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ABSTRACT

Roundtable meetingsare frequentlyusedbetweenprofessionals
to designnew approaches, review developments,or make deci-
sions. Thesemeetingsare highly collaborative and usually the
objectsor documentsto bediscussedare on the table. More and
more of theseobjectsand documentsare not physicallypresent
but only virtually available, e.g., displayedon a computerscreen.
Usingconventionalinputdevicessuch asmouseandkeyboard the
interactionwith thesevirtual objectsanddocumentsis oftencon-
strainedto oneoperator while theothermeetingparticipantscan
observeandsuggestbut not interactwith them,which hinders cre-
ativity andcollaborativeworking. This is a major constraint par-
ticularly to architectswhoareusedto manipulatephysicalmodels
during roundtable review meeting. In this paper, wedescribean
augmentedround table systemfor architecture and urban plan-
ning that enablesseveral meetingparticipantsto activelyinteract
with virtual objectsvisualizedthroughheadmounteddisplayson
the roundtable. In particular, this paperdescribes1) themeans
of interactionthat were developedfor theaugmentedroundtable,
namelya wirelesswandand tangibleinterfaces,commandhand
gesturesanda pointinggesture, and2) theuserinteraction. Pre-
liminary feedback fromendusertestsis positive.

Keywords: augmentedreality, collaborativevirtual environments,
tangibleuser interfaces,headmounteddisplays,headmounted
cameras,placeholderobjects,gesturesrecognition.

1. INTRODUCTION

Roundtablemeetingsareregularly usedin professionallife, e.g.,
for creative brainstorming,decision-making,or planning. Engi-
neersmayusethemto designproducts,interdisciplinarygroupsto
createnew productideas,andmedicaldoctorsto plana complex
surgery. Commonto all thesemeetingsis thattheparticipantsare
sitting together, seeingeachother, and communicatingverbally
and throughhandgesturesand facial expressions.Furthermore,
documentsandobjectsareoftenonthetableto supportthediscus-
sion.

A professionthatfrequentlyusesroundtablemeetingsis archi-
tecture,particularly for designreview meetingswherea project
is reviewed by seniorarchitectsandtheir assistants.Thesemeet-
ingsareextremelycollaborative andinventive to find new ideasor
solveproblems.They areoftenstartingwith simplesketches(hand
drawings),improving overseveralstagesof 2D plansand3D mod-
els,gettingmoreandmorecomplex, finally leadingto very com-
plex CAD modelsandhighly sophisticated(real) 3D models. It

is a highly iterative process,which is oftenvery time-consuming.
Architectsconsiderthe possibility of interactively changingand
touchingthe sketches,plans,andmodelsasan importantpart of
inspirationduringdesignreview meetings.

The useof CAD tools allows for morerapid changesand it-
erations,however, at the expenseof collaborative interactivity.
Oneoperatoris interactingwith theCAD programwhile theoth-
ersareobservingandsuggestingverballyandthroughgesturesor
sketches.

1.1. The Content of This Paper

Thispaperpresentsanaugmentedroundtablefor architectureand
urbanplanningproviding multi-userinteractionwith the system
throughtangibleinterfacesandgestures.The paperaimsto give
anoverview of theentireprojectratherthandetaileddescriptions
of individual components.

The structureof the paper is that section 2 first gives an
overview of the entiresystemandrelatesit to othersimilar sys-
tems.In section3 theinterfacesusedin theprojectaredescribed.
Section4 describesthe different componentsin the systemto-
getherwith the technologiesusedto implement the individual
components.Section5 describestheusagesof theoursystemand
presentspreliminaryresultsfrom usertests.Section6 containsa
conclusion.

2. CONTEXT - THE ARTHUR PROJECT

TheARTHUR project(AugmentedRoundTablefor Architecture
and Urban Planning)[3] is an interdisciplinaryresearchproject
betweentechnologydevelopersandendusers(architects),partly
fundedby theEuropeanUnion. Its intentionis to bridgethegap
betweenreal andvirtual worlds by enhancingthe users’current
working environmentwith virtual 3D objects.

