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Abstract

In this paperwe characterizea feature supesetfor Collaborative Virtual RealityEnvironment{CVRE),and de-
rive a componenframeavork to transformstand-alone/R navigatosinto full-fledged multithreadedcollaborative
ervironmentsThecontributionsof our appmad rely on a cost-dfectiveand extensibleedniquefor loadingsoft-
ware componentinto sepaate POSIXthreadsfor rendering userinteractionand networkcommunicationsand
addinga top layer for manaying sessiorcollaboration. Theframeavork recastsa VR navigatorundera distributed
peerto-peertopolagy for sceneand objectsharing usingcallbad hooksfor broadcastingemotesventsandmul-
ticamem perspectivesharingwith avatarinteraction.We validatetheframework by applyingit to our ownALICE
VRNavigaor. Experimentatesultsshowthat our approac has goodperformancen the collaborativeinspection

of complexmodels.

CatagyoriesandSubjectDescriptorgaccordingto ACM CCS)

1.3.7 [ComputerGraphics]:Virtual Reality; H.5.3[GroupandOrganizationinterfaces]:Collaboratve Computing

1. Intr oduction

Virtual Reality (VR) techniqueshave beenappliedin mary

engineerindfields as powerful todls to avoid or reducethe

useof physicalprototypesto recreateemegeng situations,
to train in dangeras locales,ard to interpret real or simu-

latedresults.In medicalapplicatiors VR helpspatientmon-

itoring, interpretatiorof scannediata,andsugeryplanning.
In architecturakettingsVR allows designing building, vis-

iting and stress-testingipcomingfacilities. In thesevirtual

reality ervironments(VRES), individual usersinspect3D

scenesnavigate inside modelsand manipulateobjectsand

their properties.Most implementationsof VREs have be-

gunasstand-alonapplicationswith collaborationrequests
sumging assoonasthe usersdecideto repeator interchange
experiencesAllowing for severalusergo collaborateonthe

inspectionof a modelusually requiresthe developmentof

awhole new applicationwith distributedcapabilities,using

customor availablenetwork communicatioribraries,andin

generakonfrontingcodeportability prodems.

We proposea framework for naturally evolving full-
fledgedCollaboratve Virtual Reality Environmenty CVRE)
out of stand-aloe VR applicationsprovided tha the orig-
inal applicationis well designedand has separateender
ing anduserinterfacecomponets. The contritutionsof our
approachincorporatea distributed userinteractionmodel,
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multi-threadedsoftware compaments,network communica-
tionsundera scalalte peerto-peertopology messageass-
ing channelsand several userrolesin a multicamerasub-
scriptionmodel. Theframevork adjustso theexisting func-
tioning codebasewith minimal tinkering, anddoesnot ad-
verselyaffect performance.

In section2 we review relevant previous work, collecta
featuresupersetof CVREsunderseveral characterizations,
andexplain currentuserinteractionparaligms.

We developin section3 the generidblueprintfor thetrans-
formation of suitableVR navigatorsinto small or medium
scaleCVREs, in the form of a snap-omminimal framework
providing network andsessiormanagment.

In section4 we introducethe ALICE VR RealTime In-
spectorand Navigator, a stand-aloneVR Navigator devel-
opedat the UniversitatPolitemica de Catalurya, and vali-
datethe developedframewnork by transformirg ALICE in a
completecollaboratve ervironment.

Section5 shavs performanceresults under the frame-
work, testingseveral setsof enhancedALICE clientsin a
busynetwork, eachfitted with outpu displayssuchasHead-
MountedDisplays,a portableVR system,stereoscopida-
blesandothermonitors.



Finally in sed¢ion 6 we planfor includingnew capabilities
in the framavork, suchextensionto otherVR tools,adding
anev comporentallowing fasterchannefor hapticdevices,
and multi-resolutionstreamingtechniquedor transmitting
large modelsacrossarticipants.

2. Collaborative Virtual Reality Environments

Distributed ervironmentshave beenaroundsincethe intro-
duction of the first networks. Scopeand complity have
kept pacewith distributed systemsavolution, migrating to-
wardsdistributed processingdatasharing,multiple execu-
tion threadsandsophisticatedlisplaytechnologyComputer
Supportfor Cooperatre Work(CSCW)[CSS99]is an um-
brella term for distributed applicationsin which multiple
userscollaboratetoward commongoals,undera high level
event notification and messaggassingarchitecture When
combinedwith several degreesof information sharingand
screervisualizationthey areknown asCollaboratve Virtual
Ervironmentsor CVE's.

Figure 1: Component®sf Collaborative Virtual Reality En-
vironmentsTheitemsplacedat the upperhalf of the circle
are thosedirectlyrelatedto collaborationissues.

