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Abstract
In
w

this paperwecharacterizea feature supersetfor CollaborativeVirtual RealityEnvironments(CVRE),andde-
rive a componentframeworkto transformstand-aloneVRnavigators into full-fledgedmultithreadedcollaborative
environments.Thecontributionsof our approach relyona cost-effectiveandextensibletechniquefor loadingsoft-
ware componentsinto separatePOSIXthreadsfor rendering, userinteractionandnetworkcommunications,and
addinga top layer for managingsessioncollaboration.Theframeworkrecastsa VRnavigatorundera distributed
peerx -to-peertopologyfor sceneand objectsharing, usingcallback hooksfor broadcastingremoteeventsandmul-
ticamera perspectivesharingwith avatarinteraction.Wevalidatetheframeworkbyapplyingit to our ownALICE
VRNavigator. Experimentalresultsshowthatour approach hasgoodperformancein thecollaborativeinspection
of complex models.

CategoriesandSubjectDescriptors(accordingto ACM CCS):y
I.3.7 [ComputerGraphics]:Virtual Reality;H.5.3[GroupandOrganizationInterfaces]:CollaborativeComputing

1. Intr oduction

Virtual Reality (VR) techniqueshave beenappliedin many
engineeringfields aspowerful tools to avoid or reducethe
useof physicalprototypes,to recreateemergency situations,
to train in dangerous locales,and to interpret real or simu-
latedresults.In medicalapplications VR helpspatientmon-
itoring, interpretationof scanneddata,andsurgeryplanning.
In architecturalsettingsVR allows designing,building, vis-
iting andstress-testingupcomingfacilities. In thesevirtual
reality environments(VREs), individual usersinspect3D
scenes,navigate insidemodelsandmanipulateobjectsand
their properties.Most implementationsof VREs have be-
gunasstand-aloneapplications,with collaborationrequests
surging assoonastheusersdecideto repeator interchange
experiences.Allowing for severalusersto collaborateonthe
inspectionof a modelusually requiresthe developmentof
a wholenew applicationwith distributedcapabilities,using
customor availablenetwork communicationlibraries,andin
generalconfrontingcodeportabilityproblems.

We proposea framework for naturally evolving full-
fledgedCollaborativeVirtual RealityEnvironments(CVRE)
out of stand-alone VR applications,provided that the orig-
inal applicationis well designedand hasseparaterender-
ing anduserinterfacecomponents.Thecontributionsof our
approachincorporatea distributed user interactionmodel,

multi-threadedsoftwarecomponents,network communica-
tionsundera scalable peer-to-peertopology, messagepass-
ing channels,andseveral userroles in a multicamerasub-
scriptionmodel.Theframework adjuststo theexistingfunc-
tioning codebasewith minimal tinkering,anddoesnot ad-
verselyaffectperformance.

In section2 we review relevant previous work, collect a
featuresupersetof CVREsunderseveral characterizations,
andexplaincurrentuserinteractionparadigms.

Wedevelopin section3 thegenericblueprintfor thetrans-
formationof suitableVR navigatorsinto small or medium
scaleCVREs,in the form of a snap-onminimal framework
providing network andsessionmanagement.

In section4 we introducethe ALICE VR RealTime In-
spectorand Navigator, a stand-aloneVR Navigator devel-
opedat the UniversitatPolitècnica de Catalunya, andvali-
datethedevelopedframework by transforming ALICE in a
completecollaborativeenvironment.

Section5 shows performanceresults under the frame-
work, testingseveral setsof enhancedALICE clients in a
busynetwork, eachfittedwith output displayssuchasHead-
MountedDisplays,a portableVR system,stereoscopicta-
blesandothermonitors.

Report
z

LSI-04-13-R



2

Finally in section 6 weplanfor includingnew capabilities
in the framework, suchextensionto otherVR tools,adding
anew componentallowing fasterchannelfor hapticdevices,
and multi-resolutionstreamingtechniquesfor transmitting
largemodelsacrossparticipants.

2. CollaborativeVirtual Reality Envir onments

Distributedenvironmentshave beenaroundsincethe intro-
duction of the first networks. Scopeand complexity have
kept pacewith distributedsystemsevolution, migrating to-
wardsdistributedprocessing,datasharing,multiple execu-
tion threadsandsophisticateddisplaytechnology. Computer
Supportfor Cooperative Work(CSCW)[CSS99]is an um-
brella term for distributed applicationsin which multiple
userscollaboratetoward commongoals,undera high level
event notificationandmessagepassingarchitecture.When
combinedwith several degreesof informationsharingand
screenvisualization,they areknown asCollaborativeVirtual
Environmentsor CVE’s.
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Figure 1: Componentsof CollaborativeVirtual RealityEn-
vironments.Theitemsplacedat theupperhalf of thecircle
are thosedirectlyrelatedto collaboration issues.