The developmentsof the ARTHUR systemfocus on provid-
ing an intuitive environment,which supportsnatural interaction
with virtual objectswhile sustainingexisting communicationand
interactionmechanisms.Realworld objectsareusedastangible
interfaces[9] togetherwith handgesturesto augmentthe social
situationin a meetingandmake 3D environmentsattractive even
to non-experts.TheARTHUR projectdevelopsnew typesof user-
friendly see-throughdisplays,non-intrusive objecttrackingmech-
anismsandintuitive userinterfacemechanismswithin a location
independentmulti-userreal-timeaugmentedreality environment.
TheARTHUR systemaddressesa wide areaof possiblecollabo-
rative applicationswith focuson architectureandurbanplanning.



Thegoalof theprojectis to developanintuitiveaugmentedreality
environmentsupportingcommonroundtablemeetings.

ExistingapproachessuchasBUILD-IT [7] useseparateprojec-
tionsscreens,or suchasMagicMeeting[8] limit directusercom-
municationdue to video augmentation.In our approachvirtual
3D objectsareprojectedinto thecommonworkingenvironmentof
theusersby semi-transparentwearablestereoscopicheadmounted
displays(HMDs). Thus, virtual 3D objectsenhanceround ta-
ble meetings.In contrastto otherapproachessuchasMARE [5]
we focuson naturalinteractionsusingunobtrusive AR basedin-
put mechanisms.Thereforewe develop new intuitive interaction
mechanisms.

Oneapproachis the useof real world items to realizetangi-
ble and intuitive interfacesfor the manipulationof 3D objects.
Thispresumesa flexible andsophisticatedobjecttrackingmecha-
nism. The ARTHUR systemthereforeappliesa trackingmech-
anismsbasedon computervision. While similar interface ap-
proacheshave beenpresentedearlier [4], our approachaims to
supportmeetingsinvolving severalpeople.

The multi-user AR environment developed allows multiple
usersto sharea virtual spaceprojectedinto their commonwork-
ing environment,seefigure 1). While in generalthe participants
seeandinteractwith thesamevirtual objects,personalmenusand
individual additional information can be provided to eachuser.
Changesto sharedvirtual objectsare immediatelyvisible to all
otherusers,creatingthe sensationof actually interactingwith a
single,ratherconcretethanvirtual object.

Figure1: Viewing andmanipulatingsharedvirtual objects
in acommonroundtablemeeting.

3. ARTHUR USERINTERA CTION

In orderto beableto actuallyusetheideasof anaugmentedround
tablein real life the interactionbetweentheusersandthesystem
needsto be intuitive. The interactionsin theARTHUR systemis
basedonrealworld items(placeholderobjects- PHOandawand)
andhandgestures.A PHO is a real object that actsasa place-
holderfor a virtual object. It canbemovedonly on thetabletop,
i.e., contains3 degreesof freedom(DoF).Our PHOsaretogether
with thewandandhandgesturesdetectedandtrackedusingcom-

putervision-basedtechniques.Dueto thecomputervision-based
approachuserscaninteractwithout any disturbingcablesor sen-
sorsconnectedto their interfaceelements.

Theuserinteractionsbasedon PHOsarepositionandorienta-
tion manipulationsof virtual objects. For this purposePHOsare
associatedwith virtual objectsor groupsof virtual objectsforming
atangibleinterfaceto thevirtual world. Wecall thisaninteraction
unit (IAU), seefigure2. In orderto createsuchassociations,the
PHOsfirst needanappropriate(default) representationwithin the
virtual world. Thisis aninvisiblevirtual object,of thesamesizeas
theoriginal PHO.By detecting,e.g.,collision betweenthis ghost
objectandothervirtual objects,associationscanbetriggered.The
internalPHOrepresentationin thevirtual world mayalsobeused
for properrepresentationof 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
mappedto a virtual object(i.e., thepositionandorientationof the
virtual objectwill follow thatof thePHO)or afunctionalrelation-
shipbetweensuchpropertiesis defined(e.g.,moving a PHOwill
scalea virtual object). An exampleof thefirst mechanismsis the
virtual tabletopmenushown in figure3. Theappropriatemenuen-
try is selectedandhigh-lighteduponcollision betweenthePHOs
ghostobjectandthegeometryof thevirtual menuentry.