Whena simulated3D universeis implementecasa CVE,
with usergakingvisualidentities(calledavatars) insidethe
ervironment,it is thencalleda Collaboratve Virtual Reality
Environment(CVRE). Avatarscannavigate aroundthe 3D
world, collaboratewith otheravatarsin realtime, and may
propagte changedo objectsin the ervironment.Environ-
mentandaobject manipulationrequiresophisticatediserin-
teractionmodelsandinterfaces Figurel detailsall the soft-
warecomponentsvhich arepresenin a completeCVRE.

Thefirstdevelopedmajordistributedvirtual environments
were DIVE [CH93] and MASSIVE [GB94]. A review of
simulation CVE's is presentedn [Sty96], addessingis-
suesin human-computeinteraction, Virtual Reality, soft-
wareengineering3D graphics scenemodeling/objectnod-
eling, andartificial intelligence Duceetal. [DGC* 98] char
acterizereferencenodelsfor CVEsandtheimpactthey have
on the dggreeof collaboration A differentapproachis pre-
sentedn [MF98], wherethe CVE is includedinto a library
calledREPO-3D ,which allows the migration/replicatiorof
graphicobjectsover the network.

Different network technologiescan be used to en-
able distribution on a CVE (BSD-soclets, RPC, Java
RMI, DCOM, CORBA, etc.). Avocado [Tra99], DIVE,
NAVL [WLG99], NPSNEFV [CMBZ00], and Distributed
Open Inventor [HSFP99] apply different solutions, using
multiple executionthreadswhere eachone hasan image
of the other participantsin the interaction.Eachclient re-
quires,thus, a partial image of the scenegraph.Zeleznik
et al. [ZHC*00] usethe scenegraphasa communications
businsteadof atree,whosenodesaresitedat differentnet-
work nodesandareaccessetly synchronizegccessnech-
anismsDiverse[KSA*03] usesremotesharednemoryand
UDP network datagramdor a rapid memoryinterchange.
Treatmentof temporalinconsistaciesdue to network de-
laysaredetailedin [Mau00] and[MWO01], while [GFPB02]
describesa techniquefor embeddingtemporallinks in a
CVRE.

The mostsophisticatecapproacheslelegate clients’ net-
work managemento componentsoutside of the CVE.
Some of them use customized sdutions, like Octopus
and Tweek for VRJuggler[HIJICNO1] or CAVERNSoft for
CAVELIib [LID96]. Other are basedon the use of the
CORBRA standardDKS*99] for objectsharingover the net-
work, having a centralobjectregistry andalocalizationser
vice.

2.1. Characterization of Collaboration in Virtual
Reality Environments

Treatmentof remotecollaborationcapabilitiesin a CVRE
can be characterizedy the catgories summarizedn Ta-
ble 1. We have groupedtogetherthosefeatureshatapplyto
genericCVEs (thefirstthree)andhighlightedthosespecific
to CVREs(thelasttwo). A moredetailedexpositionandrel-
evantreferenceganbefoundin [TFNO3].

Featuresnclude:networksubstateto decidewhichtrans-
missionpolicy is bestsuitedto the expectedmessagéow in
theervironment;scalabletopolagy to chooseheschemdor
informationsharingandcommunicationspbjectcompleity
to weighin the network performancecostof broadcasting
objectchange§BZWM97]; ervironmentpersistenceto de-
cide whetherusers'’interactionswith the ervironmenthave
temporalor permanenéffectsin the CVRE systen{LJD97];
anduserinteractionto includetheuserinterfacefeaturesle-
sirablefor a CVRE. In subsection8.3 and 3.4 we describe
how thesecateyoriesallow the designetto specifythe most
suitablefeaturesetfor creatinga collaborationframework.

2.2. UserInteraction Modelsin Collaborative
Environments

TheModel-View-Controllerparadigm(MVC) [KT88] is the
classicaluser interaction model for designinguser inter-
facesTheapproachclassifiesall applicationobjectsin three
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Table 1: Characterizationof Collaboration Feauresin CVREs

Network Transmission

Distribution: Broadcastmulticastor unicastpackages.
Latency: Consideringraffic delaysandotherperturbations.
Reliability: Useof positive andnegative acknavledgements.
Bandwidth: ~ As muchaspossible

ScalableTopology

Homogeneous eplication using broadcast: Eachclient maintainsa completereplicaof the shared
ervironment. Messagescrossthe network transmitstateinformation. No centralcontrol; a new
clienthasto wait sometime to accumulateenoughinformationaboutthe otherclients.

