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Abstract

We presenta collaborative desktopVirtual and Aug-
mentedRealitysystemwith a shared physicalworkspace:
the Joint SpaceStation. It is constructedout of multiple,
single-usernear-�eld Virtual or AugmentedRealitystations
usingmirror-baseddisplays.TheJoint SpaceStationpro-
videshigh-resolutionstereoscopicimagesanddirect3D in-
teraction to all participants. Theenvironmentis modular,
�exible, low-cost, and can be usedunder of�ce working
conditions. We describethe design,implementation,and
applicationof a prototypeJoint SpaceStation,anddiscuss
themeritsandlimitationsof theconcept.

1. Intr oduction

Virtual andAugmentedReality (VR/AR) have cometo
the point wherethey can be applied in many application
areas,including training,scienti�c visualization,industrial
assembly, 3D modeling,gaming,etc. Many applicationsin
these�elds however, tendto begroupactivitieswheremul-
tiple participantswork togetherandcommunicateto share
their knowledgeandinsights.In scienti�c visualizationfor
example,it is our experiencethat scientistsoften work in
small groupsof two to four peoplewhen examining and
evaluatingvisualizationresults.

MostVR environmentsaresuitablefor singleusersonly.
Such environmentshave beenapplied in distributed col-
laborative applications;multiple participantsphysically lo-
catedat differentlocationscancollaborateandwork on the
sameapplication.Most systemshowever, arenot aimedat
collaborationin a physicallysharedworkspacewheremul-
tiple userscan simultaneouslyview and interactwith the
samevirtualobjectsin thesamephysicalworkspace.In AR,
moreresearchhasbeendonein theareaof collaborationin
a sharedspace.Most of thesesystemsarebasedon head-
mounteddisplay(HMD) technology. Althoughprogressis
beingmadein thedevelopmentof HMDs,comparedtoordi-
narydesktopCRT's they still fall behindonaspectslike im-
agequality, resolution,�eld of view, ergonomics,andcost.

In this paper, we presenta concept for a modular,
collaborative desktopVR/AR environmentwith a shared
workspace:the Joint SpaceStation(JSS).The systemis
constructedout of multiple individual desktopVR/AR sta-
tions. Eachstationusesa mirroredCRT displayallowing
co-locatedvisualandinteractionspaces.Thesestationscan
becascadedtogetherto allow multipleusersto work within
asharedworkspace.Themainadvantagesof ourdesignare:

� It provides stable and high-resolutionstereoscopic
viewing to all participants;

� It allows for direct, co-located3D interactionby all
participants;

� It is modularandeasilycon�gurablefor multipleusers
in aVR and/orAR setting;

� It is low cost.

In the next Section, we will review relatedwork on
sharedworkspaceVR and AR, and on mirror-basedco-
locationdisplays.In Section3 wewill describetheconcepts
of theJSS:themodularunit (thePersonalSpaceStationor
PSS)andhow thesemodularunitsarecascadedto createa
multi-userVR/AR system,including inter-systemregistra-
tion andcalibration,and inter-systemcommunicationand
synchronization.In addition,a prototypeJSSis presented
alongwith a proof-of-conceptapplication.In Section4 we
will discussthemeritsandlimitationsof theJSSconcept.

2. Relatedwork

2.1.SharedworkspaceVR and AR

We limit the review to collaborative VR andAR aimed
at a physicallyshared workspace. We classify the work
accordingto the display technologyused: Stationaryand
Non-Stationarydisplays.

Stationary display systems. Most stationarydisplayVR
andAR systemsareaimedatasingleuser. In thecommonly
usedprojection-basedsystems,stereoimagesaredisplayed



thatareconstructedfor a singleviewpoint. Althoughmany
usersareableto look at the images(for instance,onecan
easily�t � ve peoplein a CAVE [10]), only onepersonper-
ceivesthecorrect3D images;all otherviewershave a dis-
tortedview. Furthermore,interactionwith thevirtual envi-
ronmentis usuallyreservedto thatonepersonwho hasthe
correctview.

