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ABSTRACT

This paperpresents real time graphicalsimulatorbased
on aclient-serer architecture.Therenderingengine sup-
portedby a specializectlient applicationfor the automatic
generatiorof goal orientedmotion of syntheticcharacters,
is usedto producerealisticimagesequencefor extensve
performancassessmeraf computervision algorithmsfor
peopletracking.

KEY WORDS
Animation, Virtual Reality Tracking,IntelligentAmbience

1 Intr oduction

Vision is humanmostimportantsensorychannelandade-
tailed understandingf its inner workings is one of the
greatchallenge®f modernscience.

Arti cial vision researchriesto matchhumanvisual
competencedy developing algorithmsable to infer from
bi-dimensionalimages,or image sequenceshe contents
of the correspondin@D staticor dynamicscenes Exten-
sive evaluationof algorithmperformanceds necessaryut
in mary casesxtremelycostlyto perform.Let usconsider
a simple algorithmto detectall personswithin a camera
eld of view, providing abinaryimagedistinguishingmov-
ing peoplefrom static background. Preciseevaluation of
theaccurag of the algorithmwould requiremanualanno-
tation of eachsingle pixel for every imageof the captured
sequencesReliableestimationof the performanceaunder
differentoperatingconditionsrequiresthe useof mary se-
guencesfurtherincreasinghecostof performancevalua-
tion. A similarsituationcanbefoundin thedevelopmenbf
systemdasedon thelearning by exampleparadigm.This
approachhasdemonstrateds validity in several applica-
tions but its feasibility restson the availability of a setof
examplescoveringtherangeof operatingconditionsof the
system.Again, gatheringa representatie setof examples
maybetoo costly, ruling out the useof otherwisepowerful
techniques.

In this paperwe focuson the possibilitiesoffered by
currentcomputergraphicstechniquego generateealistic
syntheticimagerysupportedby extensie groundtruth in-
formationat framerate. Amongthe mary topicscurrently
investicated by the computervision community the de-
velopmentof indoor suneillancesystemss of increasing
scienti ¢ and practicalinterest. The evaluationof people
trackingalgorithms,especiallyin the caseof crovdeden-
vironments,is particularly dif cult and hasnot beenad-

dressedso far in a principledway. This paperpresentsa

graphicalsimulatorwhosearchitecturehasbeendesigned
to improve the work- ow of algorithm developmentand
evaluationfor third genertion surveillancesystem$ased
on distributedmulti camerasystemsor museunmonitor

ing. Thearchitecturef thesystemandtherenderingstrate-
giesarepresentedn Section2. Animationtechnigquesre
describedn Section3 while rst resultsandforeseenex-

tensionsarereportedn Sectiord.

2 Rendering Ar chitecture

Oneof thetrendsin the developmentof novel suneillance
systemds representedby the use of multiple sensorsco-
operatingin monitoring multi room ervironments. The
designof computervision algorithmswithin this frame-
work is particularlychallengingoothonthetheoreticakide
(effective integrationof multiple informationstreamsyand
on the practicalside (settingup large sensometworks and
evaluatingalgorithmperformance).The proposedimula-
tor derivesits architecturalfeaturesfrom the necessityof
mimicking the structureof suchsuneillancesystems:

network wide operation supportingmultiple connec-
tionswith severalimageprocessingystemgemulat-
ing a setof intelligentactive cameras).

managementof virtual ervironments comprising
staticstructuresandmoving objectssuchaspeople;

generationof believable motion patternsfor people
groups;

synthesi®f imagesequenceproviding realisticinput
to imageprocessinglgorithms;

ef cient imagegeneratiorto effectively supporttight
developtestre ne work- ows;

automatiogeneratiorof scenegroundtruth dataupon
which automatic evaluation of algorithms can be
based.

The adoptedsolutionis basedon the client-serer archi-
tectureschematicallyreproducedn Figure 1. The sener
manageshe ervironmentandprovidesclientswith access
to dynamicobjects currentlycharacterandcamerasEach
client canthentake control of anavailablecamerao geta
personalizediew of theernvironmentor join thesimulation
from thepoint of view alreadycontrolledby anotherlient.
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Figurel. Systemarchitecture

Syntheticcharacterganalsobecontrolledby aclient
andthe next sectionwill provide a detaileddescriptionof
the currentlyavailablemodulefor the control of groupsof
characterwisiting amuseum Eachclient canthenrequest
from the sener the imagesof the scene their depthmap
(thatcanbe usedto simulateotherkind of sensorspnda
segmentedmagewhereeachpersonis representeavith a
uniquecolor (seeFigure 2). This providesthe necessary
groundtruth to evaluatethe performanceof peopletrack-
ing algorithms.Thefeaturesetof therenderingenginehas

