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1. Intr oduction

ThelnternetandWebhave fundamentallychangedheways
in which peoplecommunicatejearn, interact, shareinfor-
mation, conductbusinessdebateissues.etc. However, de-
spitetheseémpressie scientificandtechnologicahdwances,
the primary modesof computerbasedcommunicationand
collaborationremain largely unchangedUsersstill inter-
facewith computersystemsvia the corventionalkeyboard,
mouse,and monitor/windaving systemand communicate
with one anotherusing 20+ year old mechanismsuchas
electronicmail andnewsgroupsEvennew andexciting ca-
pabilities,suchas(multi-party) video-conferencing?! and
real-timenavigationof 3D models® 4 have hadalimited ef-
fect becausehey are constrainedo the corventionalkey-
board/monitorinterfaceandare often subjectto inadequate
network support/bandwidtiesultingin disappointingnter-
actions(blurry picturesannging pausesindskips,sluggish
responsepostage-stampizevideo, etc.).

Recently someemeging technologieshave broken free
from thecorventionalinterface suchas“virtual reality” sys-
tems, “augmentedreality” systems,and “immersive” sys-
tems 7211819814 13152716 2/ Thesesystemsdeliver truly
amazingsensoryexperienceghat go beyond corventional
PC interface.However, they aredifficult to install, config-
ure, calibrate,and maintain.Furthermorepy design,these
systemshave very strict physical spacerequirementge.g.,
CAVEs require flat, backlit, wall surfacesof a particular
size).Thesesystemsareall built from special-purposhard-
ware componentsrangingin costfrom expensve to very
expensve. In mary cases,the immersve ervironmentis
stand-alonejncapableof communicatingwith other ervi-
ronments.n a few casescommunications supportedbe-
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tweenimmersie ervironmentsand requiresexceptionally
high-bandwidthwith QoS network supportto blast video
from oneimmersve ervironmentto another Also, commu-
nicationis typically allowed only betweertidentical” ervi-
ronmentssincethe video beingtransmittedwould not pro-
vide the correct“perception”in a dissimilar ervironment.
Thus, thesesystemsare collaboratve only to a limited ex-
tent, and the scaleof the collaborationis typically limited
to oneotherervironment(i.e., a point-to-pointlink between
ervironments).They arealsotoo expensve, large, or com-
plex to be usedby the typical computeruserworking in an
office, classroomlab, or athome.

2. The MetaverseApproach

Our researchs exploring a novel, flexible, andinexpensve
approacho thedesignof future collaboratve immersive en-
vironments.In particular we are developing scalable self-
calibrating,immersve projectorbasedlisplaysthatarever
tically integratedwith advancednetwork protocolsto sup-
port new collaborationmodels We call theresultingsystem
the Metavese' . The objective of the Metaverseis to pro-
vide userswith anopen,untetheredimmersive ervironment
that fools their visual sensesnto believing that the tradi-
tional barriersof time and spacehave beenremoved. Users
accesghis meta-world throughan interfacecalled a Meta-
verse Display Portal thatis (1) visuallyimmesive (2) self-
configuringand monitoring (3) interactive and(4) collab-
orative An ervironmentthatsupportsuchinteractionis im-

T TheMetaversewasfirst usedin Neil Stephensos’landmarkSci-
enceFiction novel Snowcash?? to referto a similarimmersie en-
vironment.
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possiblewithoutspecialpurposecomputemetworks,andwe
usethe term Digital Media Networksto highlight the fact
that the computernetwork is a critical componentn sup-
portingcollaboratve visuallyimmersie applications.

