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Abstract The Perceptie Workbenchendeaors to createa
spontarousand unimpealed interfacebetweenthe physical
andvirtua worlds. Its vision-tasedmethodsfor interaction
constitutean alterndive to wired input devices andtethered
trackirg. Objectsarerecogiizedandtrackedwhenplacedon
thedisplaysurface By usingmultiple infraredlight sourcs,
the objects 3D shapecanbe capturedandinsertedinto the
virtual interface. This ability permits spontaeity since ei-
ther preleadedobjectsor thoseobjectsselectedat runtime
by the usercan becone physical icons. Integratedinto the
samevision-basednterfaceis the ability to identify 3D hand
position,pointing directian, andsweepingarmgesturs. Such
gesturesanentanceselectionmanipulation,andnavigation
tasks.The Percefive Workbenchhasbeenusedfor a vari-
ety of applicatios, including augnentedreality ganing and
terrainnavigation. This paperfocusesonthetechnigqiesused
in implemerting the Perceptie Workbenchandthe systems
perfamance

Keywords gesture- 3D objectrecanstruction-tracking—
computervision— virtual reality

1 Intr oduction

Humars andcomputershaveinteractecprimaily throudh de-
vicesthatareconstréned by wires. Typically, thewireslimit

thedistanceof movementandinhibit freedomof orientation.

In addtion, mostinteractiors are indirect. The usermoves
a device as an analogie for the actionto be createdin the
display space We ervision an untetleredinterfacethat ac-
ceptsgesturedirectly and can acceptary objectsthe user
chosesas interactos. In this pape, we apply our goal to

workbencheslargetableswhichsenesimultaneosly aspro-
jectiondisplayandasinteractia surface Originally proposed

in 1995by Kruegeret al [15], they are now widely usedin
virtual reality andvisualizationapplicatiors.

Compuer vision canprovide the basisfor untetteredin-
teractionbecausdt is flexible, unolirusive, andallows direct
interaction Sincethe comgexity of generalision taskshas
often beena barrig to widespreadisein real-timeapplica-
tions,we simplify thetaskby usinga shadev-basedarchitec-
ture.

An infrared light sourceis mowuntedontheceiling. When
theuserstandsn front of theworkbenchandextends anarm
overthesurface thearmcastsashadev onthedeskssurface,
which canbeeasilydistingushedby a camea undeneath.

The sameshadav-basedarchtectureis usedin the Per
ceptive Workberch [19,18] to recanstruct3D virtual repie-
sentation®f previously unseerreal-world objectsplacedon
thedesks surface In addition, the Percefive Workberch can
illuminateobjeds placedonthedesks surfaceto identify and
tracktheobjectsastheusemanipilatesthem.Takingits cues
from the users actiors, the Perceptie Workbench switches
betweenthesethree modes autonatically. Computervision
contrds all interaction freeingthe userfrom the tethersof
traditionalsensingechnigees.

In this paperwe will discusimplementationandperfa-
manceaspectghat are importart to making the Perceptie
Workbent a usefu input techndogy for virtual reality. We
will examire performarce requrementsand shav how our
systemis beingoptimizedto meetthem.

2 RelatedWork

While the Perceptie Workberch [19] is uniquein its ability
to interactwith thephysicalworld, it hasarich heritageof re-
latedwork [1,14,15,23 26,34,35,37,43]. Marny augnented
deskandvirtual reality desigrs usetetheregorops trackedby
electromechnicalor ultrasonicmeansto encoulageinterac-
tion throudh gestue andmanipuation of objects[3, 1,26, 32,



37]. Suchdesigrs tetherthe userto the deskandrequirethe
time-corsumingritual of donnirg anddoffing theapprgriate
equipment.

Fortunatdy, thecomputervision comnunity hastakenup
the task of tracking hards and identifying gesturesWhile
genealizedvision systemgarackthebodyin room- anddesk-
basedscenariodor game, interactve art,andaugnenteden-
vironments[2,44], the recorstructionof fine handdetail in-
volves carefully calibrat@l systemsandis computationally
intensie [22]. Even so, compicated gesturesuchasthose
usedn signlanguage[31,38] or themanipdation of physical
objects[28] canbe recoquized. The Perceptie Workberch
usessuchcompuer vision technigesto maintaina wireless
interface.

Mostdirectlyrelatedto thePerceftive WorkbenchUIlImer
andlshii’'s“MetadesK identifiesandtracksobjeds placedon
the desks displaysurfaceusinga nearinfraredcompuer vi-
sionrecanizer originally desigred by Starner{34]. Unfor-
tunately sincenot all objeds reflectinfraredlight andsince
infraredshadaevs arenotusedobjectsoftenneednfraredre-
flective “hot mirrors” placedin patterrs on their bottomsur
facesto aid tracking andidentification. Similarly, Rekimoto
andMatsushitas “Perceptal Surfaces”[23] employ 2D bar
codesto idertify objectsheld agairst the “Holowall” and
“HoloTaHle.” In addition the HoloWall cantrackthe users
hand (or othe bodyparts)nearor presse@ganstits surface,
but its potentialrecovery of the users distancefrom the sur
faceis relatively coarsecomparedto the3D pointing gestures
of thePercefive Workberch. Davis andBobick’s SIDEshav
[6] is similar to the Holowall except that it usescastshad-
owsin infraredfor full-body 2D gestue recovery. Someaug-
menteddeskshave camerasandprgectorsabove the surface
of thedesk;they aredesignedo augnentthe processof han-
dling paperor interactwith modelsandwidgetsthrowgh the
useof fiducials or barcoes [35,43]. Krueger's VideoDesk
[14], an early desk-lasedsystem,usesan overheadcamera
anda horizortal visible light table to provide high cortrast
handgestureinpu for interactiors which arethendisplayed
onamoritor onthefar sideof the desk.In contrastwith the
Perceptre Workberch, noneof thesesystemsaddressheis-
suesof introducing spontarous3D physical objectsinto the
virtual ervironmen in real-timeand combiring 3D deictic
(poirting) gesturesvith objecttracking andidentification

3 Goals

Ourgoalis to createa vision-taseduserinterfacefor VR ap-
plications.Hence pur systemmustberespamsivein real-time
andbe suitablefor VR interaction In order to evaluatethe
feasibility of meetingthis goalwe needto examine the nec-
essaryperfamancecriteria.

