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Abstract

We presenta collaborative desktopVirtual and Aug-
mentedReality systemwith a shawed physicalworkspace:
the Joint SpaceStation. It is constructedout of multiple
single-usenear eld Virtual or AugmentedRealitystations
using mirror-baseddisplays. The Joint SpaceStationpro-
videshigh-resolutionstereoscopidmagesanddirect3D in-
teraction to all participants. The ervironmentis modular
exible, low-cost, and can be usedunder of ce working
conditions. We describethe design,implementationand
applicationof a prototypeJoint SpaceStation,and discuss
themeritsandlimitationsof theconcept.

1. Intr oduction

Virtual and AugmentedReality (VR/AR) have cometo
the point wherethey can be appliedin mary application
areasjncludingtraining, scienti ¢ visualization,industrial
assembly3D modeling,gaming,etc. Many applicationsn
theseelds however, tendto be groupactiities wheremul-
tiple participantswork togetherand communicateio share
their knowledgeandinsights. In scienti ¢ visualizationfor
example, it is our experiencethat scientistsoften work in
small groupsof two to four peoplewhen examining and
evaluatingvisualizationresults.

MostVR ervironmentsaresuitablefor singleusersonly.
Such environmentshave beenappliedin distributed col-
laborative applicationsmultiple participantsphysically lo-
catedat differentlocationscancollaborateandwork on the
sameapplication. Most systemshowever, arenot aimedat
collaborationin a physicallyshaedworkspacevheremul-
tiple userscan simultaneouslyiew and interactwith the
samevirtual objectsin thesamephysicalworkspaceln AR,
moreresearctasbeendonein theareaof collaborationin
a sharedspace.Most of thesesystemsare basedon head-
mounteddisplay (HMD) technology Although progressds
beingmadein thedevelopmenbf HMDs, comparedo ordi-
narydesktopCRT'sthey still fall behindon aspectdikeim-
agequality, resolution, eld of view, egonomicsandcost.
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In this paper we presenta conceptfor a modular
collaboratve desktopVR/AR environmentwith a shared
workspace:the Joint SpaceStation (JSS).The systemis
constructedut of multiple individual desktopVR/AR sta-
tions. Eachstationusesa mirrored CRT displayallowing
co-locatedvisualandinteractionspacesThesestationscan
be cascadedbgethetto allow multiple usersto work within
asharedvorkspaceThemainadwantage®f ourdesignare:

It provides stable and high-resolution stereoscopic
viewing to all participants;

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

It is modularandeasilycon gurablefor multiple users
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 Section3wewill describeheconcepts
of the JSS:the modularunit (the PersonaBpaceStationor
PSS)andhow thesemodularunits arecascadedo createa
multi-userVR/AR system,ncludinginter-systemregistra-
tion and calibration,and inter-systemcommunicationand
synchronization.In addition,a prototypeJSSis presented
alongwith a proof-of-conceptpplication.In Section4 we
will discusghe meritsandlimitations of the JSSconcept.

2. Relatedwork
2.1.SharedworkspaceVR and AR

We limit the review to collaboratve VR and AR aimed
at a physically shaed workspace. We classify the work
accordingto the display technologyused: Stationaryand
Non-Stationandisplays.

Stationary display systems. Most stationarydisplayVR
andAR systemsreaimedatasingleuser In thecommonly
usedprojection-basedystemssteredmagesaredisplayed



thatareconstructedor a singleviewpoint. Although mary
usersare ableto look at the images(for instanceonecan
easily t ve peoplein aCAVE [10]), only onepersonper
ceivesthe correct3D images;all otherviewershave a dis-
tortedview. Furthermorejnteractionwith the virtual ervi-
ronmentis usuallyresenedto thatonepersonwho hasthe
correctview.

Two exceptions are the Protein Interactve Theater
(PIT) [4] and the Two-User Responsie Workbench[1].
Both systemsare basedon rearprojecteddisplays, and
provide two userswith head-trackd, stereoscopiémages
throughthe useof shutterglasses.The PIT usestwo ver
tical projectionscreenspnefor eachuser The Two-User
Responsie Workbenchusesa single horizontalprojection
screenonto which the imagesfor the two usersare dis-
playedin atime-sequentiainanner Neitherthe PIT northe
Two-UserWorkbenchcaneasilybe extendedo moreusers.
In the PIT it will be hardto arrangethe projectionscreens
suchthatall userswill have aview of thesharedspace For
the Workbenchthe requiredframeratesandimagebright-
nessposetechnicalproblems.