Whena simulated3D universeis implementedasa CVE,
with userstakingvisualidentities(calledavatars)

�
insidethe

environment,it is thencalledaCollaborativeVirtual Reality
Environment(CVRE). Avatarscannavigate aroundthe 3D
world, collaboratewith otheravatarsin real time, andmay
propagatechangesto objectsin the environment.Environ-
mentandobjectmanipulationrequiresophisticateduserin-
teractionmodelsandinterfaces.Figure1 detailsall thesoft-
warecomponentswhicharepresentin acompleteCVRE.

Thefirst developedmajordistributedvirtual environments
were DIVE [CH93] and MASSIVE [GB94]. A review of
simulation CVE’s is presentedin [Sty96], addressingis-
suesin human-computerinteraction,Virtual Reality, soft-
wareengineering,3D graphics,scenemodeling/objectmod-
eling,andartificial intelligence.Duceetal. [DGC � 98] char-
acterizereferencemodelsfor CVEsandtheimpactthey have
on thedegreeof collaboration.A differentapproachis pre-
sentedin [MF98], wheretheCVE is includedinto a library
calledREPO-3D,which allows themigration/replicationof
graphicobjectsover thenetwork.

Different network technologiescan be used to en-
able distribution on a CVE (BSD-sockets, RPC, Java
RMI, DCOM, CORBA, etc.). Avocado [Tra99], DIVE,
NAVL [WLG99], NPSNET-V [CMBZ00], andDistributed
Open Inventor [HSFP99] apply different solutions,using
multiple execution threadswhere eachone has an image
of the other participantsin the interaction.Eachclient re-
quires,thus, a partial imageof the scenegraph.Zeleznik
et al. [ZHC � 00] usethe scenegraphasa communications
bus insteadof a tree,whosenodesaresitedat differentnet-
work nodesandareaccessedby synchronizedaccessmech-
anisms.Diverse[KSA � 03] usesremotesharedmemoryand
UDP network datagramsfor a rapid memory interchange.
Treatmentof temporalinconsistenciesdue to network de-
laysaredetailedin [Mau00] and[MW01], while [GFPB02]
describesa techniquefor embeddingtemporal links in a
CVRE.

The mostsophisticatedapproachesdelegateclients’ net-
work managementto componentsoutside of the CVE.
Some of them use customizedsolutions, like Octopus
and Tweek for VRJuggler[HJCN01] or CAVERNSoft for
CAVELib [LJD96]. Other are basedon the use of the
CORBA standard[DKS � 99] for objectsharingover thenet-
work, having a centralobjectregistry anda localizationser-
vice.

2.1. Characterization of Collaboration in Virtual
Reality Envir onments

Treatmentof remotecollaborationcapabilitiesin a CVRE
can be characterizedby the categoriessummarizedin Ta-
ble 1. We have groupedtogetherthosefeaturesthatapplyto
genericCVEs(thefirst three)andhighlightedthosespecific
to CVREs(thelasttwo).A moredetailedexpositionandrel-
evantreferencescanbefoundin [TFN03].

Featuresinclude:networksubstrateto
�

decidewhichtrans-
missionpolicy is bestsuitedto theexpectedmessageflow in
theenvironment;scalable� topology to choosetheschemefor
informationsharingandcommunications;object� complexity
to weigh in the network performancecost of broadcasting
objectchanges[BZWM97]; environmentpersistenceto

�
de-

cide whetherusers’interactionswith the environmenthave
temporalor permanenteffectsin theCVREsystem[LJD97];
anduser� interactionto

�
includetheuserinterfacefeaturesde-

sirablefor a CVRE. In subsections3.3 and3.4 we describe
how thesecategoriesallow thedesignerto specifythemost
suitablefeaturesetfor creatingacollaborationframework.

2.2. User Interaction Models in Collaborative
Envir onments

TheModel-View-Controllerparadigm(MVC) [KT88] is the
classicaluser interactionmodel for designinguser inter-
faces.Theapproachclassifiesall applicationobjectsin three
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Table1: Characterizationof CollaborationFeaturesin CVREs

Netw
�

ork Transmission Distrib
�

ution: Broadcast,
�

multicastor unicastpackages.
Latency: Consideringtraffic delaysandotherperturbations.
Reliability: Use

v
of positiveandnegativeacknowledgements.

Band
�

width: As
�

muchaspossible

ScalableTopology Homogeneousreplication usingbroadcast: Eachclient maintainsa completereplicaof the shared
environment.Messagesacrossthe network transmitstateinformation.No centralcontrol; a new
clienthasto wait sometime to accumulateenoughinformationabouttheotherclients.