3.1 SystenRespogiveness

Systenrespmsivenessthetime elapsedetweerausersac-
tion andtheresponselisplayedby thesysten41], helpsde-
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terminethe quality of the users interaction Responsieress
requiranentsvary with thetasksto be perfamed.An accept-
ablethrestold for objectselectionand maripulationtasksis

typically arourd 75 to 100 ms [39,41]. Systemresponsie-

nesss directly cougedwith lateng. It canbecalculatedvith

thefollowing formula:

Syst. isp y i e
1)
Systemlatengy, oftenalsocalleddevice lag, is thetime it
takesour sensotto acqure animage,calculateandcommu
nicatethe results,andchangethe virtual world accodingly.
Input devicesshouldhave low latengy, ideally below 50 ms.
Ware andBalakrishran measued several comnon magnetic
trackersandfound themto have latenciesn the range of 45
to 72ms[39].

In our situation,systemlateny depeads on the time it
takesthe camerao transfam the scenento a digital image,
imageprocessingtime, andnetwork lateng/ to communicate
theresults Givenanaverag delayof 1.5frameintervalsat33
msperintenal to digitize theimageresultsin a50 msdelay
In addition,we assume 1.5frameinterval delayin rendering
the appopriategraphics. Assuminga constants0 frameper
secondfps) rendeing rateresultsin anadditioral 25 msde-
lay for systenrespoivenessSincewe areconstrairdby a
75msoverheadin sensingandrendeing, we mustminimize
theamoun of proessingtime andnetwork delayin order to
maintainan acceptale lateng for objectselectionand ma-
nipulation Thus,we con@ntrateon easilycompued vision
algorithnms and a lightweight UDP networking protacol for
transmittingtheresults.

Syst.Responsiveness ten y

3.2 Accuracy

With the deictic gesturetracking, we estimatethat absolute
accurag will notneedto bevery high. Sincethe pointingac-
tionsandgesture happe@ in thethreedimensimal spacehigh
above the desks surface discrepaciesbetweera users pre-
cisepointingpositionandthe systems depictionof thatposi-
tionis notohviousor distracting Insteadlit is muchmoreim-
portart to captue thetrendof movementandallow for quick
correctioal motions.

Fortheobjecttrackirng, however, thisis notthecaseHere,
the physical objectsplacedon the deskalreadygive a strong
visualfeedtack andary systemrespomediffering from this
positionwill bevetry distracting.This constrain is relatively
easyto satisfy though, sincethetaskof detectingheposition
of anobjectonthedesks surfaceis, by naturemoreaccurate
thanfindingthe correctarmorientationin 3D space.

4 Apparatus

Thedisplayervironmert for thePerceptie Workbenchbuilds
on Fakespaces immersive workbench [40]. It consistsof a
woodendeskwith aholizontalfrostedglasssurfaceonwhich
animagecanbe projectedrom behindtheworkbench.
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Fig. 1 Light and camerapositionsfor the Perceptie Workbend. The top view shavs how shadowsare castandthe 3D arm positionis

tracked.

We placeda standardmonodromesuneillance camera
uncer the prgector to watchthe desks surfacefrom under
neath(seeFigure 1). A filter placedin front of the camera
lensmalesit insensitve to visible light andto imagespro-
jectedonthedesks surface.Two infraredilluminators placed
next to thecamerdlood the desks surfacewith infrared light
thatis reflectedbacktowardthe cameraby objectsplacedon
thedesk.

We mouwnteda ring of sevensimilar light sourceson the
ceiling surraundirg thedesk(Figure 1). Eachcompuer-con-
trolledlight castdistinctshadevs onthedesks surfacebased
on the objects on the table (Figure 2a). A secondinfrared
cameraand anotherinfrared light soure are placednext to
thedeskto provide asideview of theusers arms(Figure 3a).
This side camerais usedsolely for recorering 3D poirting
gestures.

Notethatatary time duringthesystems opeation,either
theceiling lights, or thelights below thetableareactive, but
notbothatthesamedime.Thisconstrainis necessarin order
to achiere reliabledetectionof shadavs andreflections.

We decidedto usenearinfraredlight sinceit is invisible
to the human eye. Thus, illuminating the scenedoesnot in-
terferewith theusersinteraction Theuserdoesnotpereive
the illumination from the infrared light sour@s underneath
thetable,nor the shadavs castfrom the overheadlights. On
the otherhand,moststandardchage-couped device (CCD)
cameraganstill seeinfrared light, providing aninexpersive
methal for obsening the interaction In addition by equip-
ping the camerawith aninfraredfilter, the cameramagecan
beanalyzedegadlessof changesn (visible) scendighting.

We usethis setupfor threedifferent kinds of interaction

— Recognitionand tracking of objectsplacedon the desk
surfacebasedn their cortour

— Trackingof handandarmgestues

— Full 3D reconstration of object shapesfrom shadas
castby theceiling light-souces.

For displayonthePerceptie Workbent weuseOpenG.,
the OpenGLUtility Toolkit (GLUT) anda customizedver
sion of a simple widget packagecalled microUl (MUI). In
addition we usethe workbenchversionof VGIS, a global
terrainvisualizationand navigation system[40] asan appli-
cationfor interadion usinghandandarmgesturs.

5 Object Tracking & Recognitin

As abasicprecepfor ourinteraction framevork, we wantto

let usersmanipuate the virtual environmen by placingob-

jectsonthedesksurface.The systemshouldrecgnizethese
objectsandtracktheirpositionsandorientatiors asthey move

overthetable.Usersshouldbefreeto pick any setof physical

objectsthey chose.

Themotivation behird this is to usephysicalobjectsin a
“graspale” userinterface[9]. Physical objectsareoftennat-
ural interactes asthey provide physical handlesto let users
intuitively contiol a virtual application[11]. In addition the
use of real objectsallows the userto manipdate multiple
objectssimultaneosly, increasinghe commurication band
width with thecomputer[9, 11].

