith a
flexible interfacethat supportsa rich type of interactionwith the
systemandthevirtual objects.

Figure8: GRAIL application.

GRAIL alsoprovidestheability to link theARTHUR systento
externalapplicationausingscriptingcommandsasa complemen-
tary alternatve to the full MORGAN frameavork. A numberof

applicationshave beenconnectedn this way including erviron-
mentalanalysisand pedestriarsimulationapplications. Another
configuratioraellowstheuserto semi-interactiely drive theMicro-
StationCAD system[2] anddisplaythe resultsin the ARTHUR
ervironment,seefigure9.

Figure9: 3D pointinggesturausedfor shapecreationwithin
aCAD tool.

5. INITIAL APPLICATION AND SYSTEM EVALU-
ATION

Thesystemhaspotentialfor mary 3D contentcreationandspatial
planningtasks but for initial teststhe architecturabesignandur-
banplanningcase$iave beenchosen Someinitial usertestinghas
beencarriedout by two architecturapracticeshasedon anumber
of scenarios.The testsare primarily focusedaroundthe control
of virtual objectsvia PHOsandthe useof pointersto creationand
manipulationof forms. The testsof the ARTHUR systemis car
ried outby having testsubjectgothroughpre-definedtoryboards
andhaving themelaboratetheir actionsby "thinking aloud”. We
have herebyobtainedknowledge on especiallythe designof the



userinterfacebut alsoon technicalaspectse.g.,how big thefield
of view in thecamerasndHMDs shouldbe.

The following exampleshaws the systemin usefor an urban
planningtask, wherea city modelis displayedon the real round
table. Userscanexaminethe site asif it werea physicalmodel,
by walking aroundthemodel. Thetaskis thedesignof aproposed
new skyscraperA usercanaddamodelof the proposeduilding
to the scene,andtheninteractvely positionit usingan attached
PHO or the wand, whilst checkingthe visualimpactfrom critical
viewpoints,seefigure 10. The building form canfurthermorebe
modified by usingthe wand or pointing gestureto adjustusing
controlpoints.

Figure10: Virtual urbanmodelin ARTHUR system.

6. CONCLUSION

In this papemwe presentedhe ARTHUR systemwhichis basecn
the conceptof the AugmentedRoundTable. ARTHUR provides
a new interfacefor collaboratve designandreview in architec-
tureandurbanplanning.Theinterfacerelieson unobtrusie input
mechanismaswell asnaturalandintuitive userinteractions.

Thesystemallows for easilyintegratingof its visualizationand
interactioncapabilitieswith existing professionabr specialpur-
posesoftware. Integrationsof the systemwith asolargainsimula-
tion programandcommercialCAD softwarehave beenrealized.

The systemis currently testedby the end usersandfirst user
feedbackis positive. More resultsare expectedwithin the next
months.In futurework we planto expandtheusertestingprogram
with new userinterfacesandtools, larger numbersof users,and
more integratedapplications. Furthermore the individual com-
ponentswill alsobeimproved. For example,we areworking on
gettingrid of theexpensve InterSens¢rackingsystemandinstead
usingtheinertial cubetogethemwith the HMCs. Initial resultsare
reportedn [6].
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