Shared-centralizedon a sewver: Classicaklient/sener model.Sharedsessiorinformationresidesat
the sener. Whenthe sener fails it bringsdown all theclients.

Shared-distributed using small client/server groups: Several groupsof seners and clients. Uses
sameschemeasmobile phonescells,in which clientsareconnectedo theadequateener.

Shared-distributed using peerto-peer actualization: Peerto-peer connectionsamongall partici-
pants,eitherdirectly or usinga third party relay (broker). Changesare atomically broadcastedo
all participantslt comesn two flavors:

P2Pr: Samereplicatedscenegraphat eachnodewith objectsstoredlocally. Synchronization
by usingcallbacksandlocal managingof sessiorpersistence.

P2Ps: Sharingobjectsacrossthe network in a distributed scenegraph.Thin replicasshadov
remoteobjects.Network monitorsmaintaincorrespondenceithin the sharedspace.

Object Complexity

Light objects: Shortmessagesontainingstate,event and control information, requirelow lateng,
high-speedransmissiomates.(e.g.trackers,sensorsgventsandstatusnformation).

Remotereferences: Externalreferenceshadaving remotelylocatedobjects.

Heavy objects: Medium-atomicdata.Big objectsrequiringreliable transmissionshut small enough
to residein theclientmemory (e.g.object3D geometryavatarsor cameras).

Real-time streams: Large-sgmenteddata.Datasobig it hasto be transmittedn piecesand/orcon-
tinuously (e.g.big geometricobjects,volumeinformation,textures,video,audio,etc.).

Environment Persistence

Participating persistence: The CVRE exists only while the participantsarein it, andresetsvhenall
participantdeave theervironment.

Statuspersistence: The CVRE statusis storedelsavhere,to be ableto useit ata latertime (journal-
ing). Allows therecordingof 3D annotationso guideotherclients.

Continuous persistence: The CVRE is always active. A simulationmay changethe sceneand its
objectsevenif noclientsareconnected.

User Interaction

Interactionstrategiescommorto all CVEs:
—Adequatanterfacesfor collaboratve manipulationandvisualization
—Teleconferenceapabilitieg(streamingvideoandaudio)
—Flexible supportfor dataconstruction
—Synchronousindasynchronousollaboration
—Adaptive multi-resolutionfor lesssophisticatedlevices
—Standardsindinteroperabilitywith heterogeneousystems
—Replicatedor sharedspaces

Interactionstrategiesspecificof CVRESs:
—Useof actionindicatorsandannotationgor notificationof remoteevents
—Multiple usershaving severalviews
—Useof avatarsfor remoteuserrepresentation
—Designfor low lateng responsgimes
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excluding cateyoriesaccordingto userinterfaceroles,in a
processalledfactoring

Algorithmic (semanticpbjectsareheldin theModellayer

Visual (display)objectsareplacedin the View layer.

Widget (userinterface)objectstranslateall usermanipula-
tionsinto commandsn the Contwoller layer

The other common user interface paradigm is the
Abstraction-Link-\Miew (ALV) [Hil92], in which application
objectsarefactorednto abstractionyiew andlink layers:

Abstraction objectsaremodelssharedby all users.

View objectshandleuserinteractionandrendering

Link objectsareconstrainsetsthatsynchronizeabstraction
andview objects,using thin local referenceqshadow}
linkedto aremoteobjectin acentralrepdsitory.

Figure2: MVC andALV UserlInteractionModels

A comparisorof thetwo is shavn in Figure2. TheALV's
Abstractionlayer is equivalentto the MVC’s Model layer,
whiletheALV’ sView componentnergestheView andCon-
troller layersof MVC. The ALV’s constraintsconnectab-
stractionsandtheir views, while theMVC’ s Controllerlayer
handlecommunication@mongall its objects.

In subsection3.1 we describea hybrid model for ses-
sion managemenvhich is more suitablein networked vir-
tual reality ervironments having clientsdemandingeliable
andcontinuousobjectflows, andneedingto redisplaymary
complex scenechangest high speedates.

3. The Collaboration Framework

Marny virtual reality applicationsusuallystartout ashelping
environmentgor sceneandobjectvisualization by meansof
specialnavigation and manipulationmetaphorsn the user
interface, and using display devices ranging from simple
monitors,HMDs, to inmmersve stereoprojectionsystems
suchasthe CAVE. Most sciencedisciplines(andthe enter
tainmentindustry aswell) useVR techniquego shav and
enhancaiserexperiencesAs researctshows, usersalways
desireto sharevirtual experienceseitherby passiely showv-
ing modelsto prospectie audiencesor by actually having
active remoteuserparticipationin the ervironment.