Recently new developmentsn the areaof multi-viewer
displayshave emeged. Two examplesare the lllusion-
Hole[14] andthe Virtual Shavcas€8]. Boththesesystems
aim at providing multiple head-trackd usersstereoscopic
imagesrenderedn a separateindividual viewing areaof a
display

In thelllusionHoleadisplaymaskwith onelargeholein
its centeris placedoverthedisplay Multiple obsererslook
throughthe hole in the maskat an individual areaof the
display surface. Theseobseners however, musttake care
thattheirindividual areason the displaydo not overlap,i.e.
they cannotmove too closeto eachother In addition,all
viewersonly seea small portion of the display hencethe
eld of view andpixel resolutionarelimited.

TheVirtual Shavcaseis a multi-viewer AugmentedRe-
ality display device that mimics a physical shavcaseused
for exhibit purposes.In the Virtual Shavcase,an upside-
down pyramid-shapedsemi-transparentirror is mounted
ontopof ahorizontaldisplay It supportsipto four simulta-
neousviewers;eachviewerlooksvia onemirror of thepyra-
mid athis own individual partof adisplay Theviewersper
ceive thedisplayedobjectasbeinglocatedinsidethe shav-
caseof mirrors. Sincethe mirrorsaresemi-transparenteal
objectsplacedinsidethe shavcasecanalsobe seen.How-
ever, sincetherealandvirtual objectsarelocatedinsidethe
shonvcasedirectmanipulatiorof theobjectsis notpossible.

Non-stationary display systems. The mostcommonap-
proachtoward sharedvVR and AR is with the useof Head
Mounted Displays (HMDs). In VR systems,the HMD

blocksthe view of the real world, therebyimmersingthe
userinto thevirtual world completely This hinderscollab-
orative work in a sharedwvorkspacesincethe useof avatars

is requiredto represenbtherparticipants.Suchavatarsare
not capableof communicatingn the samerich way ashu-
mansdo.

In AR systemsthe real world can also be seen. This
is achieved by either having a semi-transparenfor see-
through HMD, or by displaying a live video streamof
therealworld onthe HMD. Two examplesof collaboratve
augmentedeality with a sharedvorkspacearethe Studier
stubg[27] andthe SharedSpacd7]. Bothsystemsrebased
on see-throughHMDs. MagicMeeting[25] andthe Virtual
RoundTable[9] aretwo collaboratve AR systemsaimed
at creatinga sharedworkspaceon a table-top. The Virtual
RoundTableusessee-througtiMDs, while in MagicMeet-
ing the userswear(monoscopicyideo-basedHMDs.

Several userstudieson sharedworkspaceVR/AR have
beenconductedy Kiyokawaetal. [15, 16] andBillinghurst
etal. [6, 5]. Among the resultsfrom thesestudiesare
the importanceof beingableto seethe co-usersthe pos-
itive effect of the co-locationof the interactionspaceand
thecommunicatiorspaceandthe negative impactof visual
perceptiorissueselatedotheHMDs, 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
RoundTablesystemdisturbsthe users view signi cantly.

A different classof non-stationaryVR or AR display
systemsarethe hand-heldsystems.Usually a small hand-
held display device is tracked that senes as a “window'
throughwhich one canlook at the VR or AR world. Two
examplesof theapplicationof suchahand-heldisplaysys-
temsin acollaboratve AR settingare Trans\ision [26] and
the AR-Pad[20].

2.2.Mirr or-basedco-locationdisplay systems

The rst mirror-basedlisplaysystenmwasintroducedby
Schmandin 1983[28]. By viewing stereoscopiémages
displayednamonitorvia amirror, theco-locatiorbetween
the interactionspaceand the visually perceved 3D scene
canbe established.That s, the usercanreachunderthe
mirror into the virtual world without obscuringthe image
or colliding with the monitor. This allows for propriocep-
tion and hand-ge coordinationto be exploited, andinter-
actionbecomesanore direct. Empirical researchindicates
thatsuchco-locationcanimprove 3D taskperformancesig-
ni cantly [2, 31]. The mirror canbe eitherfully re ective,
resultingin a VR system,or semi-transparertbp obtainan
AR system.