Unlike existing immersie designswe are designingan
immersive ervironment (portal) that can be usedin both
high-endernvironmentssuch as carefully designedCAVESs
andin low-end ervironmentssuch as a users office (and
arything in between).Each portal consistsof an arbitrary
numberof meaveiseelementMETELS), constructedrom
inexpensve off-the-shelf components.Each METEL in-
cludesa renderingclient (PC), a network card, a graphics
acceleratgrand a high-resolutionprojector The Metaverse
elementsareself-calibratingandthusautomaticallyconfig-
urethemselesinto a coherenimmersve interface,regard-
lessof thenumberof elementsisedor theirlocation.Conse-
quently nev METELSs canbeaddedor removedquickly and
easilyto increaseor decreas¢he“size” of theportalandthe
systemwill automaticallyreconfigurestself. Becausethe
Metaverseelementsare vertically integratedwith the net-
work, eachMETEL automaticallydetermineghe portal to
which it belongsandknows how to communicatewith ele-
mentsin otherportals.As aresult,large-scalesystemsawith
mary portalsof arbitrarysizescanbe quickly installedand
configured.

Figurel: MetaverseLab: (a) arbitrarily placedoverlapping
projectors are (b) automaticallycalibratedand blendedto-
gether

We have implementeda working prototypethat demon-
stratesthe flexibility, scalability and robustnessof our de-
sign (i.e., self-calibration,auto configuration,and realtime
adaptatiorto unexpectedchanges)Our currentimplemen-
tation consistsof 24 Metaverse elements(projectorsand
cameras- seeFigure 1) that are arbitrarily placedin an
ervironmentof non-flatsurfaces.Using feedbackfrom the
camerashesystemautomaticallyself-calibrateshlendssur
facestogetherwith sub-pi>el accurag, andadjustsfor non-
planar surfaces.The systemsupportsapplicationswritten
usingcommonrenderingsoftware(e.g.,openGLprograms)
aswell asour own “in-house” 3-D modelingsoftware. We
arein the procesof incorporatingsupportfor VR Juggler?
whichwill allow usto supporthapticdevicesaswell.

Theremaindeof this extendedabstractiescribeshespe-
cific researctproblemswe areaddressingn the Metaverse

Projectincluding auto-calibrationand blending with sub-
pixel accurag, andlocal- andwide- areanetwork support.
We briefly describesomeinitial results.Eachof thesesec-
tions will be extendedin the full versionof this extended
abstract.

2.1. Self-Calibration of Cooperative Displays

A fundamentaldifferencebetweenthe focus of the Meta-
verseprojectand similar researchprogramsis the integra-
tion of sensorswith the display ervironment.By continu-
ously observingthe display the systemself-calibratescor

rectingfor photometriandcolorimetricdifferencedetween
devices,andremoving distortionsintroducedoy non-flatand
nonuniformdisplay surfaces.In additionto calibration,the
camerainformation combinedwith positional tracking is

usedto accuratelyestimatethe position of a viewer in or-

derto correctlypre-warptheprojectedmages?? 2° to render
themcorrectlyfor the currentviewing angle.

The ability to self-calibrateis crucial to our designbe-
causdt allows Metaverseelementgo bedynamicallyadded
or removed from the systemwithout the needto physically
align or calibrate the mounting structure.Metaverse ele-
mentscan be addedto a display environmentin order to
increasevailableresolution contrastatio, andsurfacearea
coveragewith little usereffort. As elementsareaddedor re-
moved)from alogical display they communicateheir pres-
enceto otherelementssia the network.

Becausedhereareno a priori constrainton the position-
ing of the elementssereralissuesarise.Non-flatprojection
surfaceswarp the projectedimagery Non-orthogonalpro-
jectionsto surfacesinduce a “keystone" effect due to the
projectivetransformationArbitrary overlapmustalsobeau-
tomaticallyidentifiedto achieve the correctoverall blended
geometriamageandconstanillumination. Theseproblems
arisefrom the extrinsic positioningof eachdevice with re-
spectto all otherdevicesin thesystemaswell asthe position
of eachdevice with respecto the display surface.Display
calibration thenmustdiscover theserelative positionsin or-
derto correctfor the problems.

Furthermorejntrinsic differencesn the devicessuchas
color balance,resolution,and contrastratio must be ac-
countedor in orderto produceaseamlesslisplay Usingthe
collective feedbackfrom the camerasof the variousMeta-
verseelementsallows us to addressachof theseissuesin
anelegantanddynamicway.

Our approachusescamerago captureboth the intrinsic
parametersf the system(e.g.,resolutionaspectatio, pixel
size,radiometricpropertiesgtc) aswell asthe extrinsic pa-
rameterge.g.,relative positionandorientation).