To achievethistracking goal,we useanimprovedversion
of the techniqe describedn Starneret al. [30]. Two near
infraredlight-soucesilluminate the desks undeside(Figure
1). Evely objed closeto thedesksurface(including theusers
handsyeflectsthis light, which the camerauncer the display
surfacecansee.Using a comtination of intensitythreshold
ing and backgpund subtractim, we extract interestingre-
gions of the camea image and analye them. We classify
the resultingblobs as differentobjecttypesbasedon a 72-
dimensioml featurevecta reflectingthe distancesrom the
centerof theblobto its contaur in differentdirectiors.

Notethatthe hardvarearrangmentcauseseverd com-
plications.Theforemostprablemis thatourtwo light sources
underthe table can only provide uneven lighting over the
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Fig. 2 (a) Arm shadaev from overheadR lights; (b) resultingcontourwith recaveredarmdirection.

whole desksurface.In additimn, the light rays are not par
allel, andthereflectionon the mirror surfacefurther exacer
batesthis effed. To compensatefor this, we perfom a dy-
namicrange adjustmat. In additionto a backgoundimage,
we storea “white” imagethat repesentshe maximum in-
tensitythat canbe expected at ary pixel. This imageis ob-
tainedby passinga bright white (andthushighly reflective)
objectover thetable during a onetime calibration stepand
instructingthe systemto recod the intensity at eachpoint.
Thedynamicrangeadjustmenhelpsto normalize theimage
sothata singlethreshdd canbe usedover the wholetable.
An additioral optimalthreshdding stepis perfamedfor ev-
ery blob to reducethe effects of unwantel reflectionsfrom
users’handsandarmswhile they aremoving objects.Since
the blobs only representa small fraction of the image,the
computationalcostis low.

In orderto hande theremainirg uncertaity in therecog-
nition processiwo final stepsare perfamed: detectingthe
stability of a reflectionandusingtrackinginformationto ad-
justandimproverecogtition results Whenanobjectis placed
onthetable,therewill be a certaininterval whenit reflects
enowhinfrared light to betrackedbut is not closeenaighto
the desks surfaceto createa recogizablereflection.To de-
tectthis situation we measurehe changen sizeandaverage
intensityfor eachreflectionover time. Whenboth settleto a
relatively constantalue,we know thatanobjecthasreached
asteadystateandcannow berecogtized. To furtherimprove
classificatioraccuagy, we make the assumptiorthatobjects
will not move very far betweenframes. Thus, the closera
blobis to anobjects positionin thelastframe themorepraob-
ableit is thatthis blob correspadsto the object andtheless

reliabletherecogiition resulthasto bebefor it is accepted.

In addtion, the systemrememilersand collectsfeatue vec-
torsthat causedsomeuncetainty (for exampe, by an unfa-
miliar orientation that causedthe featurevectorto charge)
andaddsthemto theinterral descriptionof the object,thus
refiningthemodel.

In this work, we usethe objectrecogition andtracking
capabilitymainly for cursoror place-tolder objects.We fo-
cusonfastandaccuatepositiontracking but thesystenmay
betrainedonadifferentsetof objeds to serne asnavigational
toolsor physicalicons[34]. A future projectwill explore dif-
ferentmodesof interactionbasedn thistechnolay.

6 Deictic Gesture Tracking

Following Quekstaxonany [21], handgesturesanberough-
ly classifiedinto symbols(referential and modalizing ges-
tures)andacts(mimetic anddeicticgestures)Deictic (point-
ing) gestuesdepemnl stronglyon locationandoriertation of
the perfaming hand Their meaiing is deternined by thelo-
cationatwhichafingeris pointing, or by theande of rotatin
of somepartof the hand.This informationactsnotonly asa
symbolfor the gesturés interpretdion, but alsoasa measure
of theextentto which the correspondig actionshouldbe ex-
ecutedor to which objectit shouldbe apgied.

For navigation and object manipdation in a virtual en-
vironment, mary gestureswill have a deicticcompnent.|t
is usually not enoudp to recaynizethat an objectshouldbe
rotated-we will alsoneedto know thedesiredamount of ro-
tation.For objectselectionor translationwe wantto specify
theobjed or locationof our choicejust by poirting atit. For
thesecasesgesturerecoqition methals that only take the
handshapeandtrajectoy into account will not sufice. We
needto recover 3D informationabou the users’handsand
armsin relationto theirbodies.

In the past, this information haslargdy beenobtaired
by using wired gloves or suits, or magnetictraclers [3,1].
Suchmethod provide sufiiciently accuate resultsbut rely
on wires tetheredto the users body or to specificinterac-
tion devices,with all the aforenentionedprodems.We aim
to develop a purely vision-basedarchitectue that facilitates
unencinbered3D interaction



The Perceptre Workbench

Fig. 3 (a)imagefrom sidecamerawithoutinfraredfilter); (b) armcontourfrom similarimagewith recoseredarmdirection.

With vision-based3D trackingtechniqes,thefirst issue
is to determire whatinformationin the cameramageis rel-
evant— that is, which regions representthe users handor
arm.Whatmakesthis difficult is thevariationin userclothing
or skin color and backgourd actwity. Previous appra@ches
onvision-tasedgestue recogition usedmarked gloves[8],
infrared camerag25], or a comhbnation of multiple feature
chanrels, like colorandstered13] to dealwith this prodem,
or they just restrictedtheir systemto a uniform backgound
[36]. By analyzinga shadev image,this taskcanbe greatly
simplified.

Most directly relatedto our apgoach,SegenandKumar
[27] derive 3D positionand orientatia information of two
fingersfrom theappeaanceof theusershard andits shadw,
co-loatedin the sameimage.However, sincetheirapprach
reliesonvisiblelight, it requresa stationarybackgoundand
thuscannd operateona highly dynamicback-pojectionsur
facelike the oneon our workbench. By usinginfrared light
for castingthe shadav, we canovercomethis restriction.