Severalmirror-basedo-locationsystemsave beenbuilt
andusedin researchtandapplications.A commercialsys-
temis available from ReachlIn[24]. It is equippedwith a
semi-transparenmirror anda Phantomforce-feedbackn-
teractiondevice. The systemis not equippedwith head-



tracking. Therefore,the perceved location of the physi-
cal Phantondevice will hardlyever correspondo thevisu-
ally perceved virtual location. At MIT, the Virtual Work-
benchhasbeendeveloped[32], a con guration similar to
the ReachIn.They presenstudieson depthperceptiorand

the calibrationbetweenthe visual and interactionspaces.

Their experimentsvereconductedwith the subjects’heads
ata x edlocation.At the SimonFrasetUniversity, the (En-

hanced)irtual HandLab hasbeendeveloped/19], primar

ily asaresearchool for the studyof gesturalandfull hand
pointing input techniques. It usesthe commercialOpto-
Track optical trackingsystenmto registerthe handmotions.
Otherwork on mirror-baseddisplay systemss performed
at the University of Singaporeby Postonet al [23]. They

usea fully re ective mirror, andtwo stylus-like input de-

vicesequippedwith electromagneti¢rackers. The system
hasbeenappliedin medicalapplicationd30].

3. The Joint SpaceStation

The mainmotivationfor designingandconstructinghe
JSSwasto createa low-cost,ergonomic,sharedvorkspace
desktopVR/AR systenthatexploits the bene ts of mirror-
baseddisplay systemssuch as co-locatedinteractionand
high quality imaging. The modular unit of the JSSis
the PersonalSpaceStation(PSS);a single-usernear eld
desktopVR/AR systemwith supportfor direct3D interac-
tion [22]. Thedesignof the PSSallows for multiple units
to becascadethto a multi-usersharedspacesrvironment.

3.1.The Personal SpaceStation

The PSSis a mirror-basedco-locationdisplay system
built out of low-cost, off the shelf components.lts design
anda prototypearedepictedn Figurel. Theuseris seated
in front of a mirror which re ects the stereoscopiémages
of the virtual world asdisplayedby the monitor. The user
reachesinderthe mirror into the virtual world without ob-
scuringtheimageor colliding with the monitor.

PSSdisplay. Thedisplaydevice of the PSSconsistof a
standardCRT monitorwhich hasbeenmodi ed to display
left-right re ected. The prototypePSSasdepictedin Fig-
ure 1 is equippedwith a Logitechacousticaheadtracker.
Other prototypeshave beenequippedwith a custombuilt
optical headtracking systembasedon two low-costiBOT
FireWire camerag21], which hasbetterrelative accurag
andis more comfortablein use. For stereoscopiwiewing,
standardshutteglassesor a polarizationscreenin combi-
nationwith polarizedglassesreused. The mirror re ects
the displaysurfaceof the CRT monitorinto a virtual focus
plane (VFP) in front of the user Whena fully re ective
mirror is usedthe PSScanbe regardedasa near eld VR
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Figure 1. Schematic side view and a prototype
of the Personal Space Station.

system.Whenreplacingthe mirror with a semi-transparent
onethe PSSbecomesan AR system;in additionto the vir-
tualworld theusercanalsoseewhatis behindthe mirror in
therealworld. Hencea mix of virtual andreal objectscan
beestablished.

PSSinteraction. Interactionin the PSSis performeddi-
rectly in the 3D workspace.To trackinteraction,a custom
optical tracking systemis used,similar to the ART track-
ing system[3]. Theinteractionspacels monitoredby two
cameras.Eachcamerais equippedwith an Infra-Red(IR)
passlter in front of thelensandaring of IR LEDs around
thelens. Patternsof retro-re ective markersareappliedto
the objectsto betracked. The opticaltrackingsystemuses
the marker patternsto identify andreconstructhe 3D po-
sitionsof the objects[18]. This allows usto usegraspable,
wirelessandlow-costinteractiondevices. Besidesuchde-
vices, the PSSis equippedwith threefoot switchesas an
equivalentto standardmousebuttons. Furthermore stan-
darddesktopinput devices suchas a keyboardand mouse
canbeused.