Shared-centralizedon a server: Classicalclient/server model.Sharedsessioninformationresidesat
the
�

server. Whentheserver fails it bringsdown all theclients.
Shared-distributed usingsmall client/server groups: Several groupsof servers and clients. Uses

sameschemeasmobilephonescells,in whichclientsareconnectedto theadequateserver.
Shared-distributed usingpeer-to-peeractualization: Peer-to-peer connectionsamong all partici-

pants,� eitherdirectly or usinga third party relay (broker). Changesareatomicallybroadcastedto
all participants.It comesin two flavors:

P2Pr:
�

Samereplicatedscenegraphat eachnodewith objectsstoredlocally. Synchronization
by
�

usingcallbacks,andlocalmanagingof sessionpersistence.

P2Ps:
�

Sharingobjectsacrossthenetwork in a distributedscenegraph.Thin replicasshadow
remote� objects.Network monitorsmaintaincorrespondencewithin thesharedspace.

Object Complexity Light objects: Shortmessagescontainingstate,event andcontrol information,requirelow latency,
high-speedtransmissionrates.(e.g.trackers,sensors,eventsandstatusinformation).

Remotereferences: External
�

referencesshadowing remotelylocatedobjects.
Heavy objects: Medium-atomic

�
data.Big objectsrequiringreliabletransmissions,but small enough

to
�

residein theclientmemory, (e.g.object3D geometry, avatarsor cameras).
Real-timestreams: Lar

�
ge-segmenteddata.Datasobig it hasto be transmittedin piecesand/orcon-

tinuously
�

, (e.g.big geometricobjects,volumeinformation,textures,video,audio,etc.).

En
�

vir onmentPersistence P
�

articipating persistence: The
�

CVRE existsonly while theparticipantsarein it, andresetswhenall
participants� leave theenvironment.

Statuspersistence: The
�

CVRE statusis storedelsewhere,to beableto useit at a later time (journal-
ing). Allows therecordingof 3D annotationsto guideotherclients.

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

User
�

Interaction Interactionstrategiescommonto all CVEs:
–Adequate
�

interfacesfor collaborativemanipulationandvisualization
–Teleconferencecapabilities(streamingvideoandaudio)
–Flexible supportfor dataconstruction
–Synchronousandasynchronouscollaboration
–Adaptivemulti-resolutionfor lesssophisticateddevices
–Standardsandinteroperabilitywith heterogeneoussystems
–Replicated
�

or sharedspaces

Inter
 

actionstrategiesspecificof CVREs:
–Use
v

of actionindicatorsandannotationsfor notificationof remoteevents
–Multiple usershaving severalviews
–Use
v

of avatarsfor remoteuserrepresentation
–Designfor low latency responsetimes
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excluding categoriesaccordingto userinterfaceroles, in a
processcalledfactoring

¡
:y

Algorithmic (semantic)objectsareheldin theModellayer.
Visual (display)objectsareplacedin theView layer

¢
.

Widget (user
£

interface)objectstranslateall usermanipula-
tionsinto commandsin theController layer.

The other common user interface paradigm is the
Abstraction-Link-View (ALV) [Hil92], in whichapplication
objectsarefactoredinto abstraction,view andlink layers:

Abstraction objectsaremodelssharedby all users.
View objectshandleuserinteractionandrendering
Link objects¤ areconstraintsetsthatsynchronizeabstraction

and view objects,using thin local references(shadows)
linkedto a remoteobjectin acentralrepository.
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Figure2: MVCandALV UserInteractionModels

A comparisonof thetwo is shown in Figure2. TheALV’s
Abstractionlayer is equivalent to the MVC’s Model layer,
while theALV’sView componentmergestheView andCon-
troller layersof MVC. The ALV’s constraintsconnectab-
stractionsandtheirviews,while theMVC’sControllerlayer
handlescommunicationsamongall its objects.

In subsection3.1 we describea hybrid model for ses-
sion managementwhich is moresuitablein networked vir-
tual reality environments,having clientsdemandingreliable
andcontinuousobjectflows,andneedingto redisplaymany
complex scenechangesathighspeedrates.

3. The Collaboration Framework

Many virtual reality applicationsusuallystartoutashelping
environmentsfor sceneandobjectvisualization,by meansof
specialnavigation andmanipulationmetaphorsin the user
interface,and using display devices ranging from simple
monitors,HMDs, to inmmersive stereoprojectionsystems
suchastheCAVE. Most sciencedisciplines(andtheenter-
tainmentindustry aswell) useVR techniquesto show and
enhanceuserexperiences.As researchshows, usersalways¥
desireto sharevirtual experiences,eitherby passively show-
ing modelsto prospective audiences,or by actuallyhaving
active remoteuserparticipationin theenvironment.