Two exceptions are the Protein Interactive Theater
(PIT) [4] and the Two-User Responsive Workbench[1].
Both systemsare basedon rear-projecteddisplays, and
provide two userswith head-tracked, stereoscopicimages
throughthe useof shutterglasses.The PIT usestwo ver-
tical projectionscreens;onefor eachuser. The Two-User
Responsive Workbenchusesa singlehorizontalprojection
screenonto which the imagesfor the two usersare dis-
playedin a time-sequentialmanner. NeitherthePIT nor the
Two-UserWorkbenchcaneasilybeextendedto moreusers.
In thePIT it will behardto arrangetheprojectionscreens
suchthatall userswill haveaview of thesharedspace.For
the Workbenchthe requiredframeratesandimagebright-
nessposetechnicalproblems.

Recently, new developmentsin theareaof multi-viewer
displayshave emerged. Two examplesare the Illusion-
Hole[14] andtheVirtual Showcase[8]. Boththesesystems
aim at providing multiple head-tracked usersstereoscopic
imagesrenderedonaseparate,individual viewing areaof a
display.

In theIllusionHoleadisplaymaskwith onelargeholein
its centeris placedoverthedisplay. Multiple observerslook
throughthe hole in the maskat an individual areaof the
displaysurface. Theseobservershowever, must take care
thattheir individualareason thedisplaydonotoverlap,i.e.
they cannotmove too closeto eachother. In addition,all
viewersonly seea small portion of the display, hencethe
�eld of view andpixel resolutionarelimited.

TheVirtual Showcaseis a multi-viewer AugmentedRe-
ality displaydevice that mimics a physical showcaseused
for exhibit purposes.In the Virtual Showcase,an upside-
down pyramid-shaped,semi-transparentmirror is mounted
ontopof ahorizontaldisplay. It supportsupto four simulta-
neousviewers;eachviewerlooksviaonemirrorof thepyra-
mid athisown individualpartof adisplay. Theviewersper-
ceive thedisplayedobjectasbeinglocatedinsidetheshow-
caseof mirrors.Sincethemirrorsaresemi-transparent,real
objectsplacedinsidetheshowcasecanalsobeseen.How-
ever, sincetherealandvirtual objectsarelocatedinsidethe
showcase,directmanipulationof theobjectsis notpossible.

Non-stationary display systems. Themostcommonap-
proachtoward sharedVR andAR is with the useof Head
Mounted Displays (HMDs). In VR systems,the HMD
blocks the view of the real world, therebyimmersingthe
userinto thevirtual world completely. This hinderscollab-
orative work in a sharedworkspacesincetheuseof avatars

is requiredto representotherparticipants.Suchavatarsare
not capableof communicatingin thesamerich way ashu-
mansdo.

In AR systems,the real world can also be seen. This
is achieved by either having a semi-transparent(or see-
through) HMD, or by displaying a live video streamof
therealworld on theHMD. Two examplesof collaborative
augmentedrealitywith a sharedworkspacearetheStudier-
stube[27] andtheSharedSpace[7]. Bothsystemsarebased
on see-throughHMDs. MagicMeeting[25] andtheVirtual
RoundTable [9] are two collaborative AR systemsaimed
at creatinga sharedworkspaceon a table-top.TheVirtual
RoundTableusessee-throughHMDs,while in MagicMeet-
ing theuserswear(monoscopic)video-basedHMDs.

Several userstudieson sharedworkspaceVR/AR have
beenconductedby Kiyokawaetal. [15, 16] andBillinghurst
et al. [6, 5]. Among the resultsfrom thesestudiesare
the importanceof beingable to seethe co-users,the pos-
itive effect of the co-locationof the interactionspaceand
thecommunicationspace,andthenegative impactof visual
perceptionissuesrelatedto theHMDs, likethesmall�eld of
view andlow resolution.This last concernis alsopointed
out in [9], whereit is statedthat the limited �eld of view
(28 degreeshorizontally)of the HMDs usedin the Virtual
RoundTablesystemdisturbstheuser's view signi�cantly.