Interactingwith the5 DoF wanddiffers asnot only collisions
betweenthePHO’sghostandvirtual objectmaybeused,but also
a picking ray alongthe pointingdirectionof the input device. In
conjunctionwith themouse-likebuttonsonthewirelesswand,this
provideseasyinteractionalsowith objectsoutsidethearm range
of theuser. This is especiallyusedfor selectingobjectsincluding
menuentries,see4.

The systemcanusethe index finger asa 3D pointing device
verysimilar to thewanddevice in mostcases.However, noghosts



Figure3: PHOsdirectlycontrola virtual menu.

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

andphantomsareavailablefor the users’hands. Thusinitiating
aninteractionis moreintuitive thanusingthewanddevice,but on
theotherhandmaybemorecumbersome.Gestures(exceptfor the
pointinggesture)arecurrentlyusedfor commandsonly, e.g.,for
startingandstoppinga certainactionor for changingthestatesof
certainobjects.

4. THE COMPONENTS AND TECHNOLOGIES IN
THE ARTHUR SYSTEM

In orderto build an entireaugmentedroundtablesystema num-
ber of different componentshave to be designed,implemented,
andlinked together. In this sectionthe main componentsof the
ARTHUR systemaredescribedin termsof their purposeandthe
appliedtechnologies.

4.1. MORGAN VR/AR Framework

The augmentedreality systemfor the ARTHUR environment is
basedonthemulti-userdistributedVR/AR framework MORGAN.
This softwarebackboneprovidesthe basisfor a flexible connec-
tion of the varioussystemcomponentsin a heterogeneouscom-
puting environment. The componentscommunicatevia CORBA
usinga publisher/subscriberapproach.Serviceprovidersinclude
thevariouscomponentsconnectingtheinput andtrackingdevices
for theuser’s headpositionandorientation,wandinput, gestures
andPHOs.Theseservicesarealsomadeavailableto externalap-
plicationssuchasthe GRAIL environment(seebelow) via a de-
vice andscenegraphAPI. This API alsoallows creation,access
andmodificationof arbitraryscenegraphelements.

4.2. HeadMounted Displays

TheHMDs have SXGA resolution(1280x1024),have approx.45
degreesfield of view, andarebright enoughto usein normalin-
doorlighting. Thusthevisualqualityof thevirtual modelis com-
parablewith regular monitors. Thereis very little obstructionof
theuser’sface.Bothdirectandperipheraleyecontactcanbemain-
tainedwith otherusersandfacial expressionscanberecognized.
Thispreservestheimportantsocialaspectsof thecollaborativede-
sign process.The see-throughnatureof the displaysmeansthat
otherusers’naturalgesturesandbody languagecanstill be seen
andrecognizedwithin theenvironment. Peripheralvision is very
goodand removes the problemof ”simulator sickness”that can
occur in full VR environments. The first prototypeis shown in
figure5 andthefinal versionin figure6.

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

4.3. Rendering

A renderenginefor real-timestereoscopicimagesis usedto drive
the3D imagesin theHMDs dependingontheindividualviewpoint
andviewing orientationof theuser. HMDs outputis providedas
quad-bufferedor dual-headstereo.In additionto see-throughaug-
mentationprovidedby theHMDs, therenderengineprovidessup-
port for video augmentation(usedin nonesee-throughdisplays,
wheretheenvironmentis capturedfrom oneof theheadmounted
cameras).In orderto supportaugmentedreality applicationsthe



Figure6: Headmounteddisplay. Secondprototype.

renderenginesupportsphantomobjects.Besidescenegraphsus-
ing anextendedVRML’97 descriptionsetcurrentlyused,this ren-
der enginewill alsobe capableto displayexternalCAD datadi-
rectly in thenearfuture.

4.4. HeadTracking

In orderto alow therenderingto becorrectlyalignedwith thereal
world objects,theheadposeneedsto betrackedat all time. This
is currentlydoneby a commercialtrackingsystem,namelyInter-
SenseIS 600 [1]. The trackingsystemis basedon an integration
of two inputsources,namelyaninertial cubefor relativeposeand
an ultrasoundsystemfor absolutepose. In figure 5 the inertial
cubecanbeseenastheblackbox locatedin thecenterof thebar
mountedon thefront of theHMDs. Thebaralsocontainsto sonic
discswhoseultrasoundwavesarepick upby anumberof receivers
mountedin theceiling.