The use of shadevs solwes, at the sametime, another
proddem with vision-basedarchitectues: whereto put the
camerasln avirtual workbenchervironmern, thereareonly
few placesfrom wherewe cangetreliablehandpositionin-
formation. Onecamea canbe setup next to the tablewith-
out ovelly restrictingthe available spacefor users.In mary
systemsjn order to recover threedimensimal information,
aseconccameais deplo/ed. However, the placemat of this
seconccameraestrictsheusableareaarourd theworkbench.
Using shadaevs, the infrared cameraunderthe prgector re-
placesthe secondcameraOne of the infraredlight sources
mourted on the ceiling above the usershineson the desks
surfacewhereit canbe seenby the cameraundeneath(see
Figure4). Whenusersmove anarmover the desk,it castsa
shadav onthedesksurface(seeFigure2a).Fromthisshadwy,
andfrom theknown light-souce position,we cancalculatea
planein whichtheusersarmmustlie.

Simultaneasly, the seconccamerato theright of theta-
ble (Figures3aand4) recadsasideview of thedesksurface
andthe users arm. It detectswherethe arm entersthe im-
ageandthe positionof the fingertip From this information,
the computer extrapolatestwo lines in 3D spaceon which
theobseredreal-world pointsmustlie. By intersectinghese
lineswith theshadav plane we getthecoordnatesof two 3D
points—oneontheuppe arm,andoneon thefingetip. This
givesusthe users handpositionandthe directionin which
theuseris pointing. We canusethis informationto projectan
iconrepiesentinghehandpositionandaselectiorray onthe
workbenchdisplay

Obviously, the succesof the gesture-tcking capabil-
ity relies heavily on how fastthe imageprocessingcan be
done.Forturately we canmake somesimplifying assump-
tions abou theimageconten. We mustfirst recorer armdi-
rectionandfingertip positionfrom both the cameraandthe
shadav image. Since the user standsin front of the desk
andtheusers armis conrectedto the users body, thearm’s
shadwv shouldalwaystouchtheimageborder. Thus, our al-
gorithmexploits intensitythreshtding andbaclgrourd sub-
tractionto discover regions of charge in the image.It also
searche$or areasn which theseregionstouchthe desksur
facesfront borcer (which correspondso theshadev imageés
top borderor the cameramages left border). Thealgorithm
thentakesthe middle of the touchirg areaasan apprxima-
tion for the origin of the arm (Figures 2b and Figure 3b).
Similar to Fukumoto’s appro&h [10], we tracethe shadeov's
contou andtake poirt farthestaway from the shoulder asthe
fingertip. The line from the shoulderto thefingertip reveds
thearm’s 2D direction

In our experiments the point thus obtainedwas coinci-
dentwith the poirting fingertipin all but afew extreme cases
(suchasthefingettip pointingstraightdown ataright angleto
thearm) Themethal doesnotdepad onapoirting gesture,
but alsoworksfor mostotherhandshapesincludng a hand
heldhorizantally, verticdly, or in afist. Theseshapesnaybe
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Fig. 4 Principleof pointingdirectionrecovery.

distinguistedby analyzirg a smallsectionof thesidecamera
imageandmay be usedto trigger specificgesturemodesin
thefuture

Thecompuedarmdirectionis correctaslongastheusers
armis notoveiy bent(seeFigure3). In suchcasesthealgo-
rithm still connets the shouldr andfingetip, resultingin a
directionsomevhere betweerthedirectionof thearmandthe
onegivenby thehand Although the absolue resultingpoint-
ing position doesnot matchthe positiontowardswhich the
fingeris pointing, it still captuesthetrendof movementvery
well. Surprisindy, the techniaie is sensitve enoudp so that
userscanstandat the deskwith their arm extended over the
surfaceanddirectthe pointersimply by moving their index
fingerwithoutary armmovement.

6.1 Limitationsand Improvemets

Figure 3b showvs a casewheresggmentatio basedon color
backgourd subtrationin anolderimplementationdetected
boththehandandthechangin thedisplayontheworkbench.
Our new version replaceshe side color camea with anin-
fraredspotlightanda monahrome cameraequipgdwith an
infrared-pas#ilter. By adjustingheande of thelight to avoid
thedeskssurface theusersarmisilluminatedandmadedis-
tinct from the backgound Changs in the workbenchs dis-
play do notaffectthetracking

Oneremairing prodemresultsirom thesidecameras ac-
tual location If a userexterds both armsover the desksur
face,or if morethanoneusertriesto interactwith the ervi-
ronment simultaneoaly, the imagesof thesemultiple limbs
canoverlapandmeme into a singleblob. Consequetty, our
appoachwill fail to detectthe handpositiors and orienta-
tionsin thesecasesA more sophisticate@pprachusingpre-
vious positionand movementinformationcould yield more
reliable results,but at this stagewe choseto acceptthis re-
strictionandconcettrate on high frameratesuppat for one-
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Fig. 5 Realobjectinsertednto thevirtual world. The figure shavs
areconstructiorof thedoll in the foreground

handednteractionIn additian, thismaynotbeaserioudimi-
tationfor asingleuserfor certaintasks A recen studyshavs
that for a task normally requring two hand in a real envi-
ronment, usershave no prefeencefor oneversustwo hands
in avirtud ervironmen that doesnot modeleffectssuchas
gravity andinertia[26].

7 3D Reconstruction

To compgementthe capaliities of thePerceptie Workbench
we wantto beableto insertreal objectsinto thevirtual world
and sharethemwith other usersat differert locatiors (see
Figure5). An exanple applicdion for this could be a telep-
resenceor compuer-suppated collaboative work (CSCW)
system.This requiresdesigninga reconstration mechaism
thatdoesnotinterrypt theinteraction Ourfocusis to provide
anearlyinstantaeousvisualcuefor theobject,notnecessar
ily oncreatirg ahighly accuratenodel.

Severd method recorstructobjectsfrom silhouetteg29,
33] or dynamic shadaevs [5] usingeithera maoving camera
or light sourceon a known trajectoryor a turntable for the
object[33]. Several systemshave beendevelopedfor recon
structingrelatively simple objects,including somecomrmer
cial systems.

However, the necessityto move eitherthe cameraor the
objectimposessevere constraintson the working erviron-
ment. Reconstructig an objectwith thesemethals usually
requires interrypting the users interactionwith it, taking it
outof theusersenvironmen, andplacingit into aspecialized
setting.Otherappoachesusemultiple cameradrom differ
entviewpoirts to avoid this prodem at the expenseof more
compuationalpowerto proessandcommunicatetheresults.