3.2.CascadingPersonal SpaceStations

The designof the PSSallows for the cascadingpf mul-
tiple individual stations therebycreatinga multi-user col-
laboratve VR/AR ervironmentwith a sharedworkspace.
Figure 2 illustratesthe concept. It shavs how two, three,
four, or ve individual PSSscan be cascaded.The users
sit aroundthe sharedworkspace.They canseeeachother
communicateshareinput devices,and manipulatethe vir-
tual andreal objects.

Calibration and registration. Accuratecalibrationand
registration of the display and interactionspacesof each
individual PSS,as well as the registrationamongthe in-
dividual PSSsis essentiato 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 two-user JSS.
Right: top views of two, three, four, and ve-
user con gurations.

establishedf known units. By registrationwe meanthat

an accuraterelationshipbetweenthesecoordinatesystems
mustbedeterminedo obtainbijective transformatiorfunc-

tions betweenall coordinatesystems.Accuratecalibration
and registrationis mostimportantin AR, sinceary mis-

alignmentbetweenreal andvirtual objectsis immediately
noticeable.

Figure 3 depictsthe different coordinatesystemsthat
have to be calibratedandregisteredfor a two-usercon gu-
ration. In eachPSS the coordinatesystemV of the visual
spacehasto be determined.V is de ned by the coordinate
systemdD of thedisplayandM of themirror. Furthermore,
therearecoordinatesystemdH of the headtracler, | of the
interactiontracker, andW of therealworld.
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Figure 3. Coordinate systems in a two-user
JSS. The interaction trackers are used for reg-
istration.

We have developeda step-by-steprocedureo establish
the calibrationandregistrationof eachindividual PSSand
theregistrationamongmultiple PSSsThebasisof this pro-
cedureis the opticalinteractiontrackingsystem.Oncethe
opticaltrackingsystemof a PSSis calibrated,it is usedto
register the headtraclker, display and mirror 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. Rejistereachindividual PSS:

(a) Calibratetheopticaltrackingsystemto obtainl.
(b) RegistertheheadtrackingcoordinatesystemH.
(c) RegisterthedisplaycoordinatesystemD.
(d) Registerthemirror coordinatesystemM.

2. Registerthe PSSdn relationto eachother:

(a) Registerall opticalinteractiontrackingsystems
andtherealworld coordinatesystemw.

For thecalibrationof theopticalinteractiontrackingsys-
temamethodasdevelopedby Zhang[33] is usedwhichis
extendedto calibrateandregistertwo camerasat once. A
calibrationpanelconsistingof a rectangulagrid of known
dimensionswith retrore ective markersis held at different
positionsandorientationsn front of the camerasFor each
positionand orientation,a snapshots taken by both cam-
erassimultaneously For eachcamerathe procedurethen
computess extrinsic cameraparametergpositionandori-
entation),and 8 intrinsic parametergfocal length, aspect
ratio, imagecenter andtwo radial plus two tangentialdis-
tortion coefcients).

Once the optical interaction tracking systemis cali-
brated,it is usedto registerthe headtracler, the display
andthe mirror. The headtracker sensorthe display and
the mirror areequippedwith known patternsof retrore ec-
tive markers. Becausehe sensardisplay and mirror are
outsideof the tracked interactionspacea supportmirror is
positionedinside this volumeto bring theminto the eld
of view of the optical tracking system,seeFigure4. This
supportmirror is alsoequippedwith a known marker pat-
tern. The optical interactiontracking systemreconstructs
the patternsaandcomputeghe positionsandorientationsof
the display andthe mirror insidethe PSSchassisthereby
registeringD, M, andV. Furthermorejt compareghe re-
constructecheadtracker sensomositionsand orientations
to thepositionsandorientationgeportecby the headtrack-
ing systemin orderto registerthe headtracking systems
coordinatesystemH.
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Figure 4. Registering the display, mirr or, and
head tracker with the use of a suppor t mirror.