Evolving collaborationoutof thisneedusuallyentailsthe
redesignanddevelopmentof a(new) distributedapplication,
developinga networking infrastructureunderthevisualiza-
tion environments,andfraughtwith theusualsoftwareport-
ing problems. Issuessuchassynchrony overheads,network
delays,concurrentuserload,andsystemlagdegradeinterac-
tion andmust bedealtwithout adverselygraphicsaffecting
performance.

The rationale behind our approachis that the object-
orientednatureof stand-aloneVR applications,usuallyhav-
ing renderinganduser-interfacecomponents,would facili-
tatetheir transformationinto completeCVRE’s,by allowing
theseamlessattachmentof a network-based,collaboration-
enablingcomponent.

In thefollowing subsectionswe describetheevolution of
collaborativefeaturesin theproposedframework.Giventhat
thedifferentVR toolsarespreadacrossplatformsandsup-
port variedoutputdisplaysystems,theidealsolutionshould
not compromisecurrent designsor imply extensive recod-
ing of componentswhenfitting thecollaborativeframework.
Massive or large-scaleimplementationswerediscardeddue
to performanceconsiderationsfor useradministration,al-
thoughtheproposedframework scaleswell for a reasonable
number(lessthantwenty)of participants.Basedon thefea-
turesdescribedin section2, our solution involves the im-
plementationof a distrib

¦
uted user interfacemodel, multi-§

threadedsoftware components, sessionawarenesscapabil-
ities,¨ andanetworking© architecture.ª

3.1. Distrib uted User Interface Model

To recastexisting VR navigatorsasenhancedcollaborative
virtual realityenvironments,it is necessaryto implementthe
maximal CSCW featureset allowed by the existing archi-
tecture’s design,underseveral practicalimplementationre-
strictions.Theoriginalstand-alonebehavior mustremainthe
same,sotheproblemis how to obtainthemaximumcollab-
orativefeaturesetincurring theleastimplementationcost.In
atypicalapplicationfor CSCW, thestandardMVC approach
provesinsufficient becauseit doesnot provide for a Session
layer to hold sharedstateandpersistencepropertiesof the
remoteinteractionamongusers.TheLink layer in theALV
modeldoesprovideamethodto keeptrackof objectandses-
sionchanges,but it is heavily slantedtowarda client-server
distributedmodel.

We define a hybrid Model-View-Controller-Session
(MVCS) approachby latching the ALV’s Link

«
concept¬ to

network pipelinesconnectingMVC objects,in which:

­ MVC objectsmaynot resideall togetherat thesamenet-
work node.In a sharedenvironment,objectsmay have
theirModel (structureandbehavior) definedatoneclient,
many different Views (renderings,at leastone for each
client),andcontrolflow effected by all. For example,each
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nodemayhavemultiplevisualizationlayers(cameras),al-
lowing for many perspectivesandresolutionsof thesame
scene.­ Since it does not matter whether objects are globally
sharedor locally replicated,it allows indistinctly client-
server or peer-to peerapproaches.Controllersoperatein-
distinctly on bothusinga callbackmechanism,routingto
thecorrespondingnetwork nodesfor non-localobjects,as
shown onFigure3.
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Figure 3: Model-View-Controller-Session(MVCS)Objects
Model
®

showing an external broker maintaining session
states

We part from the fact thata goodVR navigator is thefi-
nal productof a soundsystemsdesign,developedundera
classicalMVC paradigm,factoringapplicationobjectsinto
at leasttwo weaklycohesivesoftwarecomponents,Graphics
RenderingandUserInterface,astandardsoftwareengineer-
ing practicein ComputerGraphics.To developacodeframe-
work sitting on top of VR applications,we pick from each
categoryof Table1 thoseitemsthatbettersupportawareness
andcollaboration underthe MVCS referencemodel, trans-
formingcurrentnavigatorsinto certifiabledistributedcollab-
orativecomponents.

3.2. Multithr eadedsoftwarecomponents

To decouplethe GraphicsRendering and User Interface
componentseven more, thesecomponentsare wrappedas
POSIX-compliantthreadsfrom a thread-poolclass.Since
networking capabilitiesmust be incorporated,it is best to
have themresidingin its own concurrentthread.In thisway,
wetakeadvantageof theunderlyingoperatingsystem’scon-
text switching andloada new networking componentwith-
out touchingfunctioningcode.Theapproachis open,mean-
ing thatmoreconcurrentthreadswith additionalcomponents
may be created,for example,to adddataacquisitionfrom
trackersor hapticdevices.