A different classof non-stationaryVR or AR display
systemsarethehand-heldsystems.Usually, a smallhand-
held display device is tracked that serves as a `window'
throughwhich onecanlook at the VR or AR world. Two
examplesof theapplicationof suchahand-helddisplaysys-
temsin acollaborativeAR settingareTransVision [26] and
theAR-Pad[20].

2.2.Mirr or­basedco­locationdisplay systems

The�rst mirror-baseddisplaysystemwasintroducedby
Schmandtin 1983 [28]. By viewing stereoscopicimages
displayedonamonitorvia amirror, theco-locationbetween
the interactionspaceand the visually perceived 3D scene
canbe established.That is, the usercan reachunder the
mirror into the virtual world without obscuringthe image
or colliding with the monitor. This allows for propriocep-
tion andhand-eye coordinationto be exploited, and inter-
actionbecomesmoredirect. Empirical researchindicates
thatsuchco-locationcanimprove3D taskperformancesig-
ni�cantly [2, 31]. Themirror canbeeitherfully re�ective,
resultingin a VR system,or semi-transparentto obtainan
AR system.

Severalmirror-basedco-locationsystemshavebeenbuilt
andusedin researchandapplications.A commercialsys-
tem is available from ReachIn[24]. It is equippedwith a
semi-transparentmirror anda Phantomforce-feedbackin-
teractiondevice. The systemis not equippedwith head-



tracking. Therefore,the perceived location of the physi-
calPhantomdevicewill hardlyevercorrespondto thevisu-
ally perceived virtual location. At MIT, the Virtual Work-
benchhasbeendeveloped[32], a con�guration similar to
theReachIn.They presentstudieson depthperceptionand
the calibrationbetweenthe visual and interactionspaces.
Their experimentswereconductedwith thesubjects'heads
ata �x edlocation.At theSimonFraserUniversity, the(En-
hanced)Virtual HandLabhasbeendeveloped[19], primar-
ily asa researchtool for thestudyof gesturalandfull hand
pointing input techniques. It usesthe commercialOpto-
Trackoptical trackingsystemto registerthehandmotions.
Otherwork on mirror-baseddisplaysystemsis performed
at the University of Singaporeby Postonet al [23]. They
usea fully re�ective mirror, and two stylus-like input de-
vicesequippedwith electromagnetictrackers. The system
hasbeenappliedin medicalapplications[30].

3. The Joint SpaceStation

Themainmotivation for designingandconstructingthe
JSSwasto createa low-cost,ergonomic,sharedworkspace
desktopVR/AR systemthatexploits thebene�tsof mirror-
baseddisplay systemssuchas co-locatedinteractionand
high quality imaging. The modular unit of the JSS is
the PersonalSpaceStation(PSS);a single-user, near-�eld
desktopVR/AR systemwith supportfor direct3D interac-
tion [22]. The designof the PSSallows for multiple units
to becascadedinto amulti-usersharedspaceenvironment.

3.1.The PersonalSpaceStation

The PSSis a mirror-basedco-locationdisplay system
built out of low-cost,off the shelf components.Its design
anda prototypearedepictedin Figure1. Theuseris seated
in front of a mirror which re�ects the stereoscopicimages
of thevirtual world asdisplayedby themonitor. Theuser
reachesunderthemirror into thevirtual world without ob-
scuringtheimageor colliding with themonitor.