2.2. Calibration Details

Calibrationinvolvesboth geometricandcolorimetricanaly-
sis. The goal of geometriccalibrationis to recover therela-
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tive geometryof eachdevice within thedisplay Colorimetric
calibrationis usedto modelthedifferencebetweernrendered
imageryin eachprojectorand the obsered imagein each
camera.

Geometriccalibrationis a two phasedprocesslnitially,
asinglebasecamen in thedisplayis calibratedto a known
targetin theworld coordinatesystemOncethiscameraspo-
sitionin theworld is known, aseconthasecomputetherel-
ative positionof all overlappingdevices. The shortesipath,
in termsof calibrationerror, betweenary device, andthe
basecameraganbe computedandyieldsthe absoluteposi-
tion of thatdevice within thedisplay?22.

Oncegeometriccalibrationis complete,the spectralre-
sponsedifferencesbetweeneachprojectorand cameraare
estimatedoy iteratively projectingdifferentknown intensi-
tiesandmeasuringhe intensity capturedat eachcameran
the display Spectralresponsds measuredor eachcolor
channelso that more accuratecolor predictionin the cam-
erareferencdrameis possible.

Therehave beena numberof researcheraho have used
the controllable nature of a projectorand camerapair to
recover calibration information 2651020 gnd several dif-
ferentcalibrationtechniqueshave beenexplicitly designed
for front-projectiondisplay ervironments.In the interestof
readability we presenbnesuchcalibrationtechniquefor the
casein which the display surfaceis piecavise-planarThe
planarassumptioris not a requirementhowever, andother
calibrationtechniquesto derive a point-wise mappingbe-
tweenimageandframebuffer pixelscouldbe used?2.

If we assumeéhatthedevicesobsere aplane thecalibra-
tion problembecomes matterof finding the collineationA
suchthat:

i Api @)

for all points p; in the cameraandall p; in the projector
BecauseA is a planar projective transform(a collineation
in P2) it canbe determinedup to an unknowvn scalefactor
A, by four pairsof matchingpointsin generalconfiguration.
Iteratively projectingarandompointfrom theprojectoronto
the display surfaceand observingthat point in the camera
generatesnatchingpoints.

In otherwork, we have introduceda methodfor accurate,
sub-pi>el matchpointselectionin an active display For de-
tails regarding this processaswell asan empirical analy-
sis of matchpoint(and ultimately calibration)accurag, the
readeris referredto 24. Herewe provide anoverview of the
process.

The sub-pixel location of eachmatchpointcenterin the
cameraframe is estimatedby fitting a 2D Gaussiandis-
torted by an unknavn homograply, to obsered greyscale

submittedto EUROGRAPHICS2003.

responsen the camera.The 2D Gaussiarfunction is gov-

ernedby two parametergmeanandvariance)andthe dis-

tortion parametersrethe eightindependenvaluesof a dis-

torting homograpl. Initially, a boundingbox is fit to the

detectedlobwhosecenterandsizeprovidestheinitial esti-

matefor the Gaussiamtmeanand standarddeviation respec-
tively and whosedistortion providesthe initial estimateof

the unknavn homograpl matrix. All ten parametersare
then optimized so asto minimize the sum of the squared
distancedetweerthe obseredblob pixelsandthedistorted
Gaussiarpredictedby the unknavn parametersThis tech-
niguehasbeenshavn to provide sub-pixel estimateshatare
accurateto within 1/4 pixels24,

The resultingsub-pixel camerapixel is then storedwith
its matchingprojectorpixel p;. Given at leastfour random
pairs(for asetof degenerateasesee) we computeA upto
anunknown scalefactorA. We currentlycomputeA using10
matchingpairswhich hasprovento besuficientempirically
Theaccuray of therecoveredA canbe measuredsa pixel
projectionerroronthe projectorsframebuffer for anumber
of matchingpoints. Specifically we malke calibrationerror
estimatedy illuminating the scenewith a known projector
pixel p, observingits correspondingpositionin the camera,
andthencomputinga (sub)pbel difference:

N
aszp2 v

In ourexperimentsg is measuredby generating0 points
in the projector frame and calculating projection error in
the cameraasin Equation2. To improve calibrationaccu-
rag/, we employ a Monte Carlo techniquethat estimatesA
over mary trials of randomly generatednatchpoints and
measures for eachtrial. TherecoveredA thatleadsto the
smalleste is retained. Experimentatiorrevealsthat, for our
situation,tentrials areusuallysuficient to recover accurate
calibration.Meanre-projectiorerroris reducedo sub-piel
accuray, typically betweer0.3and0.5 pixels.