Figure2. Theinformationgeneratedy the simulator:the
visualstimuli, adepthmap,andthe'oracle’.

beendrivenby therequiremenbf providing ausefulsubsti-
tute of realcamerasignalsto imageprocessinglgorithms.
In particularthechoserscenariaequires:

effective managemenof complex geometryin order
to simulatemulti roomervironmentswith mary char
acters;

easycontrol of characteranimationto createbeliev-
ablehumanmotion;

realisticlighting of staticanddynamicgeometry

The renderingenginerelies the OpenGLAPI, for which
very efcient hardware implementationsxist, and man-
agesomple geometryusingBinary SpacePartition (BSP)
Trees[1] andprecomputedPotentiallyVisible Sets(PVS).

While fast, plain OpenGLbasedrenderingdoesnot
provide realisticimages. The available lighting modelis
simpleand,amongotherlimitations,doesnot take into ac-
count ervironmentdiffusions. In orderto generatehigh
quality images,the renderingengine exploits a precom-
putedglobalillumination for the staticervironmentmade

availablethrougha setof lightmaps mappedby OpenGL
onto surfacetextures, modulatingtheir lighting. Moving
objectsmustinsteadbe shadedlynamicallyusingOpenGL
lights. The maximumnumberof supportedights depends
on the implementationand the renderingenginekeepsa
sortedlist of lights for eachvolume cell generatedy the
BSPtree,sothatonly the mostrelevantlights areactivated
for lighting (andfor shadaving).

As the basic OpenGL primitives are polygons, all
scenegeometriesare de ned by their polygonalapproxi-
mations. Charactemnimation,an importantfeatureof the
proposedsimulator would thenrequirethe positionof all
moving verticesasafunctionof time. As thiswould beim-
practical,animationsare broken down into cyclic actions
thatarein turn speci edthrougha limited setof snapshots,
the key frames,with all interveningpositionsinterpolated
by the system.The e xibility of the systemin specifying
composedictionscanbe furtherincreasedisingthe tech-
nigueof skeletalanimation Eachmodelis representedy
ahierarchicakkeleton:eachbonehasspeci c rotationcon-
straintsandis furthercharacterizedy anin uence sphere
whichidenti es theverticesthatwill follow themovements
of the bone. This systemrequiresthe interpolationof ro-
tationsthat canbe accomplishedeatly usingquaternions
andsphericalinearinterpolation8]. In thedescribedys-

direction

Figure3. Characteiis moving upwards: animationis cho-
senbasedn speedlirectionandmagnitude
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Figure4. Pipelinefor the computationof joint rotation.
The additionaldegreeof freedomgrantedby personalized
rotationspermitstheintroductionof new characteposes.

tem, charactersare animatedthrougha hybrid technique



usedin currentvideo games. The approachtries to gain
the speedof vertex animationapproacheandthe e xibil-
ity of skeletalanimationtechniquesEachcharacteis rep-
resentecby a very simple skeletonwith threebonescon-
nectedto the head,the torso,andthe legs. The e xibility
of skeletalanimationis exposedto client applicationsal-
lowing themto specify personalizedotationsfor the joint
(asdescribedin Figure 4). This is particularly usefulin
the simulationof a museumervironmentasthe character
attentionmay be directedto a given point, suchasan ex-
hibit, througha combinedrotation of headandtorso (see
Figure5). In the currentsystem charactetpositionis not

Figure5. A charactemposecanbe controlledthroughthe
rotationof hisjoints.

controlledby therenderingengineitself but is provided by
a specializecclient application. This implies thattheren-
deringenginemustdeducefrom characterorientationand
speedhe appropriateanimationclassamongthe available
ones:run, walk, strideleft, strideright (seeFigure3). As
the kinematicsof the charactemay suddenlyresultin the
choiceof a new animation,the renderingenginesmooths
the transition betweenthe animationsto avoid annging
artifacts. The transitionbetweenanimationclasseds ob-
tainedby creatingtemporaryadditionalkey-framesandin-
terpolatingtowardsthecharactecon gurationspeci edby
thenew motionclass(seeFigure6). A majorsourceof dif-

walk ! run
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Figure 6. Interpolatedtransition betweentwo animation
classes

culties in thedevelopmentof computervision algorithms
for sunwillanceis given by dynamiclighting conditions,
including shadevs dueto moving objectssuchas people
andvehicles[2, 6]. Fastbut geometricallyaccurateender
ing of shadavs, coherentwith ervironmentglobalillumi-
nation,is oneof the key featuresof the developedrender
ing engine. Geometricalaccurag of charactershadavs
hasbeenobtainedgeneratingshadev volumesusinga non

standardOpenGL perspectie projectionmatrix, obtained
by moving to in nity thefar clipping planeof the standard
matrix [9].