PSSdisplay. Thedisplaydevice of thePSSconsistsof a
standardCRT monitorwhich hasbeenmodi�ed to display
left-right re�ected. The prototypePSSasdepictedin Fig-
ure 1 is equippedwith a Logitechacousticalheadtracker.
Otherprototypeshave beenequippedwith a custombuilt
optical headtrackingsystembasedon two low-cost iBOT
FireWire cameras[21], which hasbetterrelative accuracy
andis morecomfortablein use. For stereoscopicviewing,
standardshutterglassesor a polarizationscreenin combi-
nationwith polarizedglassesareused.Themirror re�ects
thedisplaysurfaceof theCRT monitor into a virtual focus
plane (VFP) in front of the user. When a fully re�ective
mirror is usedthe PSScanbe regardedasa near-�eld VR

Monitor

Mirror
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Cameras

Figure 1. Schematic side view and a prototype
of the Personal Space Station.

system.Whenreplacingthemirror with a semi-transparent
onethePSSbecomesanAR system;in additionto thevir-
tualworld theusercanalsoseewhatis behindthemirror in
therealworld. Hencea mix of virtual andrealobjectscan
beestablished.

PSSinteraction. Interactionin thePSSis performeddi-
rectly in the3D workspace.To track interaction,a custom
optical trackingsystemis used,similar to the ART track-
ing system[3]. The interactionspaceis monitoredby two
cameras.Eachcamerais equippedwith an Infra-Red(IR)
pass�lter in front of thelensanda ring of IR LEDsaround
the lens. Patternsof retro-re�ective markersareappliedto
theobjectsto betracked. Theoptical trackingsystemuses
the marker patternsto identify andreconstructthe 3D po-
sitionsof theobjects[18]. This allows usto usegraspable,
wireless,andlow-costinteractiondevices.Besidessuchde-
vices, the PSSis equippedwith threefoot switchesasan
equivalent to standardmousebuttons. Furthermore,stan-
darddesktopinput devicessuchasa keyboardandmouse
canbeused.

3.2.CascadingPersonalSpaceStations

Thedesignof thePSSallows for thecascadingof mul-
tiple individual stations,therebycreatinga multi-user, col-
laborative VR/AR environmentwith a sharedworkspace.
Figure2 illustratesthe concept. It shows how two, three,
four, or � ve individual PSSscan be cascaded.The users
sit aroundthesharedworkspace.They canseeeachother,
communicate,shareinput devices,andmanipulatethevir-
tualandrealobjects.

Calibration and registration. Accuratecalibrationand
registrationof the display and interactionspacesof each
individual PSS,as well as the registrationamongthe in-
dividual PSSsis essentialto establisha co-locatedshared
workspace. By calibration,we meanthat for eachcom-
ponentin itself an appropriatecoordinatesystemmustbe



Figure 2. Cascading Personal Space Stations.
Left: schematic side view of a two­user JSS.
Right: top views of two, three , four , and �ve­
user con�gurations.

establishedof known units. By registrationwe meanthat
an accuraterelationshipbetweenthesecoordinatesystems
mustbedeterminedto obtainbijective transformationfunc-
tionsbetweenall coordinatesystems.Accuratecalibration
and registration is most important in AR, sinceany mis-
alignmentbetweenreal andvirtual objectsis immediately
noticeable.

Figure 3 depictsthe different coordinatesystemsthat
have to becalibratedandregisteredfor a two-usercon�gu-
ration. In eachPSS,thecoordinatesystemV of thevisual
spacehasto bedetermined.V is de�ned by thecoordinate
systemsD of thedisplayandM of themirror. Furthermore,
therearecoordinatesystemsH of theheadtracker, I of the
interactiontracker, andW of therealworld.
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Figure 3. Coor dinate systems in a two­user
JSS. The interaction trac kers are used for reg­
istration.

Wehavedevelopedastep-by-stepprocedureto establish
thecalibrationandregistrationof eachindividual PSSand
theregistrationamongmultiplePSSs.Thebasisof thispro-
cedureis theoptical interactiontrackingsystem.Oncethe
optical trackingsystemof a PSSis calibrated,it is usedto
register the headtracker, display, andmirror of that PSS.
The �nal step comprisesthe registration of the different
PSSsby registeringthe optical tracking systemsof these
PSSsin relationto eachotherandto the world coordinate
system:

1. RegistereachindividualPSS:

(a) Calibratetheopticaltrackingsystemto obtainI .