Usingthis “daisy-chaining"approacho calibrationis not
without problemshowever. Althougha singleprojectorpair
can be relatively calibratedto lessthan a pixel accurag,
propagtion of errorcanaccumulateacrossthe display For
projectorghatarefarfrom theorigin of theworld coordinate
systemandthebasecamerahatobseresit, accumulatiorof
error canleadto calibrationproblems.For our 24 projector
display we have obsenedan error of 3-5 pixelsfor projec-
tors on the periphery Addressingthis problemis a subject
of our currentresearch.

Figure 2 shawvs a 24-projectordisplay Once the base
camerais calibrated,full calibrationof the display canbe
achiezedin approximately20 minutes Figure2 depictscali-
brationaccurag by instructingthedisplayto rendera setof
uniform gridsin theworld frameof reference.
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Figure 2: Auto-calibration of the Display: A grid pattern,
drawnin theworld coodinatesystendemonstatescalibra-
tion accumacy.

3. Network Support

The ability to dynamicallyadd new METELSs to the Meta-
verseresultsin superiorflexibility and scalability over ex-
isting approachesHowever, unlike systemsbasedon high-
end multiprocessomachines(e.g., SGI Onyx) wherethe
processingis tightly coupled, METELs are loosely con-
nectedvia a corventional(andinexpensve) local areanet-
work (e.g., 100 Mbps ethernet).Consequentlyscaling up
to large systemsrequiresefficient local areanetwork pro-
tocols. Furthermore to supportcollaborationwith remote
Metaverseportals,efficient wide areanetwork protocolsare
needed.

Our currentlocal areacommunicatiorprotocolemploys
pre-cachingand multicast synchronizationto achieve the
typesof framerateswe desire(i.e., up to 60 fps). Giventhe
limited local network bandwidth,static information about
the entire 3D modelis pre-cachedt eachof the METELS.
Consequentlyonly therenderingcommandseedto besent
atruntime.This is similar to the approachtakenby systems
like Chromium® and VR Juggler3. However, to achieve a
distributedform of gen-lock,the protocolusesa two-phase
commit to ensureimagesare renderedat the sametime
acrossall METELSs. To preventunnecessartraffic andun-
necessargr uncoordinatedenderingacentralcontrolnode
waitsuntil all METELs arereadyto rendereforeproviding
the syncsignal(via a singlemulticastpaclet) thatgivesthe
“go aheado render”.To avoid implosionathighframerates,
thecontrolnodeusesak outof n approachio decidewhenit
is ok to proceedwherek is basedn the currenttraffic load.

In additionto synchronizatiorbetweerthe METELS, lo-
cal communicatioris usedto distribute userinput andother
informationrelevant to the display suchasthe tracked po-
sition of a user Userinput to the display from a mouseor
keyboard,for example,mustbe transmittedto all METELs
so that the all devices can behae accordingly Userinput
clientsandotherdevicessuchashead-trackrsprovide input
to the displayby connectingo the multicastsener. Paclets
containa headethatdescribeshe datato be distributedfol-

lowedby thedataitself andaresentto the sener asthey be-
comeavailable.Onthe next multicastsynchronizatiorthese
pacletsaresentin aggregateto all METELS responsibldor

processinghem.

BecausecollaborationbetweenMetaverse portals span-
ning wide areanetworksis susceptibléo congestiorandar
bitrary paclet delays,we are developinglightweight router
mechanismgthat can be executedat raw line rates)to al-
low end systems(i.e., in this case,Metaverse portals) to
control the way pacletsare handledinside the network. In
particular we aredevelopingtwo companiorservicesalled
Ephemeal StateProcessing (ESP)and LightweightPro-
cessingVlodules(LWP).