The nal step comprisesthe registration of the PSSs
amongeachotherandto the real world. This is accom-
plishedby placingaknown patternat pre-de nedpositions
andorientationsat the table-topsuchthat it is seenby the
interactiontracking systemsof multiple PSSs. A best t
is determinedetweerthe patternpositionsreportedoy the
differenttrackingsystemsdo obtainthe interPSSandreal-
world registration.

Communication and synchronization. The JSSis a
modularsystem. EachPSSis driven by its own PC run-
ning our in-housesoftwareframevork PVR [17]. In PVR,
anumberof separat@rocessefor renderingtracking,ap-
plication, etc.) communicatdy postingandsubscribingo
eventson a (conceptual)us. For the JSS,PVR was ex-
tendedo allow communicatiorbetweermultiple instances
of PVR, eachdriving their own PSS.

Figure 5 depictsthe extendedsoftware model of PVR
usedfor inter-stationcommunicatiorand synchronization.
Theeventsubscribingandpostingmechanismvasextended
to spanmultiple bussegi.e. multiple PSSs)It usesadecen-
tralizeddatacommunicatiorapproachestablishingpeerto-
peer(P2P)busconnection®nly if eventsubscriptiorto re-
motebussess requested.
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Figure 5. The software model.

In order for bussesto communicateP2R a Communi-
cation Channelinterface(CCI) processvasaddedto each
busand,asa separatentity, a basicdirectorysenerwhere
bussesregisterto get a unique bus identi cation number
The CCI usesa freely available SOAP implementationto
communicateventsover standardlr CP/IPsoclets.

3.3.Prototype

Threeindividual PSSshave beenbuilt at CWI. Eachof
thesecanbe usedin stand-alonenode,or they canbe cas-
cadedo form atwo or three-persorervironment,asshavn
in Figure6. The woodenboxesthat containthe monitors
are equippedwith hinges. Thesehingesare usedto con-
necttwo PSSstogetherto constructa rigid setup. Each
prototypePSSis equippedwith a 22" liyama CRT display
providing imagesof 1280x1024pixels at 120 Hz. Inter
actiontrackingin eachPSSis performedthroughthe use
of two Leutron Vision LV-7500 progressie scancameras
tted with ComputarH3616FI lenses. The cameraim-
agesaregrabbedhroughtwo LeutronVision PicPortH4D
dual channelframe grabbers.Headtrackingis performed
with two iBOT FireWire cameras.EachPSSis driven by
a standardPC system(a dual processorl.6 GHz AMD
Athlon system®r asingleprocessoR.2 GHz Intel systems)
equippedvith aNVidia GeForce4 seriesgraphicscardand
runninga Linux operatingsystem.

Figure 6. The prototype PSSs in two and
three-user JSS con gurations.

Figure7 shaws a two-personstationin action. The two
participantsare sitting at their own PSSwhich are placed
oppositeeachother As an exampleapplication,we have
createda collaboratve two-persongame inspired by the
wire-through-ringgame. Thetwo userseachhold oneend-
segmentof athree-sgmentinput device, seeFigure7. The
segmentsof the device are e xibly connected;eachuser
thuscontrolsthe positionof oneendof the middle segment
andtogetherthey controlthe orientationof the middle seg-
ment. Thetaskis to move the device from oneside of the
workspaceéo theotherwhile avoiding contactwith bothvir-
tual andphysical obstructiongplacedin theworkspace.

Inside the workspace a physical objectis placed,con-
taining the physical obstructions. Retrore ectve marlkers
areappliedto the objectin a speci ¢ pattern. This allows
the tracking systemto monitor the objectplacement.The
applicationcontainsa modelof the objectthatis usedto de-
tectcollisionsbetweertheinputdevice andtheobject,such
thatvisualandaudiblefeedbackcanbe providedin caseof
acollision. In additionto the physical object,a numberof
virtual obstructionobjectscanbe de ned. Figure7 shavs



Figure 7. A two-person collaborative wire-
through-ring 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-transparemtirror), while theotherhasa
VR view (fully-re ective mirror).

4. Discussion

The JSS provides a near eld, collaboratve desktop
VR/AR ervironmentwith asharedvorkspaceTheconcept
of multiple cascadedhirror-basedlisplaysystemshasboth
adwantagesand disadwantagescomparedto other shared
workspacesystems.