(b) RegistertheheadtrackingcoordinatesystemH.

(c) RegisterthedisplaycoordinatesystemD.

(d) Registerthemirror coordinatesystemM.

2. RegisterthePSSsin relationto eachother:

(a) Registerall opticalinteractiontrackingsystemsI
andtherealworld coordinatesystemW.

For thecalibrationof theopticalinteractiontrackingsys-
tema methodasdevelopedby Zhang[33] is used,which is
extendedto calibrateandregistertwo camerasat once. A
calibrationpanelconsistingof a rectangulargrid of known
dimensionswith retrore�ective markersis heldat different
positionsandorientationsin front of thecameras.For each
positionandorientation,a snapshotis taken by both cam-
erassimultaneously. For eachcamera,the procedurethen
computes6 extrinsic cameraparameters(positionandori-
entation),and 8 intrinsic parameters(focal length, aspect
ratio, imagecenter, andtwo radialplus two tangentialdis-
tortioncoef�cients).

Once the optical interaction tracking system is cali-
brated,it is usedto register the headtracker, the display,
and the mirror. The headtracker sensor, the display, and
themirror areequippedwith known patternsof retrore�ec-
tive markers. Becausethe sensor, display, andmirror are
outsideof thetrackedinteractionspace,a supportmirror is
positionedinside this volume to bring them into the �eld
of view of the optical trackingsystem,seeFigure4. This
supportmirror is alsoequippedwith a known marker pat-
tern. The optical interactiontrackingsystemreconstructs
thepatternsandcomputesthepositionsandorientationsof
the displayandthe mirror insidethe PSSchassis,thereby
registeringD, M, andV. Furthermore,it comparesthe re-
constructedheadtracker sensorpositionsandorientations
to thepositionsandorientationsreportedby theheadtrack-
ing systemin order to register the headtrackingsystem's
coordinatesystemH.

Figure 4. Registering the displa y, mirr or, and
head trac ker with the use of a suppor t mirr or.



The �nal step comprisesthe registration of the PSSs
amongeachother and to the real world. This is accom-
plishedby placinga known patternat pre-de�nedpositions
andorientationsat the table-topsuchthat it is seenby the
interactiontracking systemsof multiple PSSs. A best �t
is determinedbetweenthepatternpositionsreportedby the
differenttrackingsystemsto obtainthe inter-PSSandreal-
world registration.

Communication and synchronization. The JSS is a
modularsystem. EachPSSis driven by its own PC run-
ning our in-housesoftwareframework PVR [17]. In PVR,
anumberof separateprocesses(for rendering,tracking,ap-
plication,etc.) communicateby postingandsubscribingto
eventson a (conceptual)bus. For the JSS,PVR was ex-
tendedto allow communicationbetweenmultiple instances
of PVR,eachdriving their own PSS.

Figure 5 depictsthe extendedsoftware model of PVR
usedfor inter-stationcommunicationandsynchronization.
Theeventsubscribingandpostingmechanismwasextended
to spanmultiplebusses(i.e. multiplePSSs).It usesadecen-
tralizeddatacommunicationapproach,establishingpeer-to-
peer(P2P)busconnectionsonly if eventsubscriptionto re-
motebussesis requested.

Tracking
Manager

Head
Tracking

Interaction
Tracking

Pedals

File I/O
Process

Tracking
Manager

Head
Tracking

Interaction
Tracking

Pedals

File I/O
Process

Tracking
Manager

Head
Tracking

Interaction
Tracking

Pedals

File I/O
Process

Server

Directory

Render
Process

Compute
Process

Conceptual Bus

Communication
Channel

Interface

PSS B

Render
Process

Compute
Process

Conceptual Bus

Communication
Channel

Interface

PSS A

Render
Process

Compute
Process

Conceptual Bus

Communication
Channel

Interface

PSS C

PSS N

Figure 5. The software model.