The ESPnetwork serviceallows applicationsto deposit,
operateon, andlaterretrieve smallpiecesof data(values)at
network routers.The scalability of the servicederivesfrom
the factthatthe datahasa smallfixed lifetime, say 10 sec-
onds,afterwhichit is automaticallyremoved. Becausalata
is removed automatically thereis no needfor explicit con-
trol messageto destry or managethe stateat the various
routers.Moreover, datastoredat routersis uniquelyidenti-
fied by an application-selecte@64 bit) tag value. Because
the tag spaceis large and valuesare removed after a short
periodof time, it is impracticalfor a userto guessanother
userstags,resultingin theillusion thateachapplicationhas
a “private store”. All this occurswithout any management
overheadUsing this service,we have shavn that end sys-
temscanaccuratelyidentify boththe point of congestiorin
the network andthe specificlevel of congestior#l.

The secondservice,LWP, allows applicationsto enable
very simpleprocessingapabilitiesat specificroutersin the
network. Currentprocessindgunctionsincludepadket dupli-
cation, padket filtering, padet redirection and padet re-
ordering Unlike other active network approachegor en-
ablingnew servicesatrouters LWP only supportsaveryre-
strictive setof (parameterized)rocessingnodulesBecause
theprocessings simple,LWP modulescanbeimplemented
in hardwareto operateat line rates.Moreover, becausend
systemsenablethe functionalityvia a securglencryptedand
authenticatedpoint-to-point(i.e., direct) connectionto the
router the service can be made securethereby avoiding
the security problemsthat plaguemost active network ap-
proachegqi.e., using potentially untrustedactive pacletsto
enablenew services).

By combiningESPandLWPtogetherwe have shavn that
we canimplementapplication-specifienulticastdistribution
trees(usefulfor customizeccommunicatiorbetweerMeta-
verseportals)by first identifying the desiredbranchpoints
in the distribution tree via ESPandthen enablingduplica-
tion functionsat the desiredroutersvia LWP 3°. We have
alsoshavn thatwe canimplementscalabldayeredmulticast
usingthesesametwo services!. Layeredmulticastis partic-
ularly usefulwhena Metaverseportalwantsto dynamically
adjustthetransmissiomquality it is receving from otherpor-
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tals basedon the currentlevel of congestionreportedby
ESP

4. Resultsand Conclusions

Using our approachwe have deployed threedifferentdis-
play ernvironmentsandarein theproces®f networkingthem
togethersingspecializedigital MediaNetworks.

The CoRElaboratoryis a 24 projector 4 cameradisplay
ervironmentthatis primarily usedto explore display cali-

bration,reconfigurabilityandinteractve displaytechniques.

Significantnew advancesn the CoREdisplayarealgorithms
that allow the display to automaticallydetectand remove
shadavs 11, a techniqueto allow usersto interactively re-
orient projectorsin real-timewhile the displayis in use?4,

and a methodto producesuperresolutionoverlaysby ex-

ploiting projectoroverlapwithin the display?’.

A secondlisplayconsistingof 14 projectorsandtwo cam-
erashasbeendeployedfor usewithin aComputationaFluid
Dynamicdaboratory Thedisplayis in regularuseby faculty
and studentswho are visualizingcomple fluid flow prob-
lems.

A third displayhasbeendeployedin the College of Nat-
ural Sciencesat the University of PuertoRico andwill be
usedfor visualizationin conjunctionwith a digital library
initiative there.The displayis composecf four projectors
andasinglecamera.

Theseinitial displayervironmentsprovide thetestbedor
our researctprogramin coredisplaytechnologiesiraving
onproblemsfrom computeigraphicscomputewision, visu-
alization,and humancomputerinteraction.We have begun
to network thesedisplaystogetherwith a focuson vertical
integrationof thenetwork with thedisplaydevices,andspe-
cializedprotocolscapableof deliveringmultimediadatabe-
tweenthedisplays.
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