A snapshotof aninstantiatedframework undertheMVCS
referencemodel is shown in Figure4, detailingeachsoft-
ware component.The Network componentthreadhandles
all communicationsand messageparsing; the top Shared
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Figure 4: Collaboration-enablingThreadedProcesses.The
fr
¡

amework includesthe original components(GR and UI),
andaddsthesessionlayer (SS)with thenew networkcom-
ponentx (NC)

SessionManagementlayer launchesall concurrentthreads,
tracks remoteclients’ avatars,propagate statechangesto
the UserInterfaceand GraphicsRenderingcomponentsby
meansof a callbacksystemandis generallyresponsiblefor
the emerging collaborative behavior; the GraphicsRender-
ing and User Interfacecomponentsare mostly untouched
exceptfor theconnecting"glue" to theSharedSessionman-
agementlayer.

We implementthis setupby meansof an abstractclass
wrapperto incorporatenetwork awarenessandacorrespond-
ing messageprotocol. An appropriateset of mutexes has
beenaddedto avoid stateinconsistenciesandraceconditions
whenupdatingsharedinformation.

3.3. Sessionawarenesscapabilities

The first order of businessis choosingwhat minimal fea-
turessetis desirablefor CVRE applications.We decidedto
includethefollowing:

­ Sessionadministrationwith differentiateduserroles­ Clientawarenessusingavatars­ Sharedannotationand3D markerhighlighting

For a client in this scenario, theremustbeperceptualevi-
dencethatotherentities(human or otherwise)areparticipat-
ing in the interaction,so3D client embodimentswithin the
environment(avatars)areusedto dynamicallyreflect their
positionandstatein thescene.Clientsmaywant to call up
attentionto othersby special3D signals,leaving trails and
modifying theenvironmentfor otherusers.Someuserswill
browsethescene,while othersmayhaveprivilegesfor mod-
ifying sceneandobjectproperties.A distributed userinter-
facemodelallows the remotemanipulationof objects,and
somesessionadministrationcapabilitiesallow the environ-
mentto have memoryof theinteractionfrom a hierarchy of
users.
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Sessionadministration with differ entiatedsession roles
A manageablehierarchy of workstationroles [stand-alone,
peerx , incognito,slave, master] is definedwithin theenviron-
ment,leaving openthepossibilityof addingmore.

A stand-aloneclient¬ is not awareof otherclients.It de-
faults to the original isolatedbehavior of the application.
Peers are clients that communicateamongthemselves us-
ing the commonmessageprotocol.Userstraveling inco

²
g-

nito mayobserve sceneinteractionin “voyeur” modewith-
outotherclientsknowing it. A slaveis apeerthatis boundto
another, correspondlycalleda master§ ,¨ in the sensethat the
master’s currentstateis continuouslyreplicatedby the re-
moteslave(s)� .ª Theseclient rolesarevoluntaryandchange-
ableduringasession.

Client awarenessusing avatars³
Each client has its own 3D graphicalrepresentation,that
movesaboutin theenvironment,andwhich mayhave mul-
tiple active cameraperspectives at any time. Eachcamera
maybroadcastanumberof stateattributes,suchaspositionx ,¨
orientationcamera¬ vectors,andevenactualvelocityvectors
for deadreckoningcalculations.

Sharedannotation and 3D marker highlighting
In CSCW systems,usersmust not only be aware of each
other, they mustbeableto call theattentionof remotepar-
ticipantsto somefeatureobjectof theenvironment.This is
accomplishby pinning temporal3D markers,graphicalob-
jects
´

thata “guide” pins at somefeaturelocations,suchasa
arrow, amessagebillboard,or abanner.

3.4. Networking architecture

Since communicationis what enablescollaboration,new
softwarecomponentsmustaddnetwork communicationca-
pabilities. We choseimplementinga peer-to-peerscalable
topology, the most adequatefor an environment of equal
participantsthatdoesnot rely on a centralserver. Trying to
fit a client/server modelwould have implied thecreationof
the server from scratchandcompromisesthe applications’
stand-alonebehavior.

P2Pr[P
µ
eer-to-Peerwith replication] implementationsand

P2Ps[Peer-to-Peer with sharing] are equally possiblein
the framework. In P2Pr, eachclient will have its own local
replicaof thescene.Sinceonly afew sceneobjectsaremod-
ified in thesession,collaborationstartsassoonasall clients
have loadedtheir commonmodel,andsituatedthemselves
within it. A P2Psimplementationmustfirst build a shared
scenegraph, to whom eachindividual client may incorpo-
ratewholescenechunks.

Sharednodesat the scenegraphare labeledlocal or re-
mote whetherthe object physically residesin a particular
client or is a shadow� referenceto a behaviorto be fetched
elsewhere.Theclient subscribesto a scene,objectsdescrip-
tions arerelayedto andfrom, andthenrendered.For com-
plex scenesit maytakeawhile for thesceneto load.

Having no central server, this approachrequiresa third
party providing locatingservicein which clientsfind each
otherto establishjoint sessions.