The actualdraving of shadev boundarieseliesona
modi cation of the original stencilalgorithm,proposedy
Heidmann3], known asCarmad's Reversethatsolvesthe
problemsof the original formulationwhenever the camera
is locatedwithin the shadav volume[4]. However, deter
mining shadevs boundariegloesnot completelysolve the
problem.Shadevedregionsshouldbe lled in accordance
to aglobalillumination solutionfor thegivenervironment.
While a correctsolutionis computationallyexpensve, a
goodapproximatiorcanbe obtainedrelying on the correct
contrikution of eacHight to theillumination of staticgeom-
etry andusing OpenGLlIights for the shadaving (andself
shadwving) of the dynamiccharactergseeFigure?2). For
eachlight, shadaevs are generatedy substractie blend-
ing of light contrikution, providing full supportfor colored
lightsandshadavs. Themajordravbackis givenby thene-
cessityof generatinga globalillumination solution of the
given ervironmentfor eachof the lights, asthe resulting
lightmapsareneededo painttheshadavs on thestaticen-
vironment.

Figure7. The differentstepsin the generatiorof accurate
shadovs

Therenderingengineimplementedor thesenerside
of the architecturds thenableto generateealisticimages
for multiple clients, from different viewpoints, managing
both staticanddynamicgeometry While the enginetakes
careof thelow level actuatiorof charactemotion,thegen-
erationof believable, purposve, motion for the simulated
charactersiasbeenassignedo a specializectlient of the
simulatorto bedescribedn thenext section.Thisarchitec-
tural choicehasthe adwantagethat differentalgorithmsfor
generatingcomplex behaiour canbetestedandcompared
with minimum interventionon the structureof the simula-
tor.



3 ChoreographedAnimation

Living beingsperceve their environmentandreactaccord-
ing to subjectve criteria, making realistic simulation of
moving peoplea dif cult task. Although renderingthe
characterss by itself acomplec task,thecreationof asuit-
ablechoreograpy of groupsmoving purposvely in a be-
lievable way posesadditionalchallenges. The variety of
collectve humanmotion patternsin a comple erviron-
mentsuchas a museumare dueto mary factorsamong
whichwe cancite:

visual perception, the interpretation of visual stimuli
from theervironment;

prior knowledge, alreadyacquirednformationontheen-
vironment;

decisioncapability, goaldrivenreactionto percevedim-
pressions;

group behaviour, aggregationbasedn similarinterests;

experienceaccumulation, dynamicallyreshapinggoals.

In orderto createbelievable motion patternsa setof syn-
theticcharactersnustbe endavedwith the samefunction-
alities, albeitin a simpli ed version. In our implementa-
tion, visual perceptionis simply responsiblefor Itering
outinformationon the ervironmentthatis not availableto
the characterslueto occlusionsandlimited eld of view.
Theinterpretatiorof perceved stimuli canbe bypassedy
giving the charactedirect accesgo scenegeometry mu-
seumexhibit locationsanddescriptionsgxactpositionand
velocitiesof mates. The stratgly usedfor the simulation
of museunvisiting groupsrelieson a hybrid approachn-
tegrating secondorder dynamicsfor global motion coor
dination and indirect control of groupsthroughinvisible
leaders. In fact, while plausible ock behaior naturally
emepgesfrom the simplerulesproposedn [7], consistent
goalorientedbehaior cannotbe easilycreatedn thesame
way.