4.5. Multi-User Support

In orderto facilitatethesensationof anaugmentedenvironment,
whereall usersnot only sharetheir naturalsurroundings,but also
the virtual objectsas an integral registeredpart of it, two main
prerequisiteshave to be fulfilled: Firstly, the viewpoint and the
viewing directionof eachuserfor renderingthevirtual scenehas
to be updatedin real time, secondly, all usersneedto perceive a
consistentview of thevirtual objectsin their environment.While
thefirst issueis coveredby thedistribution mechanismsprovided
by theMORGAN framework, thesecondaspectrequiresanaddi-
tionalsynchronizationmechanismbetweenthescenegraphsof all
users. While this issuein generalis similar to collaborative vir-
tual environments(CVEs)or distributeddatabasesin general,the
real-timesynchronizationis much more critical in a sharedAR
environment,sinceall userswork within thesamephysicalenvi-
ronment. However, therealso exist situationswheresharingof
visual informationis not intended(e.g.,for privatemenusor user
relatedhead-upinformation). Our approachallows us to specify
the synchronizationof scenegraphelementson a sub-treebasis,
supportingbothaspectsaccordingto applicationrequirements.

4.6. Computer Vision

Thecomputervision systemcurrentlyconsistsof a fixedmonoc-
ular cameratrackingsystemanda pair of HMCs (headmounted
cameras)for eachuser. Thefixedcameralook at the roundtable
andtrackthePHOsin 3 DoF(degrees-of-freedom)in theplaneof
the roundtable,two translationalandonerotational. TheHMCs
trackthewandin 5 DoF, a3D pointinggesture(fingertipposition)
anda ”click” action,andrecognizestatichandgestures.

4.7. Color-Based2D Segmentation

A color-basedsegmentationis usedto detecthandsandobjectsin
the input imagesof the HMCs andthe fixed camera.The PHOs
andwandhave uniquecolor codeswhich allow for easyidentifi-
cation:PHOshave threecoloredcirclesonabluebackgroundand
thewanda small color blob connectedto a largercolor blob, see
figure7.B.Thecolorsof theobjectsandtheskincolorarelearned
duringaninteractive initializationprocedure.Colorblobsareseg-
mentedby recursive labellingusingnormalizedRGBsin orderto
beinvariantto intensitychanges.ThePHOsandwandarerecog-
nizedby thegeometricconfigurationof thesegmentedcolorblobs
andskin areasarerecognizedby their colorandsize.

4.8. CommandGestureand Pointing GestureRecogni-
tion

Five staticcommandgesturescanberecognized.Thenumberof
fingerscorrespondsto agesture,seefigure7.A. In eachsegmented
skin areain theHMC imagesthecenterof thehandis estimated
asthecenterof gravity, whichworkssurprisinglywell for HMCs,
seefigure7.B1. Thenthenumberof skincoloredblobsarecounted
onseveralconcentriccirclesof differentradii aroundthecenterof
thehand,seefigure 7.C. From this we candeterminewhetheror
notasegmentedskinarearepresentsahand,andif so,thenumber
of fingers- thegesture- is decidedby voting.

Whenonly onefinger is detectedwe concludethata pointing
gestureis presentandsearchalongthefingerto find its tip. This is
donein bothcamerasto obtaina 3D positionof thefingertip.The
pointinggesturecanbeaccompaniedby a”click” gesturewhich is
performedby moving the thumpaway from the index finger and
backagain.This movementis detectedby analyzingthechanges
in thesizeof theboundingbox of thehand,seefigure7.B.

4.9. 3D PoseConsistency

Thecamerasaregeometricallycalibratedusingastandardcamera
calibration.Theposeof thePHOsis estimatedassumingthat the
PHOsaremoved in the tableplane,thusa 2D tableplaneto 2D
imageplanemapping. The wandandfingertip positionareesti-
matedin 3D usingstereotriangulation.To allow for aconsistency
in differentcoordinatesystemsboth theHMCs andfixed camera
arecalibratedto a global coordinatesystemdefinedby the Inter-
Sensetrackingsystem.

1In someapplicationswe have beenrunning the gesturerecognizing
algorithmin thefixedcamera.In this situationthecenterof gravity is too
simpleanapproachto locatethecenterof thehand.Insteadwefirst apply
morphologyto eliminate”holes” in the segmentedhandand then usea
distancetransformto find thecenterof thehand.
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Figure7: A: Thefive staticcommandgestures.B: Skin coloursegmentationandgesturerecognitionby concentriccircles.
C: Concentriccirclesfor gesturerecognition.