In this project, using only one cameraand multiple in-
fraredlight sourcesye analyzethe shadavs castby the ob-
jectfrom multiple directions(seeFigure6). Sincetheproess
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Fig. 6 Principleof the 3D reconstruction.

is basedon infraredlight, it canbe appliedindependetly of
the lighting conditiors and with minimal interfeencewith
theusers natual interaction with thedesk.

To obtan thedifferert views, we usearing of sevenin-
fraredlight sources$n theceiling,eachindeendenly switched
by computer contrd. The systemdetectsvhena userplaces
a new objecton the desksurface,andrendes a virtual but-
ton. Theusercantheninitiate recastructionby touchirg this
virtual button. The cameradetectghis action,andin approc-
imatelyonesecondhesystemcancaptureall of therequred
shadav imagesAfter anothe secongreconstrationis com-
plete,andthenewly reconstratedobjectbecanespartof the
virtual world. Note thatthis processusesthe samehardware
asthedeicticgesturetrackingcapabilitydiscussedh the pre-
vioussectionandthusrequilesno additioral cost.

Figure7 shaws a seriesof contou shadevs anda visual-
izationof therecorstructionproess.By apprximatingeach
shadav asa polygon (not necessarilycorvex) [24], we cre-
atea setof polyhedral“view cones”extendng from thelight
sourceto the polygons. The intersectionof theseconescre-
atesa polyhadronthatroughly contans theobject.

Intersectingnoncawex polyhedral objectsis a compex
prodem,further comgicatedby numeraisspeciakcasesktor-
tunatelythisprodemhasalreadybeenextersively researched
andsolutionsare available.For the intersectioncalculatiors
in our application, we usePurdwe Universitys TWIN Solid
Modeling Library [7]. Recentlyahighly optimized algoiithm
hasbeenpropsedby Matusik et al. that can perfam these
intersectiorcalculatiors directly aspartof therendeing pro-
cesq20]. Theiralgorithmprovidesasignificantimprovemet
on the intersectioncodewe are currently using,andwe are
consideing it for afutureversionof our system.

Figure8c shavs arecorstructedmnodelof awateringcan
placedonthedesks surface We chosethecolorsto highlight
thedifferentmockl facesby interprding thefacenomal asa
vectorin RGB colorspaceln theoriginal versionof our soft-
ware,we did not handleholesin the contous. This feature

Fig. 7 Stepsof the 3D reconstructiorof the doll from Figure 5,
including the extraction of contou shapesfrom shadowsand the
intersectiornof multiple view cones (bottom).

hassincebeenaddedby constructiig light conesfor boththe
objectcontairsandfor thoserepesentingholes.By inspect-
ing the pixels adjacento the outsideof the contair, we can
distinguishbetweenthe two typesof bordes. Then,rather
thanintersectingthe light conewith the restof the object,
we perfam a bodeandifferencingopertion with the cones
formedfrom theholeborcers.

7.1 Limitations

An olviouslimitation to our apprachis thatwe areconfired
to afixednumterof differentviews from whichto recorstruct
theobject. Theturnteble appra@chpermitsthe systemto take
anarbitray nunber of imagesfrom differentviewpoints. In
addition not every noncawex objectcanbe exactly recon
structedfrom its silhouettesr shadavs. The closestappiox-
imation that canbe obtaired with volumeintersectionis its
visual hull, thatis, the volume ervelopedby all the possible
circumscriledview conesEvenfor objectswith apolyhedral
visualhull, anuntounded numter of silhoudtesmaybenec-
essaryfor an exad recorstruction[17]. However, Sullivaris
work [33] andour expeiiencehave shavn thatusuallyseven
to nine differentviews suffice to geta reasoable 3D model
of theobject.

Excepions to this heuristicare spherial or cylindrical
objects.The quality of reconstration for theseobjectsde-
pendslargely on the numker of available views. With only
sevenlight sourcesthe resultingmodelwill appearfaceted.
This problemcanbesolvedeitherby addirg morelight sour-
ces,or by improving the modelwith the helpof splines.

In additiontheaccurngy with whichobjectscanberecon
structeds bowundedby anotter limitation of our architectue.
Sincewe mountedour light sourceson the ceiling, the sys-
temcannotprovidefull informationabouttheobjects shape.



Thereis a pyramidal blind spotabove all flat, horizantal sur
facesthatthe recorstructioncannot eliminate.The slopeof
thesepyramds depadson the anglebetweenthe desksur
faceandtheraysfrom thelight sour@s.Only structueswith
a greder slopewill be recorstructedentirely without errot
We expectthatwe cangreatlyredue the effeds of this er
ror by usingthe imagefrom the side cameraand extracting
anadditioral silhoudte of the object. Thiswill helpkeepthe
erroranglewell belov 10 degrees.

8 Performance Analysis
8.1 Objectand Gestue Tracking

Bothobjectandgesturdrackingcurrenly performatanaver
ageof betweeril4 and20framespersecondfps). Framerate
depemnls on both the numter of objectson the tableandthe
sizeof their reflections Both techniqesfollow fastmotiors
andcomgpicatedtrajectories.

To testlateng, we measuredhe runtime of our vision
code.In our currentimplementationwith animagesize of
320240 pixels, the objecttrackirg codetook aroind 43 ms
to runwith a singleobjecton the desksurfaceandscaledup
to 60 mswith five objeds. By switchingfrom TCPto UDP,
we wereableto redice the network lateng from a previous
100msto apprximately 8 ms. Thus, our theoreticalsystem
lateng is betweerl0land118ms.Expeimentalresultscon-
firmedthesevalues.

For thegesturearackirg, theresultsarein thesamerange
sincethe codeusedis nearlyidentical. Measurigy the exact
perfamance however, is moredifficult becagetwo cameras
areinvolved.

Even though the systemresponsieness(systemlateng
plus display lag) exceedsthe envisioned thresholdof 75 to
100ms, it still seemsadeqatefor most(navigational) point-
ing gesturesn our currentapplications. Sinceusersreceie
contiruousfeedbaclkabouttheir handandpoirting positiors,
andmostnavigation contrds arerelative ratherthanabsolute,
usersadapttheir behaior readilyto the system With object
trackirg, the physical objectitself provides userswith ade-
quatetactile feedkack. In gereral, sinceusersmove objects
acrossa very large desk,thelag is rarely troudesomein the
current applicatians.