Evolving collabarationout of this needusuallyentailsthe
redesigranddevelopmenif a (new) distributedapplication,
developinga networking infrastructureunderthe visualiza-
tion ervironments,andfraughtwith the usualsoftwareport-
ing problens. Issuessuchassynchrory overheads,network
delaysconcurrenuseroad,andsystenlag degradeinterac-
tion andmust be dealtwithout adwerselygraphicsaffecting
performance.

The rationale behind our approachis that the object-
orientednatureof stand-alon&/R applications,usuallyhav-
ing renderingand userinterfacecomponentsyould facili-
tatetheirtransformatiorinto completeCVRE's, by allowing
the seamlessittachmenbf a network-basedcollaboration-
enablingcomponent.

In the following subsectionsve describethe evolution of
collaboratve featuresn the proposedramenork. Giventhat
the differentVR tools are spreadacrossplatformsandsup-
portvariedoutputdisplaysystemstheideal solutionshould
not compromisecurrent designsor imply extensve recod-
ing of componentsvhenfitting thecollaboratve framework.
Massize or large-scalemplementationsverediscardeddue
to performanceconsiderationdor useradministration,al-
thoughthe proposedramework scaleswell for areasonable
number(lessthantwenty) of participantsBasedon the fea-
turesdescribedn section2, our solution involves the im-
plementationof a distributed user interface mode] multi-
threadedsoftwae componentssessiorawarenesscapabil-
ities, anda networkingarchitectuse.

3.1. Distrib uted User Interface Model

To recastexisting VR navigatorsasenhancedollaboratve
virtual reality ervironmentsijt is necessaryo implementhe
maximal CSCW featuresetallowed by the existing archi-
tectures design,underseveral practicalimplementatiorre-
strictions.Theoriginal stand-alonéehaior mustremainthe
same sothe problemis how to obtainthe maximumcollab-
orative featuresetincurring theleastimplementatiorcost. In
atypicalapplicationfor CSCW thestandardMVVC approach
provesinsufiicient becausét doesnot provide for a Session
layer to hold sharedstateand persistenceropertiesof the
remoteinteractionamongusers.TheLink layerin the ALV
modeldoesprovide amethodto keeptrackof objectandses-
sionchangesbut it is hearily slantedtowarda client-sener
distributedmodel.

We define a hybrid Model-View-ControllerSession
(MVCS) approachby latchingthe ALV’s Link conceptto
network pipelinesconnectingVC objects,in which:

e MVC objectsmaynotresideall togetherat the samenet-
work node.In a sharedernvironment,objectsmay have
their Model (structureandbehavior) definedat oneclient,
mary different Views (renderingsat leastone for each
client),andcontrolflow effected by all. For example,each
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nodemayhave multiplevisualizationlayers(cameras)al-
lowing for mary persgctivesandresolutionof thesame
scene.

e Since it doesnot matter whether objects are globally
sharedor locally replicated,it allows indistinctly client-
sener or peerto peerapproachesControllersoperaten-
distinctly on bothusinga callbackmechanismroutingto
thecorrespndingnetwork nodes for non-localobjectsas
shavn on Figure3.

Figure 3: Model-\lew-Contoller-SessiofMVCS)Objects
Model showing an external broker maintaining session
states

We partfrom the factthata good VR navigatoris the fi-
nal productof a soundsystemsdesign,developedundera
classicalMV C paradigm factoringapplicationobjectsinto
atleasttwo weaklycohesve softwarecomponentsGraphics
RenderingandUserInterface,a standardoftwareengineer
ing practicein ComputeiGraphicsTo developacodeframe-
work sitting on top of VR applicationswe pick from each
cateory of Tablel thoseitemsthatbettersupportawareness
and collaboratio underthe MVCS referencemodel, trans-
forming currentnavigatorsinto certifiabledistributedcollab-
orative components.

3.2. Multithr eadedsoftware componerts

To decouplethe Graphics Rendering and User Interface
componentsven more thesecomponentsare wrappedas
POSIX-compliantthreadsfrom a thread-poolclass.Since
networking capabilitiesmust be incorporated,t is bestto
have themresidingin its own concurrenthread.In thisway,
we take advantageof theunderlyingoperatingsystems con-
text switching andload a new networking componentith-
outtouchingfunctioningcode.Theapproachis open,mean-
ing thatmoreconcurrenthreadswith additionalcomponents
may be created for example,to add dataacquisitionfrom
trackersor hapticdevices.