In order for bussesto communicateP2P, a Communi-
cationChannelInterface(CCI) processwasaddedto each
busand,asa separateentity, a basicdirectoryserver where
bussesregister to get a uniquebus identi�cation number.
The CCI usesa freely availableSOAP implementationto
communicateeventsoverstandardTCP/IPsockets.

3.3.Prototype

Threeindividual PSSshave beenbuilt at CWI. Eachof
thesecanbeusedin stand-alonemode,or they canbecas-
cadedto form a two or three-personenvironment,asshown
in Figure6. The woodenboxesthat containthe monitors
are equippedwith hinges. Thesehingesare usedto con-
nect two PSSstogetherto constructa rigid setup. Each
prototypePSSis equippedwith a 22” IiyamaCRT display,
providing imagesof 1280x1024pixels at 120 Hz. Inter-
action tracking in eachPSSis performedthroughthe use
of two LeutronVision LV-7500progressive scancameras
�tted with ComputarH3616FI lenses. The cameraim-
agesaregrabbedthroughtwo LeutronVision PicPortH4D
dual channelframegrabbers.Headtracking is performed
with two iBOT FireWire cameras.EachPSSis driven by
a standardPC system(a dual processor1.6 GHz AMD
Athlon systemsor asingleprocessor2.2GHzIntel systems)
equippedwith aNVidia GeForce4 seriesgraphicscardand
runningaLinux operatingsystem.

Figure 6. The prototype PSSs in two and
three­user JSS con�gurations.

Figure7 shows a two-personstationin action. The two
participantsaresitting at their own PSSwhich areplaced
oppositeeachother. As an exampleapplication,we have
createda collaborative two-persongame inspired by the
wire-through-ringgame.Thetwo userseachhold oneend-
segmentof a three-segmentinput device,seeFigure7. The
segmentsof the device are �e xibly connected;eachuser
thuscontrolsthepositionof oneendof themiddlesegment
andtogetherthey control theorientationof themiddleseg-
ment. The taskis to move thedevice from onesideof the
workspaceto theotherwhile avoidingcontactwith bothvir-
tualandphysicalobstructionsplacedin theworkspace.

Inside the workspace,a physical object is placed,con-
taining the physical obstructions.Retrore�ective markers
areappliedto the object in a speci�c pattern. This allows
the trackingsystemto monitor the objectplacement.The
applicationcontainsamodelof theobjectthatis usedto de-
tectcollisionsbetweentheinputdeviceandtheobject,such
thatvisualandaudiblefeedbackcanbeprovidedin caseof
a collision. In additionto thephysicalobject,a numberof
virtual obstructionobjectscanbe de�ned. Figure7 shows



Figure 7. A two­per son collaborative wire­
thr ough­ring game. Top: System overview
(left) and workspace (right). Bottom: The VR
view of user 1 (left) and the AR view of user 2
(right).

the views of the two usersduring the game. Oneuserhas
anAR view (semi-transparentmirror), while theotherhasa
VR view (fully-re�ecti ve mirror).

4. Discussion

The JSS provides a near-�eld, collaborative desktop
VR/AR environmentwith asharedworkspace.Theconcept
of multiplecascadedmirror-baseddisplaysystemshasboth
advantagesand disadvantagescomparedto other shared
workspacesystems.

4.1.Merits

Image quality: One of the major bene�ts of the JSSis
theimagequality. Eachuseris providedwith hisown high-
resolutionstereoscopicdisplay. ThePSSsin our prototype
JSSarecurrentlyequippedwith 22” CRT monitorswhich
provide 1280x1024pixelsat 120Hz. OtherCRT monitors
on themarket canprovide evenhigherresolutionsat suf�-
cientrefreshrates.Comparedto thecurrentHMD technol-
ogy, theJSSprovidesbetterdisplayqualityat lowercosts.

Image Stability: Stationarymounteddisplaysprovide a
morestableview of the virtual world thando HMDs, pri-
marily becausethey arelesssensitive to noisein theorien-
tation reportedby the headtracker system[10]. Whereas
in HMDs a slight rotationaltrackingerror causesan error
of the samemagnitudein the image,the distortion in the
imageonastationarydisplayis far less.