Nonethelesswe are confiden that someimprovemerts
in the vision code can further redwce lateng. In addtion,
Kalmanfilters may compesatefor renderlag andwill also
addto thetrackingsystems stability.

8.2 3D Recomstruction

Calculatingthe erra from the 3D recorstructionprocessre-
quireschocasing known 3D modds, perfoming the recon-
structionprocess,aligning the reconstrated modeland the
idealmockl, andcalculatinganerra measuref-or simplicity,
we chosea coneandpyramd. We setthe centersof massof

ThadStarneretal.
Cone Pyramid
Maximal Error 0.0215(7.26%) | 0.0228(6.90%)

MeanError
MeanSquareError

0.0056(1.87%) | 0.0043(1.30%)
0.0084(2.61%) | 0.0065(1.95%)

Table1l Reconstructiorerrorsaveragedover threeruns(in meters
andpercentagef objectdiameter).

theidealandreconstratedmocklsto thesamepoirt in space,
andalignedtheir principal axes.

To measureerror, we usedthe Metro tool developed by
Cignoni,Rocchin, andScopigro [4]. It approxmatesthereal
distancébetweerthetwo surfacesby choasingasetof 100000
to 200,M0 points on therecorstructedsurface thencalculat-
ing thetwo-sideddistancgHausdoff distancepetweereach
of thesepointsandtheidealsurface.This distancds defined
as S1 S Sy S with S1 Sa dending the
one-sidedlistancebetweerthesurfacesS; andsS,:

S1 S

ist p Sy ist p p

(2)

The Hausdorf distancecorrespond directly to the re-
constructiom erra. In additionto the maxinum distancewe
also calculatedthe meanand mean-sgare distancesTable
1 shaws the results.In theseexamples, the relatively large
maximalerrorwas causeddy the difficulty in accuratelyre-
constructiig thetip of the coneandthe pyramid.

Improvermentsmay be madeby preciselycalibratirg the
cameraandlighting system,addirg more light soures,and
obtainirg asilhouettdrom thesidecamerao eliminateambi-
guity abaut thetop of thesurface However, thesystenmeets
its god of providing virtual presencefor physical objectsin
atimely manrer thatencowagesspontaeousinteractiors.

8.3 UserExperiene

To evaluatethecurrert usability of the systemwe perfamed
a small userstudywith the goal of determiring the relative
efficienoy andaccurgy of the objecttracking capability We
designeda task that requred usersto drag virtual balls of
various sizesto specifiedocationsonthetable’s surfacewith
the help of physical “cursor’ objects.The systemrecorded
the time requiral to completethe task of correctly moving
four suchballs.

Although thenunberof participantswastoosmallto yield
significantquantitatie results,we discovered several com-
mon prodems usershad with the interface The main dif-
ficulties arosefrom selectingsmallerballs, both becage of
animprecise‘hot spot” for physicalinteractorsandbecause
thephysicalobjectoccludedits virtual represetation.By de-
signing a context-sensitve “crosshair” cursorthat extenced
beyond the dimensiois of the physical object,we wereable
to significantly increaseperfamancein thosecasesln the
future,we planto condict a morethoraugh userstudy with
moreparticipants thatalsomeasuesthe usabilityof theges-
turetrackingsubsystem.
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9 Putting It to Use: SpontaneousGesture Interfaces

All the compmentsof the Perceptre Workbend — deictic
gesturdracking objectrecogiition, tracking andrecorstruc-
tion — canbe seamlesslyntegratedinto a single,consistent
framework. The Perceptie Workbenchinterfacedetectshow
userswant to interactwith it andautomaticallyswitchesto
thedesiredmock.

Whenusersmove a handabove the display surface,the
systemtracksthe handand arm as describedn Section6.
A cursorappearsat the projeded handposition on the dis-
playsurface andaray emanatealongtheprojectecarmaxis.
Thesecanbe usedin selectionor manipulation,asin Figure
8a.Whenusersplacean objecton the surface,the cameras
recoquize this and identify and track the object. A virtual
button also appears on the display (indicated by the arrov
in Figure8b). By trackirg thereflectiors of objectsnearthe
tablesurface,the systemdeternineswhenthe hard overlaps
the button thusselectingt. This actioncauseghe systento
captue the 3D objectshapeasdescriledin Section?.

Sinceshadavs from theusers armsalwaystouchtheim-
agebomer, it is easyto decidewhetheran objed lies on the
desksurface.If the systemdetectsa shadav that doesnot
touchary border, it canbe surethat an objecton the desk
surfacewasthe cause As a result,the systemwill switchto
objectrecogrition andtrackng moce. Similarly, theabsence
of suchshadwvs, for a certainperiod indicateghatthe object
hasbeentakenaway, andthesystencansafelyswitchbackto
gesturetrackingmode Notethatoncethesystenis in object-
recoquition mode,it turnsoff theceiling lights, andactivates
the light source undeneaththe table. Therefae userscan
safelygrabandmove objectson the desksurface,sincetheir
armswill not castary shadavs that could disturbthe per
ceivedobjectcontaurs.

Theseinteradion modes provide the elemetts of a per
ceptualinterfacethatoperatesvithout wires andwithout re-
strictionson the objects.For exampe, we corstructeda sim-
ple apgdication wherethe systemdetectsobjectsplacedon
the desk,recorstructsthem,andthenplacesthemin a tem-
platesetwherethey aredisplayedasslowly rotatingobjects
ontheworkberch displays left borcer. Userscangrabthese
objects,which canactasnew iconsthatthe usercanattach
to selectionor manipilation modesor useasprimitives in a
modé building application

9.1 An AugmentedilliardsGame

We have develgped a collaboative interfacethat combires
the Perceptie Workberch with a physicalgane of pod in a
two-player telepresece game The objective of the gane is
for theplayeratthebilliardstableto sinkall of theballswhile
avoiding a virtual obstaclecontrdled by the otherplayerat
theworkbench. A previoussysten{12] concentatedon sug-
gestingshotsfor theplayerusinga headup displayandcam-
eraasoppasedto the projededdisplayusedhere.

Fig. 9 (a) The Augmerted Billiards Table; (b) Workbend player
placing an obstacle;(c) Virtual obstacleoverlaid on the real pool
table.