A snapshobf aninstantiatedramevork undertheMVCS
referencemodelis shavn in Figure 4, detailing eachsoft-
ware componentThe Network componenthreadhandles
all communicationsand messageparsing;the top Shared
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Figure 4: Collaboration-enablingThreadedProcessesThe
framevork includesthe original component¢GR and Ul),
and addsthe sessiorlayer (SS)with the new networkcom-
ponent(NC)

SessiorManagementayer launchesall concurrenthreads,
tracks remoteclients’ avatars, propagte state changesto
the User Interfaceand GraphicsRenderingcomponentsy
meansof a callbacksystemandis generallyrespasiblefor
the emeging collaboratie behavior; the GraphicsRender
ing and User Interface componentsare mostly untouched
exceptfor theconnectind'glue” to the SharedSessiomman-
agementayer.

We implementthis setupby meansof an abstractclass
wrapperto incorporatenetwork avarenssandacorrespond-
ing messageprotocol. An appropriateset of mutexes has
beenaddedo avoid stateinconsistencieandraceconditions
whenupdatingsharednformation.

3.3. Sessiormwarenesscapabilities

The first order of businessis choosingwhat minimal fea-
turessetis desirablefor CVRE applicationsWe decidedto
includethefollowing:

e Sessioradministratiorwith differentiateduserroles
e Clientawarenessisingavatars
e Sharedannotatiorand3D marker highlighting

For aclientin this scenariptheremustbe perceptuakvi-
dencethatotherentities(human or otherwise)areparticipat-
ing in theinteraction,so 3D client embodimentsvithin the
ervironment(avatars)are usedto dynamicallyreflecttheir
positionandstatein the scene Clientsmay wantto call up
attentionto othersby special3D signals,leaving trails and
modifying the ervironmentfor otherusers.Someuserswill
browsethescenewhile othersmayhave privilegesfor mod-
ifying sceneandobjectpropertiesA distributed userinter-
facemodelallows the remotemanipulationof objects,and
somesessioradministrationcapabilities allow the environ-
mentto have memoryof theinteractionfrom a hierarcly of
users.
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Sessioradministration with differ entiated sessia roles
A manageabldéierarcly of workstationroles[stand-alone
peerincognito, slave master]is definedwithin the erviron-
ment,leaving openthe possibility of addingmore.

A stand-aloneclient is not aware of otherclients. It de-
faults to the original isolatedbehaior of the application.
Peers are clients that communicateamongthemséves us-
ing the commonmessagerotocol. Userstraveling incog-
nito may obsene sceneinteractionin “voyeur” modewith-
outotherclientsknowing it. A slaveis apeerthatis boundto
another correspondlycalled a master in the sensethatthe
mastets currentstateis continuouslyreplicatedby the re-
moteslave(s) Theseclient rolesarevoluntaryandchange-
ableduringasession.

Client awarenesausingavatars

Eachclient hasits own 3D graphicalrepresentationthat
movesaboutin the ervironment,andwhich may have mul-
tiple active camerapersgectives at ary time. Eachcamera
may broadtasta numberof stateattributes,suchasposition
orientationcameravectors,andevenactualvelocityvectors
for deadreckoningcalculations.

Shared annotation and 3D marker highlighting

In CSCW systemsusersmustnot only be aware of each
other they mustbe ableto call the attentionof remotepar

ticipantsto somefeatureobjectof the ervironment. This is

accomplishby pinning temporal3D markers,graphicalob-
jectsthata “guide” pins at somefeaturelocations,suchasa
arrowv, amessagdillboard,or abanner

3.4. Networking architecture

Since communicationis what enablescollaboration,nen

softwarecomponentsnustaddnetwork communicatiorca-

pabilities. We choseimplementinga peerto-peerscalable
topology the most adequatefor an ervironmentof equal
participantshatdoesnot rely on a centralsener. Trying to

fit a client/serer modelwould have implied the creationof

the sener from scratchand compromiseghe applications’
stand-alondehaior.

P2PrPeerto-Peerwith replicatior] implementationsnd
P2Ps[Peerto-Peer with sharing are equally possiblein
the framawvork. In P2Pr eachclient will have its own local
replicaof thesceneSinceonly afew sceneobjectsaremod-
ified in the sessioncollaborationstartsassoonasall clients
have loadedtheir commonmodel, and situatedthemseles
within it. A P2Psimplementatiormustfirst build a shared
scenegrgph, to whom eachindividual client may incorpo-
ratewhole scenechunks.

Sharednodesat the scenegrapharelabeledlocal or re-
mote whetherthe object physically residesin a particular
client or is a shadowreferenceto a behaviorto be fetched
elsavhere.Theclient subscribeso a scenepbjectsdescrip-
tions arerelayedto andfrom, andthenrenderedFor com-
plex scenest maytake awhile for the sceneo load.