Our approachis relatedto the conceptof Co-Helds
introducedn [5]. In theoriginal formulation,eachmaving
characteagent)percevesthe positionof the otheragents
through a force eld and coordinatedbehaior emepges
from the agentsfollowing the force eld, dynamicallyre-
shapingit by changingtheir position. In our implemen-
tation the potential elds do not only dependon time and
charactepositionbut alsoon hervelocity. Modelingwalls
andotherstaticanddynamicobstaclesvith purepositional
elds mayresultin strangamotionpatternghatpreventthe
agentsfrom reachingthe expectedobjectives. The short-
comingof a purepositionalapproactis alsoevidentin the
modelingof groupdynamics,as peopleclearly useinfor-
mationon velocity to adapttheir trajectoriesandavoid col-
lisions. Charactemotion(x (t); x (t)) overapotential eld

E(x; X: t) is governedby a secondrderdifferentialequa-
tion:

F(x;%;t) = ?:IZT)Z((D_: er(x;k;t)
x(t+ t) = x()+x(t) t+ IFx;x;1) t?
>:<(t+ t) = )i(t)+ F(x;k;t) t

Although the pioneeringwork of Reynolds[7] addressed
thesimulationof groupbehaioursof animals similarrules
canbeappliedto humancharactersln ourimplementation,
the potential eld E is de ned by the superpositiorof the
following components:

Ec, toavoid collisionswith staticanddynamicobstacles;

E, , driving the membersf a grouptowardstheir (invisi-
ble) leader;

Er, responsibldor ock behaiour;

Ev, urging matchthe velocity of nearbymembersof the
samegroup.

In scenariosvith complex geometryandfrequentcrovding
it is importantto nd plausiblecollision avoidancepoli-
cies. If anagentwalks away from a wall thereis no rea-
sonto berepelledby it, independentlyof how closeit is.
Onthe otherhand,if two personanove toward eachother
they have to changetheir pathsin advance. But again, if
they walk in the samedirectionthey canstayvery closeto
eachother Positionalinformationwith additionalvelocity
datacanthenbeusedto implementmorerealisticcollision
avoidancestratgies. If a polygonalscenemodelis avail-
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Figure 8. Collision avoidance eld (t,): thelargerthe
relative velocity the greaterthe visibility of the obstacle.

able,collision detectioncanbe carriedout by ray-polygon
intersection. Given the impactlocationx , of the nearest
objectandthe surfacenormalversorn o, thesebehaiors

canbesimulatedby thefollowing eld component:

kX X k?

r vEc(x;x;t) = (to)no; to = X Xo) (X Xo)

and (to) is apositive decreasindunctionof the expected
impacttime (e.g. a GaussianseeFigure 8). Given the



positionsx; of members in the setof n} (close)visible
agentAf, ock behaiour canbesimulatedby introducing
thefollowing eld:
0 1
) 1 X
rxEr(Gx;it)y/ @ — xiA
\'

i2A%

sothatanagents attractedy the centerof massof nearby
groupmateswith aforce proportionalto its distance.ln a
similar way, velocity matchingis governedby

0 1
X . 1 X X
rxEveox;t)/ @ — XA
nViZA\X,

Although consistengoal-orientedoehaiour canbeincor
poratedin agentdynamicsthroughan additional,dynamic
interest eld, groupbehaiour canbe more appropriately
maintainedthrougha (invisible) leaderfollowing policy.
The correspondingpotentialcomponenis expressedy a
radial eld centeredhttheleademositionx(t):

FxECOGXY) T (X xi(L)

Theleadersanthenbemovedonagraphwhosenodesep-
resentphysical locationsin the museum.However, naive
implementatiorof follow-the-leadeibehaiour may result
in unacceptablamotion patternswheneer the character
loosessight of the leader If geometryconstraintsareig-
nored,the charactemay be subjectedo acceleratiordriv-
ing hertowardsthe obstaclesOntheotherside,if thecon-
straintsareconsideredthe charactemayhave noleaderto
follow in sight. The solutionusedin the presentedystem
is to endav eachcharactewith a memoryof thelatestpo-
sitionsof thegroupguidesothatmotioncanbedirectedby
the mostrecentposition of the leaderthatis visible from
the standingpoint of themoving characterR, (x ; t):

rxELOGXID = (X Ri(xi)
Thenodescorrespondindo the exhibits aregiven a setof
-~ o - -
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Figure9. Endaving charactersvith memoryof leaderdra-

jectorieseaseghe implementatiorof realistic follow-the-
leaderstratgies.

descriptie labelsfrom which an interestscoreis derived
basedon the grouppro le while the arcsarelabeledwith
the correspondingspatial distances. In this case,people
motion canbe plannedin advance,optimizing the fruition

of the exhibits (sum of the scores)subjectto prede ned
temporalconstraintson the length of the visit. However,
suchan approachs not completelysatishictoryaspeople
do not, usually optimizetheir visit this way. Furthermore,
theimpactof local events(suchasovercravding) on group
trajectoriescannotbe modeledwith the necessangpatial
detail unlessa large numberof nodesis insertedinto the
graph.