The billiard tableis augmeted with a setupresembliry
the Perceptie Workbenchapparats (seeFigure9a).A cam-
era positionedabove the table tracksthe type and position
of the pool balls, while a projecta in a similar locationcan
createvisual feedlack directly on the playing surface.The
billiard table’s current stateis transmittedto the workbench
clientandrenceredasa 3D modd. As the gane progresses,
theworkbenchupdatesthismodelcontinwuslyusingstream-
ing datafrom thebilliards client.

During the workbenchplayers turn, he placesa physi-
cal object on the surfaceof the workbench(Figure9b). The
workbench derives a 2D reptesentatiorfrom the outline of
the objectandtransmitsthe shapeto the billiards client. The
outlineis projectel ontothe surfaceof thebilliardstableand
actsas a virtual obstacle(Figure 9c¢). If, while the billiards
playertriesto make his shotary of theballspasshrowghthe
obstacletheworkbenchplayeris awardedapoint. If thepool
playercansuccessfullysink a ball withoutthis hagening he
is awardeda point. Theworkbench playeris comgetely free
to chocse ary objectasan obstacleaslong asit fits certain
sizeconstrénts. Thus,the Perceptie Workbenchs ability to
usepreviously unkrown physicalobjectsenhaesthe users’
possibilitiesfor ganeplay In addition this “tangble” inter
faceis apparetto a novice userasit involves manipuatinga
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Fig. 8 (a)Pointinggesturewith handicon andselectiorray; (b) Virtual buttonrenderedn the screenwhenobjectis detectedn thesurface;

(c) Reconstructiorof this wateringcan.

physical objectasa represetation of the virtual obstriction
onadisplaysimilarin sizeto thebilliards tableitself.

9.2 An AugmentedRealityGame

We createch moreelaboratecollaborative interfaceusingthe
Perceptie Workbench in an augmeted reality gane. Two
or more gamemasterscan commnunicatewith a personin a
separatspacewearinganaugnentedreality headsefFigure
10a) Theworkbenchdisplaysurfaceactsasatop-dowvn view
of the players space.The garre mastersplacedifferent ob-
jectswhich appeato the playerasdistinctmorstersat differ-
entvettical levelsin thegamespaceWhile thegamemasters
move the objectsarourd the display surface this motionis
replicatedby monstersn the players view, which move in
their individual planes.The playefs goal is to dispelthese
monstes by performing Kung Fu gesturesbeforethey can
reachhim. Sinceit is difficult for the gane masterto keep
pacewith the playe, two or moregamemastersnay partici-
pate(Figurel0a).ThePerceptie Workbend's objecttracker
scalematually to hande multiple, simultaneasusersFor a
more detaileddescriptim of this application seeStarneret
al.[30,19.

9.3 3D Terrain Navigation

In andher application we usethe Perceptre Workbenchs
deictic gesturetrackingcapabilityto interfacewith VGIS, a
globd terrainnavigationsystenmthatallows continwusflight
from outerspacdo terrainat 1 foot or betterresolution Main
interactiors includezoomirg, paming, androtatingthe map.
Previously, interactio took placeby usingbuttonstickswith
6-DOFelectromagnetictrackersattached

We emplaoyeddeicticgesturdrackingto remove this con-
straint. Userschaose the directin of navigation by point-
ing andcancharge the diredion contiruously (Figure 10b).
Moving the handtoward the displayincreasedhe speedo-
wardthe earthandmoving it away increaseshe speedaway
from the earth. Panningand rotating can be accomfished
by makirg lateral gesturesn the directionto be panred or

by makinga rotaticnal arm gesture Currerily, userschoose
thesethree modes by keys on a keyboard attachedto the
workbench, while the extent of the actionis deternined by
deictic tracking.In the future this selectioncould be made
by analyzingthe users handshapepr by reactirg to spolen
commauls.In arecern papeyKrum etal proposesuchanavi-
gationinterfacethatimplementsacombinaion of speectand
usercenteedgesturesrecoquizedby asmallcameamodule
wornontheusers chest16].

9.4 TelepesencandCSCW

Lastbut notleast,we built a simpletelepresece systemUs-
ing the sampleinteractionframework describedat the begin-
ning of this section,userscan point to any locationon the
desk recorstructobjects andmove themacrosghedesksur
face.All of their actionsareimmedately appliedto a VR
modelof theworkbenchmirroring thecurrentstateof thereal
desk(Figure 10c). Thus, when performing deictic gestures,
the current handand pointing positionappearon the model
workbenchasaredselectiorray. Similarly, therecastructed
shape®f objectsonthedesksurfacearedisplayedatthecor
responthg positiors in themodel. This makesit possiblefor
coworkersat a distantlocationto follow the users actionsin
real-time,while having compete freecbm to choosea favor-
ableviewpoint.

10 Integration and Interface Designlssues

ThePerceptre Workberch wasdesigredwith applicatian in-
tegrationin mind. Applicationsimplementa simpleinterface
proto®l andcantake adventageof thosepartsof the work-
benchfunctionality they need However, for successfuhppli-
cationintegration,severalissueshave to beadressed.

From aninterfacedesignstandpint, limitations areim-
posedby both the physical attributes,the hardware restric-
tions, andthe software capaliities of the workbench. While
theworkbenchsizepermitsthedisplayof alife-sizemodelof,
for exanple, thebilliardstable,theusers comfortablereach-
ing range limits the usefd mockl size.In addition interface
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Fig. 10 Applications:(a) Two gamemasterontrolling virtual monsters(b) Terrainnavigationusingdeictic gestures(c) A virtual instan-

tiation of theworkbench

designis restrictedin that one side of the workberch is in-

accessiblaueto the placemenof the prgectorandcamera.
If gesturetrackingis to be used,the availablerangeis even
morelimited to justonesideof theworkbench.