Thin broker for sessionadministration
In our scheme,a third partymustact thepartof a message
broker, whichkeeptrackof sessionparticipationandinterac-
tion, asseenin Figure5. It is [loosely]basedontheCORBA
nameservice,but without IDL overheadandlessservices.
Its internetaddressis known to all potentialclients.

� � � � � �

� � � � � �

� � � �

�

� � 	 �

� � � �

�

� � 	 �

� � � 


�

� � � 


�

� 
 � �

�

� �� � �

�

� � �

�

�

� � �

�

�

� � �

� � � � � � � ��

�

�

� � �

� � � 
 � � 
 � �

�

�� � � � � �

� � � � � �

�� � �

�

�


 �  � �

� � � � � �

! " # $ " #

%

& # ’

! "¶ # $ " #·
%

&¸ # ’

(¹ )º * "¶ +» ’

%

& #· ’

(¹ ) * "¶ +» ’

%¼ &¸ #· ’

� � � �

� � � �

�� �� � ��

�

�


 �  � �

� ��

�

� � �  � �

�

, - .

Figure 5: Peer-to-peerBroker ClassModel.Each Peerhas
local thin instancesof other remoteclients (proxies).The
brokerk

½
eepsstateinformationaboutsessionparticipants.

Thebroker is
¾

a thin nodeproviding severalservices:
­ A nameservicefor locationandclient registration.­ A sessionmanagementservice.­ Sessionandclient statereportingandmirroring.

Sincethebroker is notabridge,client-to-clientcommuni-
cationis thesoleresponsibilityof theclients.To keeptrack
of participants,all clients periodically tell the broker their
currentstate,andthebroker broadcaststo all clientsthe list
of participantscurrentlyin thesession.

Network substrate
A cross-platformnetworking classallows eitherdatagram-
oriented(UDP) or connection-oriented(TCP) communica-
tionsunderIPv4 andIPv6 networks. TheNC thread,under
a commonmessageprotocol implementsthe following ba-
sic kind of services,eachonerunningon its own separate
listeningsocket:
­ Shared event pipeline for sending environment state

changesandcallbackmessages­ A push client for the continuous streamingof certain
clientproperties,suchascamerapositionandorientation­ A notifying servicefor theBr

¿
oker.

Whenaclient initially reportsto thebroker, it postsits ad-
dressandthenetwork portsonwhich it is listening. This is a
configurablesetup,to accountfor externalfirewalling rules
onopeningandclosingspecific ports,andthatallowsseveral
clientsto run concurrentlyon the samemachineby choos-
ing a differentsetof port numbersfor eachprocess,which
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is handyway to testsystemperformancewith higherclient
loadsthanpermittedby availablephysicalworkstations.

Systemsynchronization
Theframework avoidskeepingacentraltimeserverby keep-
ing relativetime

�
differencesfor every peer-to-peerconnec-

tion at theclient’s side.Therelative eventlocal time (times-À
tamps) is included in each network message.That way,
clientsat theotherendhave thefreedomto chooseprocess-
ing incomingmessagesaseither:

Immediate: messageareprocessedatonce.
Buf
¿

fered: messageÁ arequeuedby timestamp.

In the first approachvariablenetwork latency may pro-
ducejumpy updatesandshort temporalinconsistencies.The
secondis more suitablefor replayingeventsin exact time
sequence,at theexpenseof abiggertimedelay.

External real-timeverbal communicationchannel
Most collaborative environmentsuseat leastone real-time
communicationchannelto allow thehumanusersbehindthe
workstationsto exchangetextual/audio/videoimpressions
aboutthe virtual experience.The framework doesnot pro-
vide this service,so it is suggestedusingexternal suitable
cross-platformalternativessuchasGaim, Gnomeetingand
others.

4. The ALICE Virtual Reality Navigator

ALICE VR RealTime InspectorandNavigator is a stand-
aloneVR softwareplatformfor therealtime inspectionand
navigationof very complex virtual models,developedat the
UniversitatPolitècnicade Catalunya. It has beenusedin a
numberof applicationssuchasnavigationin urbanenviron-
mentsor interior shipdesignamongothers.

In orderto allow theusersof theseapplicationsto beable
to navigateand inspectcomplex 3D modelsin several VR
systems,ALICE offersthefollowing features:

­ Stereoscopicvisualization:either active stereo,for sys-
tems like Head Mounted Displays [Sut68], or passive
stereo,for otherlow costVR systems[AFB02a].­ Userpositionandorientationtracking:allowinguser’sim-
plicit interactionby following hismovementsandmaking
him feel he is inspectinga realobjectinsteadof a virtual
one.­ Useof variedinteractiondevices:beingableto follow or-
dersfrom amouse,a joystickor aVR glove,for example.­ Different VR modesof execution: able to work over
different VR display systemslike stereoscopictables,a
CAVE, aHeadMountedDisplay, etc.