4.1.Merits

Image quality: One of the major bene ts of the JSSis
theimagequality. Eachuseris providedwith his own high-
resolutionstereoscopicdlisplay The PSSsn our prototype
JSSarecurrentlyequippedwith 22” CRT monitorswhich
provide 1280x1024pixelsat 120Hz. OtherCRT monitors
on the market canprovide even higherresolutionsat suf-

cientrefreshrates.Comparedo the currentHMD technol-
ogy, the JSSprovidesbetterdisplayquality atlower costs.

Image Stability:  Stationarymounteddisplaysprovide a
more stableview of the virtual world thando HMDs, pri-
marily becausehey arelesssensitve to noisein the orien-
tation reportedby the headtracler system[10]. Whereas
in HMDs a slight rotationaltracking error causesan error
of the samemagnitudein the image, the distortionin the
imageon a stationarydisplayis far less.

Accommaodation-corvergencerelation: A known prob-
lemin stereoscopi¥’R andAR displaysystemss theviola-
tion of theaccommodation-caergencerelation[11]. This
is considereda possiblecausefor perceptuakrrors,fusion
problemsyisual discomfortsanduserfatigue. The further
away from thedisplayscreerthe objectshave to appearthe
morelikely theseproblemsarise.In thePSStheVirtual Fo-
cusPlaneis centeredn theinteractionspace Thereforethe
renderedobjectswill be locatedcloseto the virtual focus
plane,therebyreducingaccommodation-caergencecon-
icts. Thiscanalsobeachievedin HMDs. In ervironments
like the PIT andthe lllusionHole however, wherethe vir-
tual objectsto be seenwill alwaysbe locatedsubstantially
in front of the focusplane,the viewing problemsaremore
likely to occur

3Dinteraction: All participantaninteractwith thereal
and virtual world. 3D interactionin the JSSis basedon
wireless,graspablénteractiondevices,andtakes placedi-
rectly in the 3D workspace,co-locatedwith the visually
perceved 3D world without obscuringthe view. Both
co-locationand graspabilityhave beenshowvn to improve
3D taskperformancd2, 31, 13, 12]. Theinteractionde-
vicescanbe genericor task speci ¢, they canbe usedbi-
manually andthey canbe sharecamongtheusers.

2D interaction: A PSScanalsoberegardedasanormal
desktopsystemenhanceavith 3D functionality Thisim-
plies that we canstill usethe common2D desktopinput
devicesasthe keyboardandmouse alongwith the proven
2D WIMP metaphar We arecurrently experimentingwith
this paradigm.For instancewe have developeda tool that
allows for theuseof a 3D interactiondevice to drive the 2D
desktopmousepointerto allow amoreseamlesmtegration
of 2D and3D interaction.

Inter-user communication: Like HMD-basedAR sys-
tems theJSSallowsall participantgo seeeachother andto
have normalinterhumancommunication.In the JSS,this
is alsopossiblewhenthe JSSis con guredasa VR system.

Modularity and exibility:  The JSSis a modularand
e xible system. EachPSScan be usedstand-aloneor as
partof a multi-usercon guration. EachPSScanhave his
own representatioof thevirtual world, andit caneasilybe
con guredaseitheraVR or anAR systemallowing multi-
representatioandmixedVR/AR con gurationswithin one
multi-userervironment.

Ergonomics: Any discomforts causedby intrusive or
uncomfortableinteraction devices, viewing devices, or
system-relatedervironmental conditions (dimmed light,
temperatureyvill have a negative impacton the usability of
thesystem.The JSScanbe usedunderof ce working con-
ditions,theusersareseatedat a desk,andthey only have to
wear a pair of light-weight polarizationglassegthesecan



even be omitted when auto-stereoscopidisplayssuchas
the SeeReaBD display[29] becomemore matureand af-
fordable).

Low cost: ThePSSandthereforelSS,is constructeaut
of commodity off the shelf components.The total hard-
warecostsfor a singlePSSareabout5 kEuro. For the JSS,
this gure is multiplied by the numberof users. Keeping
the costsdown increaseghe potentialusermarket for the
systemsigni cantly.