Having no central sener, this approachrequiresa third
party providing locating servicein which clientsfind each
otherto establishjoint sessions.

Thin broker for sessioradministration

In our schemea third party mustactthe part of a messge

broker, whichkeeptrackof sessiorparticipationandinterac-
tion, asseenn Figureb. It is [loosely] basecbnthe CORBA

nameservice,but without IDL overheadandlessservices.
Its internetaddresss known to all potentialclients.

transfers
message

sends
events

Participant

Figure 5: Peerto-peerBroker ClassModel. Each Peerhas
local thin instancesof other remoteclients (proxies). The
broker keepsstateinformationaboutsessiorparticipants.

Thebroker is athin nodeproviding severalservices:

e A nameservicefor locationandclientregistration
e A sessiormanagemergervice.
e Sessiorandclient statereportingandmirroring.

Sincethebrokeris notabridge,client-to-clientcommuni-
cationis the soleresponsibilityof the clients. To keeptrack
of participants.all clients periadically tell the broker their
currentstate,andthe broker broadcastso all clientsthe list
of participantscurrentlyin the session.

Network substrate

A cross-platformnetworking classallows either datagram-
oriented(UDP) or connection-orientedT CP) communica-
tionsunderlPv4 andIPv6 networks. The NC thread,under
a commonmessage@rotocolimplementsthe following ba-

sic kind of servicesgachonerunningon its own separate
listeningsoclet:

e Shared event pipeline for sending environment state
changesndcallbackmessages

e A pushclient for the cortinuous streamingof certain
client propertiessuchascamergpositionandorientation

e A notifying servicefor the Broker.

Whenaclientinitially reportsto thebroker, it postsits ad-
dressandthenetwork portsonwhichit is listering. Thisis a
configurablesetup,to accountfor externalfirewalling rules
onopeningandclosingspedfic ports,andthatallows several
clientsto run concurrentlyon the samemachineby choos-
ing a differentsetof port numbersfor eachprocesswhich
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is handyway to testsystemperformancewith higherclient
loadsthanpermittedby availablephysicalworkstations.

Systemsynchronization

Theframawvork avoidskeepingacentraltime senerby keep-
ing relativetime differencedfor every peerto-peerconnec-
tion attheclient’s side. Therelative eventlocal time (times-
tampg is included in eachnetwork messageThat way,
clientsatthe otherendhave the freedomto chooseprocess-
ing incomingmessageaseither:

Immediate:
Buffered:

messageareprocesseatonce.
messagarequeueddy timestamp.

In the first approachvariable network latengy may pro-
ducejumpy updatesaandshat temporalinconsistenciesThe
secondis more suitablefor replayingeventsin exact time
sequenceatthe expenseof a biggertime delay.

External real-time verbal communication channel

Most collaboratve ervironmentsuseat leastone real-time

communicatiorchanneto allow the humanusersbehindthe

workstationsto exchangetextual/audio/videoimpressions
aboutthe virtual experience . The framewvork doesnot pro-

vide this service,so it is suggestedising external suitable
cross-platformalternatves suchas Gaim, Gnomeetingand

others.

4. The ALICE Virtual Reality Navigator

ALICE VR Real Time Inspectorand Navigator is a stand-
aloneVR softwareplatformfor therealtime inspectionand
navigationof very comple virtual models,developedat the
UniversitatPolitécnicade Catalutya. It has beenusedin a
numberof apgicationssuchasnavigationin urbanerviron-
mentsor interior shipdesignamongothers.

In orderto allow the usersof theseapplicationgo be able
to navigate andinspectcomplex 3D modelsin several VR
systemsALICE offersthefollowing features:

e Stereoscopiwisualization:either active stereo,for sys-
tems like Head Mounted Displays [Sut68], or passie
stereofor otherlow costVR systemgAFBO02a].

e Userposition andorientatiortracking:allowing usersim-
plicit interactionby following his movementsandmaking
him feel heis inspectinga real objectinsteadof a virtual
one.

e Useof variedinteractiondevices:beingableto follow or-
dersfrom amouseajoystick or aVR glove, for example.

o Different VR modesof execution: able to work over
different VR display systemsdlike stereoscopitables,a
CAVE, aHeadMountedDisplay, etc.

Apart from theseexternal featues, ALICE implements
internally an extensiblecallbacksystemandalsomary ad-
vancedalgorithmsin computergraphicsin orderto be able
to work interactiely with very complex sceneslt usesin-
ternally a hierarchicalstructureof the objectsin the scene,
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keepingalso for eachone other non-geonetrical informa-
tion, allowing, for example theuseof textures Amongthese
adwancedalgorithmsarethefollowing:

Simplification techniques: ALICE maintaindifferentlev-
elsof detailfor the objectsin thescengd ABAO2].