The proposedsolutionis basedon the ideaof domi-
nantinterest eld. Eachexhibit in the museumgenerates
anattractve eld driving the motionof eachgroupleader
In orderto getfeasibleleaderpaths,scenegeometryinfor-
mation mustbe incorporatedn the interest elds. In the
proposedapproachelds aregeneratedy propagtingin-
terestraysfrom eachexhibit thataresubjectto occlusions
by scenenbstaclesTheraysmove linearly in a discretized
spaceandmarkeach oor cell with the minimumdistance
to the exhibit, giving riseto thedistanceeld D;(x) of the
ith exhibit. In orderto caover the whole ervironment(in a
way not dissimilarto diffuseillumination) eachpixel acts
asa new source. The following algorithm computesthe
spatiallysamplediistanceeld for apolygonalscenamap:

setdistance®f accessibl@ixelsto 1 ;
activatesourceon exhibit locationandsetdistanceo O;

while thereis an activesourcedo
emitlight from currentsource;
ds = currentsourcedistance;
foreachilluminatedpixel do
d = ds+ distanceérom currentsource;
if d < currentpixel distancethen
setcurrentpixel distanceto d;
labelpixel with displacemenfrom currentsource;
if currentpixelis ona cornerthen
activatenew sourceon currentpixel;

end
end

turn off currentsource;
end

Algorithm 1: Computatiorof distancemap

The resulting elds canbe effectively modulatedby
the complity of the pathleadingto the exhibit aswell as
themeredistanceo betraveled(seeFigure10):

El (X;X;t) = W(E))(t) i(X;%)

Here ; 2 (0; 1] accountdor exhibit visibility andfor ac-
quiredprior knowledg aboutthe museume.g. by consult-
ing aexhibit planbeforehandThe modulatingfactor ;(t)
de nesthegroupinterestin theith exhibit, whichdecreases
while looking at the exhibit (experienceaccumulatioi:

D 2(x))

i(t+ = i) e 7 t

where characterizethefruition rateand representshe
spatial scalefrom which the exhibit becomesenjoyable.
Eachgroupcanthenbe characterizedby a speci c pro le

i (0) that will affect its museumtour. Leadermotion is
thengovernedby

xi(t+ 0= xi(0) + e «ENGxD)



wherev, denotegonstanteadervelocity and

A= argmaxfE! (x;x;t)g
i

representthecurrentdominantnterestof thegroupleader
Due to the consistentformulation, the interest eld can
directly be usedas an additionalcomponenif agentdy-
namics. The implementedsystempermitsthe simulation
of groupswith differentinterestsin museumexhibits as
well asdifferentvisiting stratgies (detailedplanning,ca-
sual,time limited etc.) by appropriatenodulationof inter
est elds.

Figure 10. Thetwo columnsreportsthe evolution in time

of the co- elds originatedfrom two differentexhibits: the

darler the eld the strongerthe attractionof the exhibit.

Thevisitor is at rst attractedby the onecorrespondindo

theleft. As time passby, shegetslessandlessinterested
in it till herattentionis capturedby the nearbyexhibit to

which her attentionturns. Field discontinuitiesare dueto

thedepressiomf secondarngourceemissiongcapturingthe

effect out-of-sightout-of-interest.

4 Conclusions

This paperhaspresented graphicalsimulatorsupporting
the developmentof third geneation surveillancesystems
basedon visual input. Fastimagerendering,a e xible
client-serer architectureperceptuabraclefunctionalities
to provide extensie groundtruth informationfor algorithm
evaluation,andgeneratiorof complex movementsof peo-
ple groupsareamongits mostimportantfeatures The sys-
temis currentlyemployedin thedevelopmenbf algorithms
for peopleseggmentationwhereit is ableto provide accu-
rateperformanceaeports(seeFigure 1l for anexampleon

the evaluationof a people/backgroundegmentationalgo-
rithm). The systemwill be extendedto supportcharacters
with anincreasedhumberof joints for the developmentof
gesturerecognitionalgorithms.
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Figurell. The plot reportsthe error, in pixel units, made
by asimplealgorithmfor people/backgrounsegmentation
in anindoorervironment.After a rst stepsegmentingthe
imageinto backgroundand foregroundplus shadavs, the
algorithm tries to identify shadevs using a setof classi-
ers combinedthroughscoring. Manual computationof

algorithmperformanceat this level of detail would be ex-

tremely costly andthe accurag would not reachthe level

possiblewith the proposedapproach.
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