4.2.Limitations

Outside-in viewing: The JSSis a near eld, desktop
VR/AR ervironment. Obviously, the JSSdoesnot provide

full immersionnor wide areaAR ascanbeachiezedby us-
ing HMDs. Althoughthisis alimitation, therearemary ap-
plication areagthat do not requirefull immersionor wide-

areaAR. Examplesof suchapplicationscan be found in

CAD, industrialassemblyscienti ¢ visualization,molecu-
lar graphics,etc. Thesetype of applicationsare often re-

ferredto as outside-in',wheretheuseris looking ator into

the virtual world from the outside,in contrastto “inside-
out', wherethe useris insideandsurroundedy thevirtual

world.

Individual workspacesize: We de ne the visual space
of a userat a PSSasthe areathe usercan seewith mod-
erateheadand upperbody mavements,seeFigure 8 (a).
Theinteraction space wherea usercanperformdirect 3D
interaction,is limited to the areathat the usercanreach,
asshawn in Figure 8 (b). Beyondthatarea,the usermust
fall backto remoteinteractiontechniquesor usenavigation
techniquedo bring the areaof interestwithin reach. We
de ne theusers directworkspaceastheintersectiorof the
users visualspaceandinteractionspaceseeFigure8 (c).

In a PSS the eld of view providedto a useris slightly
larger than that of a standarddesktoparrangementsince
the Virtual FocusPlaneis locatedcloserto the viewer than
a monitor on a desktopwould usuallybe. In the prototype
PSSsthe 22" CRT monitorsyield a eld of view of about
50degreeshorizontaland40 degreesvertical, whichis sub-
stantiallylargerthanmostHMD systemgprovide. However,
in thePSSthevisualspaces ata x edlocation.

Shared workspacesize: In the JSStheactualshareddi-
rectworkspaceomprisegheintersectiorof eachPSSs di-
rectworkspace.Figure 8 (d) and(e) shav the workspaces
for atwo andthree-usedSSin thesharedirectworkspace,
all userscandirectly interactwith the virtual and physical
world. Outsidethis area,oneor moreuserswill notbeable
to reachthevirtual or realobjectsandwill haveto 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: asingle user's visual space (a), interac-
tion space (b), and direct workspace (c). Bot-
tom: direct workspace for two (d) and three
(e) users.

to performtheinteractionfor him, or he canaskfor the ob-
jectto bepassedlong,justaswe would if we cannotreach
thesaltatthedinnertable.

As can be deductedfrom Figures8 (d) and (e), the
placemenbf theindividual PSSgelative to eachotherhas
a direct effect on the sharedworkspace. Moving PSSs
closerto eachotherincreaseghe shareddirect interaction
workspacebut reduceghe sharedvisualspace Vice versa,
moving PSSsaway from eachotherenlagesthe sharedvi-
sualspace but reduceghe shareddirectinteractionspace,
possiblyto the point wherean areabecomesunreachable
for all users.

5. Summary and conclusion

The Joint SpaceStationis an ervironmentfor collabo-
rative desktopVR/AR with a physically sharedvorkspace.
Theenvironmentis uniquein thesensedhatit provideshigh-
resolutionstereoscopitmagesanddirect 3D interactionto
all users. Furthermorethe environmentis modular e xi-
ble, low-cost,andit canbe usedunderof ce working con-
ditions.

Themodularcomponenbf the JointSpaceStationis the
PersonabpaceStation;a single-useernvironmentfor near
eld virtual andaugmentedeality. The PSSsupportdirect
interactionthroughoptical tracking of simple,wirelessin-
teractiondevices. The PSSis designedsuchthat multiple
PSS<anbecascadedb createthe multi-userernvironment.

As for futurework, we feel thatthe JSSprovidesan ex-
cellentplatformfor performinguserstudieson 3D taskper
formanceandcollaborationunderdifferent”degreesof vir-
tuality'. In thewire-through-ringgamefor instancewe can
comparehumanperformancen playingthegamein acom-
pletely virtual con gurationto playing the gamein a com-



pletely physical con guration, and numerousntermediate
con gurations. As for technicalimprovementsto the JSS,
we planto investigatethe useof differently shapedcurved

and/orsggmentedmirrors to enlage the eld of view and

thevolumeof the (sharedworkspaceandinvesticatetech-

niguesto provide morerealisticobjectocclusion.
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