Apart from theseexternal features, ALICE implements
internally an extensiblecallbacksystemandalsomany ad-
vancedalgorithmsin computergraphicsin orderto beable
to work interactively with very complex scenes.It usesin-
ternally a hierarchicalstructureof the objectsin the scene,

keepingalso for eachone other non-geometrical informa-
tion,allowing, for example,theuseof textures.Amongthese
advancedalgorithmsarethefollowing:

Simplification techniques: ALICE maintainsdifferentlev-
elsof detailfor theobjectsin thescene[ABA02].

Visibility culling: Eliminates from the visualization pro-
cessthosepartsof the geometricmodelnot visible from
thecurrentobserver’s viewpoint [ASVNB00].

Collision detection: Needed
Â

to select objects with VR
glovesor hapticdevices,by virtually “touching” the ob-
jects
´

[FNB01].

4.1. Framework validation in ALIC E

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

Thedecoupled callbackhooksystemin ALICE connects
usereventsto graphicrendering’actionsby means of a in-
dexed commandlist. Eachelementof the lists storesa set-
tablereference(the “hook”) to someotherobject’s method
(the “callback”). Whenan User Interfaceevent causetrig-
gersa particularcommand,its correspondingcallbackhook
is executedwith theprovidedevent information andcurrent
environmentstate.

Givenall theabove,it wasconsideredasuitablecandidate
for enhancinghiscollaborationfeatures.Justchangingsome
flagsin thecompilationprocessallows theUI componentto
run in its own threadif needed.The following stepswere
takento fit ALICE into theframework:

1. WrappingtheGR, UI andthenew NC ascomponentat-
tributesof theSS(session)class,andlaunching themin
separatethreads

2. SelectingaP2Prsharingtopology.
3. Selectingthemessagingprotocol
4. Instantiatingthe messageparserclassto processevent

messages,callablefrom thenetworking thread
5. Translating the processednetwork into local method

calls, usingthe callbackhooksmechanismalreadypro-
videdby ALICE

6. Adding one methodcall in the user� interface compo-
nent’s mainÁ methodto launchthe networking threadat
startup

7. Adding one methodcall in the renderingcomponent’s
main methodto syncthe stateof network peersjust be-
fore rendering

Initially wehavechosenaP2Prscalabletopology, sinceit
waseasierto implementanddidnotchangeALICE’spresent
stand-alonebehavior, in which all clients already have lo-
cal identicalcopiesof thescene.In sharedmode,thebroker
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indicatesthe nameof the sceneto be shared,so hopefully
everyonewill beplacedin thesamescene.

The messageprotocol is quite simple. There are three
kindsof messages:session, locationandÃ manipulation. Ses-
sion messagesare the onesexchangedbetweenthe broker
and the clients,connecting anddisconnecting,internetad-
dressesandopenports,numberof activecameras,avatarap-
pearance,global scenefile, and other relevant data.Loca-
tion messagesaremostly for cameracoordinatesbroadcast-
ing amongall participants.Manipulationmessages(suchas
local client touching,grabbing,adding or modifying anob-
ject)
´

are sent to all remoteusersto be processedby their
callbacksystemto maintainscenecoherenceamongall par-
ticipants.Outof thegrowing callbacksetof ALICE (around
100), only a subsetof 14 affectedmodel integrity, shared
scenestateandobjectappearance,but moremaybedefined
in theprotocol.

Sinceall of this happensin the new NC thread,mutexes
areactivatedwhenthis threadis modifying data,suchasup-
datingclients’coordinates.Therewasacorrespondingsetof
mutexesplacedjust beforerenderingto avoid theracecon-
ditionscommonto concurrentprogramming.

A sessionis initiated by at leasttwo participantswilling
to subscribeto asession,shown in Figure5.Eachclientmay
choosea sessionrole (usuallyasa peerx )

�
andanavatarrep-

resentation(from a menu),andkeepsa list of currentactive
interactionswith otherusers.As they navigate,clientscan
chatto eachother, or place3D markerson thesceneto call
attentionto somefeature.

Clients can also take the role of “voluntary slaves” for
someotheruser, which now becomesa camera server. The
slaveshutsdown its own camerasandreflectsthe master’s
cameraviewpoint and actions,the latter effectively taking
possessionof the slave’s remotedisplaydevices.This fea-
turemayalsobeusedto “teleport” a participantto theposi-
tion of another, which is very usefulto avoid losing virtual
eye-contactamongpeers.Sinceeachnodedoesindependent
renderings,it allows a client to show a wireframerepresen-
tation,while anotherdoesa full renderof thesamescene.