Accommodation-convergencerelation: A known prob-
lemin stereoscopicVR andAR displaysystemsis theviola-
tion of theaccommodation-convergencerelation[11]. This
is considereda possiblecausefor perceptualerrors,fusion
problems,visualdiscomforts,anduserfatigue.Thefurther
awayfrom thedisplayscreentheobjectshaveto appear, the
morelikely theseproblemsarise.In thePSS,theVirtual Fo-
cusPlaneis centeredin theinteractionspace.Therefore,the
renderedobjectswill be locatedcloseto the virtual focus
plane,therebyreducingaccommodation-convergencecon-
�icts. Thiscanalsobeachievedin HMDs. In environments
like the PIT andthe IllusionHole however, wherethe vir-
tual objectsto beseenwill alwaysbe locatedsubstantially
in front of the focusplane,theviewing problemsaremore
likely to occur.

3D interaction: All participantscaninteractwith thereal
and virtual world. 3D interactionin the JSSis basedon
wireless,graspableinteractiondevices,andtakesplacedi-
rectly in the 3D workspace,co-locatedwith the visually
perceived 3D world without obscuringthe view. Both
co-locationand graspabilityhave beenshown to improve
3D taskperformance[2, 31, 13, 12]. The interactionde-
vicescanbe genericor taskspeci�c, they canbe usedbi-
manually, andthey canbesharedamongtheusers.

2D interaction: A PSScanalsoberegardedasa normal
desktopsystemenhancedwith 3D functionality. This im-
plies that we can still usethe common2D desktopinput
devicesasthekeyboardandmouse,alongwith theproven
2D WIMP metaphor. We arecurrentlyexperimentingwith
this paradigm.For instance,we have developeda tool that
allows for theuseof a3D interactiondevice to drive the2D
desktopmousepointerto allow amoreseamlessintegration
of 2D and3D interaction.

Inter -user communication: Like HMD-basedAR sys-
tems,theJSSallowsall participantsto seeeachother, andto
have normalinter-humancommunication.In the JSS,this
is alsopossiblewhentheJSSis con�guredasaVR system.

Modularity and �exibility: The JSSis a modularand
�e xible system. EachPSScan be usedstand-aloneor as
part of a multi-usercon�guration. EachPSScanhave his
own representationof thevirtual world, andit caneasilybe
con�guredaseitheraVR or anAR system,allowing multi-
representationandmixedVR/AR con�gurationswithin one
multi-userenvironment.

Ergonomics: Any discomforts causedby intrusive or
uncomfortableinteraction devices, viewing devices, or
system-relatedenvironmental conditions (dimmed light,
temperature)will haveanegative impacton theusabilityof
thesystem.TheJSScanbeusedunderof�ce working con-
ditions,theusersareseatedatadesk,andthey only have to
weara pair of light-weight polarizationglasses(thesecan



even be omitted when auto-stereoscopicdisplayssuchas
the SeeReal3D display[29] becomemorematureandaf-
fordable).

Low cost: ThePSS,andthereforeJSS,is constructedout
of commodity, off the shelf components.The total hard-
warecostsfor a singlePSSareabout5 kEuro.For theJSS,
this �gure is multiplied by the numberof users. Keeping
the costsdown increasesthe potentialusermarket for the
systemsigni�cantly.

4.2.Limitations

Outside-in viewing: The JSS is a near-�eld, desktop
VR/AR environment.Obviously, theJSSdoesnot provide
full immersionnor wide areaAR ascanbeachievedby us-
ing HMDs. Althoughthis is a limitation, therearemany ap-
plicationareasthatdo not requirefull immersionor wide-
areaAR. Examplesof suchapplicationscan be found in
CAD, industrialassembly, scienti�c visualization,molecu-
lar graphics,etc. Thesetype of applicationsareoften re-
ferredto as`outside-in',wheretheuseris lookingator into
the virtual world from the outside,in contrastto `inside-
out', wheretheuseris insideandsurroundedby thevirtual
world.