Visibility culling: Eliminatesfrom the visualization pro-
cessthosepartsof the geometricmodelnot visible from
thecurrentobserer’s viewpoint[ASVNBOO].

Collision detection: Neededto select objects with VR
glovesor hapticdevices, by virtually “touching” the ob-
jects[FNBO1].

4.1. Framework validation in ALIC E

ALICE is an application already factoredinto two soft-
ware componentsGraphicsRenderingand User Interface.
The User Interface components provided by v3.x of Qt,
an object-orienteduser interface toolkit under the MVC
paradigm,with cross-platformdeplogyability in MS Win-
dows, Linux, severalflavorsof UNIX andMacOSX.

The decoupld callbackhook systemin ALICE connects
usereventsto graphicrendering’actionsby mears of ain-
dexed commandist. Eachelementof the lists storesa set-
tablereferencethe “hook”) to someotherobjects method
(the “callback”™). When an User Interface event causetrig-
gersa particularcommandijts correspading callbackhook
is executedwith the provided eventinformation andcurrent
ervironmentstate.

Givenall theabove, it wasconsiderecsuitablecandidate
for enhancingdnis collaboratiornfeaturesJustchangingsome
flagsin the compilationprocessllows the Ul componento
run in its own threadif neededThe following stepswere
takento fit ALICE into theframework:

1. Wrappingthe GR, Ul andthe nev NC ascomponentat-
tributesof the SS(sessionklass,andlaunding themin
separatehreads

2. Selectinga P2Prsharingtopology

. Selectingthe messagingprotocol

4. Instantiatingthe messageparserclassto processevent
messageg;allablefrom the networking thread

5. Translatingthe processednetwork into local method
calls, using the callbackhooksmechanisnalreadypro-
videdby ALICE

6. Adding one methodcall in the user interface compo-
nent's main methodto launchthe networking threadat
startup

7. Adding one methodcall in the renderingcomponens
main methodto syncthe stateof network peersjust be-
forerendering

w

Initially we have chosera P2Prscalablegopology sinceit
waseasietto implementanddid notchangeALICE’ spresent
stand-alonébehaior, in which all clients alrealy have lo-
calidenticalcopiesof the sceneln sharednode,the broker
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indicatesthe nameof the sceneto be shared so hopefully
everyonewill beplacedin thesamescene.

The messageprotocol is quite simple. There are three
kinds of messagesessionlocationandmanipulation Ses-
sion messagesre the onesexchangedbetweenthe broker
andthe clients, conneting and disconnectingijnternetad-
dressesndopenports,numberof active camerasavatar ap-
pearanceglobal scenefile, and other relevant data.Loca-
tion messagearemodly for cameracoordinate$roadcast-
ing amongall participantsManipulationmessageésuchas
local client touching,grabbing,adding or modifying an ob-
ject) are sentto all remoteusersto be processedy their
callbacksystemto maintainscenecoherencamongall par
ticipants.Out of thegrowing callbacksetof ALICE (around
100), only a subsetof 14 affected model integrity, shared
scenestateandobjectappearanceéqut moremay be defined
in the protocol.

Sinceall of this happensn the nev NC thread,mutexes
areactivatedwhenthis threadis modifying data,suchasup-
datingclients’ coordinatesTherewasacorrespondingetof
mutexesplacedjust beforerenderingto avoid the racecon-
ditionscommonto concurrenprogrammirg.

A sessioris initiated by at leasttwo participantswilling
to subscribdo asessionshavn in Figure5. Eachclientmay
choosea sessiorrole (usuallyasa peel) andan avatarrep-
resentatior(from a menu),andkeepsalist of currentactive
interactionswith otherusers.As they navigate, clientscan
chatto eachother or place3D markerson the sceneto call
attentionto somefeature.

Clients can also take the role of “voluntary slaves” for
someotheruser which nov becomesa camea sener. The
slaveshutsdown its own camerasandreflectsthe mastets
cameraviewpoint and actions, the latter effectively taking
possessionf the slave’'s remotedisplay devices. This fea-
turemayalsobe usedto “telepat” a participantto the posi-
tion of anotheyrwhich is very usefulto avoid losing virtual
eye-contacamang peers Sinceeachnodedoesindependent
renderingsit allows a clientto shav a wireframerepresen-
tation,while anotherdoesa full renderof the samescene.