5. Results

We have testedALICE’s remotecollaborationandnaviga-
tion servicesin several VR systemsin our lab, andalso in
sessionswith the Gironauniversity (located100 Km. from
Barcelona)througha 10Mb wide areanetwork connection.
In our labweuseHMDs,thestereoscopictable[AFB � 02b],
the portable system[FBT04] and flat monitors (without
stereocapabilities);and a similar setupat Gironauniversity.
Network traffic is generatedonly when an avatar changes
positionor orientation,or whena callbak is produced(for
examplewhenselectinganobject), sonounnecessarytraffic
is produced.

Theresultsobtainedfrom our testscanbeseenin thefol-
lowing table.The sceneusedon thesetests(the interior of
a ship) contains20.000polygons,but on purposedoesnot
havecomplex texturesbecauseit couldhinderor slow graph-
ics performance.Thetableshows theresultsobtainedin the
communicationof 2, 4 and 8 workstationsfrom both labs
(Girona’s andour’s).

Participants 1 2 4 8

A
�

v. Numberof messages – 2539 8067 14331

A
�

v. TotalNet.Time (msec) – 35 31 46

Av. RoundtripTime (msec) – 13 46 57

Framerate
Ä

47.3 45.2 44.2 42.7

In thetablewe observe the averagetotal numberof mes-
sagessentthroughthe network in a seriesof repeatednav-
igation trials, eachtestlasting4 minutes.Thetotal network
time (in milliseconds)gives information abouthow much
time Alice spent in the transmissionof messagesduring
these4 minutestests(this meansthatonly around0.1-0.2%
of total time was spentin network communications).The
roundtrip time is also indicatedin milliseconds. Sinceour
framework usesunicastaddresses,roundtriptime increases
as more peersparticipatein the session.Finally, the table
shows the averagerenderingframerateachieved for each
case,which indicatesthat increasingthe number of nodes
affectsgraphicsperformancevery slightly compared to the
stand-aloneperformance.

As alreadystatedin subsection4.1,themigrationof Alice
to a CVRE navigator wasvery easy. Basedon the fact that
theapplicationwasalreadydesignedconsideringtherender-
ing andtheuserinterfaceasseparatedcomponents,its port
to useour framework only requiredto defineamessagepro-
tocol, connectthe appropriatecallbackhooks,andaddtwo
methodcalls in its codein order to attachtheapplicationto
thenew network andsessionparts.Following thesamemi-
grationscheme,it would be easyaswell to transformany
otherVR applicationinto a collaborative VR application.In
factwearepresentlyportinganotherapplicationbuilt in our
lab which addressesinspectionandmanagementof medical
models.

Althoughwehavenotdoneexperimentsin slow networks,
we simulateda fictitious one and we found out that se-
quentialprocessingof arriving avatarinformationmaycause
clientsto fall out-of-sync.In orderto minimizetheselatency
problems,thereisanoptiontoprocessonly themostrecently
received informationpacket from eachcamerain the envi-
ronment,at theexpenseof asomewhat jumpiernavigation.

The proposedmechanismsfor cameramanagementand
sharingis reasonablyeasyto learnfor usersandseemto be
adequatefor collaborationtasks.Wewantto makesomeex-
perimentswith untraineduserssoonin orderto have a more
accurateperceptionof ease-of-use.
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(a) "camera"avatar’s viewscene (b) An incognito avatar’s viewscene,showing the
"camera"and"upecito"interact

(c) Participantat Stereo-
scopictable

(d) Participant
with HMD

Figure 6: Testingcollaboration betweenpeersÅ .Æ Two clients(embodiedby the“camera” and“upecito” avatars) observeeach
otherwhilenavigatingtheenvironment

6. Conclusionsand Futur eWork

Basedonacharacterizationof genericcollaborative features
for VR systems,wehaveproposedaversatileframework for
evolving collaborative capabilitiesin stand-aloneVR navi-
gators.Our approachincorporatesa hybrid distributeduser
interactionmodel,multi-threadedsoftwarecomponents,net-
work communicationsundera peer-to-peerscalabletopol-
ogy, messagepassingchannelswith a customprotocol,and
changeableuserrolesin amulticamerasubscription model.

The framework’s developmenthas beenvalidated by a
fastportingof theALICE VR Navigator. Thegenericcross-
platformdesignallows aneasymigrationof similar VR ap-
plicationsinto completecollaborativevirtual realityenviron-
ments.As for futurework, we are working on extendingthe
collaborative breadthof the framework by including in the
Sessionlayer a fourth threadfor handlinghaptic devices,
addinghigh frequency force-feedbackeventsto the interac-
tive sessionrepertoire.Giventhehugescenesize of current
VR scenesandobjects,we plan to migrateapplicationsto-

wardsapeer-to-peerwith sharingscheme(P2Ps),andalsoto
allow theincrementalstreamingof multiresolutionobjectsto
improve renderingperformanceandscalability.
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