Indi vidual workspace size: We de�ne the visual space
of a userat a PSSasthe areathe usercanseewith mod-
erateheadand upperbody movements,seeFigure 8 (a).
The interactionspace, wherea usercanperformdirect3D
interaction,is limited to the areathat the usercan reach,
asshown in Figure8 (b). Beyond that area,the usermust
fall backto remoteinteractiontechniques,or usenavigation
techniquesto bring the areaof interestwithin reach. We
de�ne theuser's directworkspaceastheintersectionof the
user's visualspaceandinteractionspace,seeFigure8 (c).

In a PSS,the �eld of view providedto a useris slightly
larger than that of a standarddesktoparrangement,since
theVirtual FocusPlaneis locatedcloserto theviewer than
a monitoron a desktopwould usuallybe. In theprototype
PSSsthe 22” CRT monitorsyield a �eld of view of about
50degreeshorizontaland40degreesvertical,which is sub-
stantiallylargerthanmostHMD systemsprovide. However,
in thePSSthevisualspaceis ata �x edlocation.

Shared workspacesize: In theJSS,theactualshareddi-
rectworkspacecomprisestheintersectionof eachPSS'sdi-
rectworkspace.Figure8 (d) and(e) show theworkspaces
for atwo andthree-userJSS.In theshareddirectworkspace,
all userscandirectly interactwith the virtual andphysical
world. Outsidethis area,oneor moreuserswill notbeable
to reachthevirtual or realobjectsandwill have to fall back
to othermeansof interaction:In caseof virtual objects,re-
mote interactionor navigation techniquescan be applied.
For physical(or virtual) objects,theusercanaskotherusers
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Figure 8. Schematic views of the workspaces.
Top: a single user' s visual space (a), interac­
tion space (b), and direct workspace (c). Bot­
tom: direct workspace for two (d) and three
(e) user s.

to performtheinteractionfor him, or hecanaskfor theob-
ject to bepassedalong,justaswewould if wecannotreach
thesaltat thedinnertable.

As can be deductedfrom Figures8 (d) and (e), the
placementof theindividual PSSsrelative to eachotherhas
a direct effect on the sharedworkspace. Moving PSSs
closerto eachother increasesthe shareddirect interaction
workspace,but reducesthesharedvisualspace.Viceversa,
moving PSSsaway from eachotherenlargesthesharedvi-
sualspace,but reducestheshareddirect interactionspace,
possiblyto the point wherean areabecomesunreachable
for all users.

5. Summary and conclusion

The Joint SpaceStationis an environmentfor collabo-
rative desktopVR/AR with a physically sharedworkspace.
Theenvironmentis uniquein thesensethatit provideshigh-
resolutionstereoscopicimagesanddirect3D interactionto
all users. Furthermore,the environmentis modular, �e xi-
ble, low-cost,andit canbeusedunderof�ce working con-
ditions.

Themodularcomponentof theJointSpaceStationis the
PersonalSpaceStation;asingle-userenvironmentfor near-
�eld virtual andaugmentedreality. ThePSSsupportsdirect
interactionthroughoptical trackingof simple,wirelessin-
teractiondevices. The PSSis designedsuchthat multiple
PSSscanbecascadedto createthemulti-userenvironment.

As for futurework, we feel that theJSSprovidesanex-
cellentplatformfor performinguserstudieson3D taskper-
formanceandcollaborationunderdifferent`degreesof vir-
tuality'. In thewire-through-ringgamefor instance,wecan
comparehumanperformancein playingthegamein acom-
pletelyvirtual con�guration to playing thegamein a com-



pletely physical con�guration, andnumerousintermediate
con�gurations. As for technicalimprovementsto the JSS,
we planto investigatetheuseof differentlyshaped,curved
and/orsegmentedmirrors to enlarge the �eld of view and
thevolumeof the(shared)workspace,andinvestigatetech-
niquesto providemorerealisticobjectocclusion.
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