The sensinghardvare placesrestrictiors on the poteriial
useof trackirg informationfor a userinterface.Precisepo-
sitioning of objectsand pointing gestureds limited by the
cameraresolution.If the apgication requires watchingthe
whole workbenchsurface,our curreri cameraresolutionof
320240 pixelslimits single-pxel accuray to abou 5 mm.
By interpdating the contaurswith polygmnsandthusaverag-
ing over several sampleswe canhowever arrive at a much
highe precision.In arelatedissuethe contair of a moving
objecton the workbenchis not necessarilystableover time,
especiallywhenthemotion is sofastthatthecameramageis
blurred.To dealwith this, thebilliard systemdetectsvhenan
objectfirst comedo rest,determirestheobject’s contou, and
simply translatest insteadof trying to recompuiteit. In both
casesthe error canbe redwced by increaing the resolution
or switchingto a moreexpensve progessve scancamera.

Onthesoftwareside,thequestions how to usetheinfor-
mationthe Perceptie Workbent providesto createa com-
pellinguserinterface.For exanple, therearetwo concevable
typesof gesturalinteractiors. The first usesdeictic gestures
for relative cortrol, for examge for directinga cursor or for
adjustingthe speedbf mavement.The otherdetectgyestures
that causea discreteevent, like pushinga virtua button to
startthe recastructingprocess,or assuminga specifichand
shapeto switch betweeninteraction modes.Which of these
interactiontypesis apprgriate,andwhich handshapesnake
sensaleendslargely ontheapplication

Another questionis hov much informationto transmit
from the workbenchto its clients. If too muchinformation
abou static objectsis transmittedto the display client, the
time neededo readout and processthe corresponéhg net-
work messagesanredue the effective displayframerate.In
our applications, we found it usefulto only transmitupdates
on objectswhosepositiors hadchangd.

On the client side, sensorintergration needsto be ad-
dressedFor gesturerackirng, informationfrom two cameras
is integrated If the apgication requreslower latencieshan
thosecurrerly provided,Kalmanfiltering maybeused Since
the camerasare not explicitly synchonized,asynchonols

filters, like the single-caistraint-ata-time metha by Welch
andBishop[42], mayalsoprove useful.

11 Maintenanceof Perceptud Interfaces

One detrimen to perceptal interfaces is that the uncerly-
ing sensoiplatform needsto be maintaine. Video cameras
may be bumped lights may burn out, or the entire struc-
ture may needto be moved. The PerceptualWorkbenchhas
sened as a expeaimental platform for several yearsandhas
undegore several major revisions.In addition the underly-
ing Fakespacédardvareis oftenusedfor virtual ervironment
demorstrationsSuchheary usestresseanexperimentakys-
tem.Thus,the systemmustbe self-calibratingvherever pos-
sible.

Objectidertification and tracking on the the surface of
thedeskis oneof themostvaluedservicedor the Perceptie
Workbendt. Forturately, it is alsothe mosteasyto maintain
This servicerequires only onecameraandtheinfraredlights
underthedesk.Thissysteris easyto installandrealignwhen
necessaryn addition,thecomputervision softwareautonat-
ically adjuststo the lighting levels available eachtime the
systemis initialized, makirg the systemrelatively rohust to
changsthatoccuronaday-tedaybasis.

The Perceptie Workberth’s gesturerackirg softwareis
alsousedextersively. While theinfraredlight above thetable
is relatively protectedin evelyday use,the side-view cam-
erais not. If auserbumps the sidecameraoutof position,its
calibrationprocediremustberedme.Forturately, this proce-
dureis not difficult. Embedling the camerainto a wall near
the sideof theworkbenchmayredwcethis problem

Threedimensiol recorstructiononthe Perceptie Work-
benchrequiresthepositiors of theoverheadightsto beknown
to within centimetersThe position of eachlight constrains
the positionsof the otherlights due to the limited surface
of the deskon which a recastructionsubjectcanbe placed
andstill casta shadav thatdoesnotinterestthe desks edge.
In addtion, reconstration requiresthe mostpiecesof appa-
ratus and the most carefu alignmern. Thus, recorstruction
provesthebiggestchallengto physicallymaving thePercep-
tive Workberch. Forturately, the Perceptre Workbenchstays
in oneplacefor extenced periads of time, andthe overhead
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lights areout of the way of mostexperimentsand otherap-
parats. However, the overheadlights do burn out with time
mustbereplaced

12 Futur e Work

Many VR systemaisehead-tackedshutterglassesndstereo-
scopicimagesto get a more immersve effect. In orderto
malke thesesystemdully wireless,we needto apply vision-
basedmethod to alsotrack the users head At presentwe
areresearchng inexpensive and robust waysto do this that
still meetthe perfomancecriteria. Resultsfrom Ware and
Balakrishnar§39] suggstthat,in contrasto fully immersve
systemsavhereusersweara headmourted displayandrela-
tively small headrotatiors can causelarge viewpoirt shifts,
semi-immesive systemslo notimposesuchhighrestrictions
on headmovementateng. In fact,sincethe headpositionis
muchmoreimportart thanthe headoriertationin thesesys-
tems lateng caneven beslightly largerthanwith thegesture
andobjed tracking

In addition we will work on improving the lateng/ of
the gesture-enderiny loop through coderefinemeh andthe
application of Kalmanfilters. For the recogition of objects
on the desks surface,we will explore the useof statistical
methals that cangive us betterwaysof handing uncetain-
tiesanddistingushingnew objects We will alsoemplg hid-
denMarkov mocklstorecogrize symbdic hard gesture$31]
for controlling theinterface Finally, ashintedby themultiple
game mastersn theganing application several useramaybe
suppatedthrough careful,active allocationof resouces.

13 Conclusion

ThePerceptie Workberch usesa vision-baedsystemnto en-
ablea rich setof interactims, including handand arm ges-
tures,objectrecogiition andtracking, and3D reconstration
of objeds placedonits surface.Lateny measurmentsshov
thatthePerceptie Workberch’strackingcapabilitiesaresuit-
ablefor real-time interaction

All elementomhbine seamlesslynto the sameinterface
andcanbeusedin various apgications.In addition thesens-
ing systemis relatively inexpensve, usingstandad cameras
andlighting equipmentplusacomputerwith oneor two video
digitizers,depenthg on thefuncions desired As seenfrom
the multiplayer gaming terrainnavigation, andtelepresence
applications, the Perceptie Workberch encowagesan un-
tetheredcandspontaneusinterface thatencouagesheinclu-
sionof physical objectsin thevirtual ervironmertt.
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