4.10. Graphical Reality Augmentation Interface Lan-
guage(GRAIL)

TheGRAIL application,seefigure8, sitsontopof theMORGAN
framework andactsasa ”tool building tool” to develop the AR
userinterfacesthatdefinethepropertiesandcharacteristicsof the
overall interactionenvironment. It canprovide a seamlessinter-
facethatcombinesboth2D applicationsand3D manipulationand
visualizationtoolsin the3D space.It allowsusersto createarange
of toolsby graphicallydefiningtherelationshipbetweenthewand
andPHOs,andthevirtual objects.

For example,one tool might simply track the motion of the
wandin 3D space,andcreatea ribbon form alongthat track,al-
lowing the userto ”sketch in space”. The relationshipswithin a
GRAIL configurationcould easilybe changedandreassignedto
variouswandandPHOs,providing the ARTHUR systemwith a
flexible interfacethat supportsa rich type of interactionwith the
systemandthevirtual objects.

Figure8: GRAIL application.

GRAIL alsoprovidestheability to link theARTHUR systemto
externalapplicationsusingscriptingcommands,asa complemen-
tary alternative to the full MORGAN framework. A numberof

applicationshave beenconnectedin this way including environ-
mentalanalysisandpedestriansimulationapplications.Another
configurationallowstheuserto semi-interactively drivetheMicro-
StationCAD system[2] anddisplaythe resultsin the ARTHUR
environment,seefigure9.

Figure9: 3Dpointinggestureusedfor shapecreationwithin
aCAD tool.

5. INITIAL APPLICATION AND SYSTEM EVALU-
ATION

Thesystemhaspotentialfor many 3D contentcreationandspatial
planningtasks,but for initial teststhearchitecturaldesignandur-
banplanningcaseshavebeenchosen.Someinitial usertestinghas
beencarriedout by two architecturalpracticesbasedon a number
of scenarios.The testsareprimarily focusedaroundthe control
of virtual objectsvia PHOsandtheuseof pointersto creationand
manipulationof forms. The testsof theARTHUR systemis car-
riedoutby having testsubjectsgothroughpre-definedstoryboards
andhaving themelaboratetheir actionsby ”thinking aloud”. We
have herebyobtainedknowledgeon especiallythe designof the



userinterfacebut alsoon technicalaspects,e.g.,how big thefield
of view in thecamerasandHMDs shouldbe.

The following exampleshows the systemin usefor an urban
planningtask,wherea city model is displayedon the real round
table. Userscanexaminethe site asif it werea physicalmodel,
by walkingaroundthemodel.Thetaskis thedesignof aproposed
new skyscraper. A usercanadda modelof theproposedbuilding
to the scene,and then interactively position it usingan attached
PHOor thewand,whilst checkingthevisual impactfrom critical
viewpoints,seefigure10. Thebuilding form canfurthermorebe
modified by using the wand or pointing gestureto adjustusing
controlpoints.

Figure10: Virtual urbanmodelin ARTHUR system.

6. CONCLUSION

In thispaperwepresentedtheARTHUR systemwhichis basedon
theconceptof the AugmentedRoundTable. ARTHUR provides
a new interfacefor collaborative designand review in architec-
tureandurbanplanning.Theinterfacerelieson unobtrusive input
mechanismsaswell asnaturalandintuitiveuserinteractions.

Thesystemallowsfor easilyintegratingof its visualizationand
interactioncapabilitieswith existing professionalor specialpur-
posesoftware.Integrationsof thesystemwith asolargainsimula-
tion programandcommercialCAD softwarehave beenrealized.

The systemis currently testedby the endusersandfirst user
feedbackis positive. More resultsare expectedwithin the next
months.In futurework weplanto expandtheusertestingprogram
with new userinterfacesandtools, larger numbersof users,and
more integratedapplications. Furthermore,the individual com-
ponentswill alsobe improved. For example,we areworking on
gettingrid of theexpensive InterSensetrackingsystemandinstead
usingtheinertial cubetogetherwith theHMCs. Initial resultsare
reportedin [6].
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