5. Results

We have tested ALICE’s remotecollaborationand naviga-
tion servicesin several VR systemsn our lab, andalsoin
sessionsvith the Gironauniversity (located100 Km. from
Barcelona)hrougha 10Mb wide areanetwork connection.
In our labwe useHMDs, the stereoscopitable[AFB*02b],
the portable system[FBT04] and flat monitors (without
stereocapabilities);and a similar setupat Gironauniversity,
Network traffic is generateconly when an avatar changes
position or orientation,or whena callbakis produced(for
examplewhenselectinganobjed), sonounnecessariaffic
is produced.

Theresultsobtainedfrom our testscanbe seenin thefol-
lowing table. The sceneusedon thesetests(the interior of
a ship) contains20.000polygons,but on purposedoesnot
have comple texturesbecausé couldhinderor slow graph-
ics performanceThetableshavs theresultsobtainedn the
communicationof 2, 4 and 8 workstationsfrom both labs
(Gironasandour’s).

Participants 1 2 4 8
Av. Numberof messages - 2539 8067 14331
Av. Total Net. Time (msec) - 35 31 46
Av. RoundtripTime (msec)  — 13 46 57
Framerate 473 452 442 42.7

In the tablewe obsere the averagetotal numberof mes-
sagessentthroughthe network in a seriesof repeatechav-
igationtrials, eachtestlasting4 minutes.Thetotal network
time (in milliseconds)gives information abouthow much
time Alice spentin the transmissionof messagesluring
these4 minutestests(this meanghatonly around0.1-0.2%
of total time was spentin network communications)The
roundtriptime is alsoindicatedin milliseconds. Sinceour
frameawvork usesunicastaddessesroundtriptime increases
as more peersparticipatein the sessionFinally, the table
shavs the averagerenderingframerateachieved for each
case,which indicatesthat increasingthe numter of nodes
affectsgraphicsperformancevery slightly compaed to the
stand-alon@erformance.

As alreadystatedn subsectiort.1,themigrationof Alice
to a CVRE navigator wasvery easy Basedon the factthat
theapplicationwasalreadydesignedtonsideringherender
ing andthe userinterfaceasseparate@omponentsits port
to useour framework only requiredto define amessaggro-
tocol, connectthe appopriatecallbackhooks,and add two
methodcallsin its codein orderto attachthe applicationto
the new network andsessiorparts.Following the samemi-
grationschemejt would be easyaswell to transformary
otherVR applicationinto a collaboratve VR application.In
factwe arepresentlyportinganotherapplicationbuilt in our
lab which addressemspectiorandmanagemenof medical
models.

Althoughwe have notdoneexperimentsn slow networks,
we simulateda fictitious one and we found out that se-
quentialprocessingf arriving avatarinformationmaycause
clientsto fall out-of-syncIn orderto minimizetheselateng
problemsthereis anoptionto proces®nly themostrecently
receved information paclet from eachcamerain the ervi-
ronmentatthe expenseof a somavha jumpiernavigation.

The proposedmechanismdor cameramanagemenand
sharingis reasonablyeasyto learnfor usersandseemto be
adequatdor collaborationtasks We wantto make someex-
perimentswith untraineduserssoonin orderto have amore
accurategperceptiorof ease-of-use.

ReportLSI-04-13R



(a) "camera“avatars viewscene

(c) Participantat Stereo-
scopictable

(b) An incognito avatars viewscene shaving the
"camera“and"upecito”interact

(d) Participant
with HMD

Figure 6: Testingcollaboration betweerpeers Two clients(embodiedy the “camera” and“upecito” avatars) observeeah

otherwhile navigatingthe environment

6. Conclusionsand Futur e Work

Basedon acharacterizationf genericcollaboratve features
for VR systemsye have proposeda versatileframenork for
evolving collaboratve capabilitiesin stand-aloné/R navi-
gators.Our approachncorporatesa hybrid distributed user
interactionrmodel,multi-threadedoftwarecomponentsyet-
work communicationsindera peerto-peerscalabletopol-
ogy, messagassingchannelswith a customprotocol,and
changeableserrolesin a multicamerasubscripion model.

The framewvork’s developmenthas beenvalidated by a
fastportingof the ALICE VR Navigator. The genericcross-
platform designallows an easymigrationof similar VR ap-
plicationsinto completecollaboratve virtual reality environ-
ments As for futurework, we are working on extendingthe
collaboratve breadthof the framavork by includingin the
Sessionlayer a fourth threadfor handling haptic devices,
addinghigh frequeng force-feedbacleventsto the interac-
tive sessiorrepertoire Giventhe hugescenesize of current
VR scenesandobjects,we planto migrateapplicationsto-

ReportLSI-04-13R

wardsapeerto-peewith sharingschemd&P2Ps)andalsoto
allow theincrementaktreamingdf multiresolutionobjectsto
improve renderingperformanceandscalability
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