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Abstract

This paper presentsa real-time databasemodeling
complex networksof intersectingroadsand walkwaysin
urban virtual environments.Thedatabaserepresentsin-
formationabout the layout of streetsand sidewalks, the
rules that govern behavioron roadsand walkways,and
the locationsof agentswith respectto roadandsidewalk
structures.Thisinformationis usedbyprogramsthatcon-
trol the behaviorof autonomousvehiclesand pedestri-
anspopulatingthevirtual urbanenvironment.Roadsand
sidewalksare modeledas ribbons in space. Theribbon
structureprovidesa natural coordinateframefor de�ning
the local geometryof navigablesurfaces.This geometry
is important for way �nding and also formsthe geomet-
ric basisonwhich spatialrelationshipsamongagentsare
de�ned. The databaseincludesa powerful run-time in-
terfacesupportedby robust and ef�cient codefor locat-
ing objectson the ribbon network,for mappingbetween
Cartesianand ribbon coordinates,and for determining
behavioral constraintsimposedby theenvironment.

1. Intr oduction

Building dynamic, active content for use in virtual
environmentsis a dif�cult and time consumingprocess.
Quiteoften,theinformationrequiredfor programmingthe
behaviors thatmightpopulatesuchenvironments,suchas
vehicleor pedestriannavigation, is not easilycomputed
or inferredfrom setsof polygonsinto ausableform. Such
behavior codesaregenerallycomplex andrequiresigni�-
cantspatial,logical, andsocio-culturalinformationabout
theenvironment.Theresearchaddressedin this paperin-
volvescreatinga run-timeenvironmentdatabaseto facili-
tatebehavior programmingin virtual environments.This

Figure 1: Virtual urban environment.

work bridgesa gapbetweenthevisual,polygonalmodel
andtheneedsof autonomousagentsto gainspatialaware-
ness.

In therealworld, muchof ourway�nding in urbanen-
vironmentsoccursonribbon-likepathwayssuchasroads,
sidewalks,andalleys. Thesepathwayswind throughcities
meetingandcrossingotherpathways. They structurethe
movementsof travelersandprovide a frameof reference
for determininglocalspatialrelationships.Socialconven-
tions for organizing interactionson roadwaysandwalk-
waysrely on having a sharedunderstandingof this frame
of reference.For example,in many societieswewalk and
drive on the right sideof a sidewalk or road. In orderto
traversepathways in a virtual environment,autonomous
agentsmustunderstandthespatialstructureandlocal ge-
ometryof navigableroutes.To travel safely, they mustbe
awareof nearbyagentsandobstacles.
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Thispaperpresentsaschemefor representingnetworks
of ribbon-like pathwaysto supportbehavior andscenario
programmingin virtual environments. The schemeen-
codes(1) geometricinformationabouttheshapeof path-
ways,(2) topologicalinformationaboutinterconnections
amongpathways, (3) logical informationencodingrules
governingbehavior on the pathways,and(4) occupancy
informationgiving the locationsof nearbyobjectson the
pathway.

Becausewe focuson real-time,interactive simulation,
a high premiumis placedon robustnessand ef�ciency.
A databaseemploying theschemehasbeenimplemented
in the Hank virtual environmentsoftwareandrigorously
testedin psychologicalstudiesinvestigating thebehavior
of childrenandadultsriding a virtual bike on roadways
populatedwith simulatedvehicles.

2. RelatedWork

Our work builds on two relatedbodiesof research:ur-
banmodelingaimedat animatinghumansin virtual envi-
ronmentsand road modelingfor driving simulation. In
the spirit of Farencet al's notion of informed environ-
ments,we embedinformationin therepresentationof the
roadsandsidewalksto guideagentbehaviors[11]. In their
scheme,behavior contentis connectedto thehierarchical
scenegraphusedfor rendering. In contrast,our repre-
sentationsareindependent(but correlatedwith) thescene
graph,relatively �at, and emphasizethe 3D ribbon-like
structureof pathways. This simpli�es motion planning
andallows us to build very fast,robust computationsfor
accessinglocal geometry, thepositionsof nearbyobjects,
andrecoveringembeddedcontentthatguidesagentdeci-
sionmakingandactions.

Our researchis closelytied to researchin modelingur-
banroadway environments[2, 3, 5, 14, 19]. Civil engi-
neeringguidelinesspecifydesignstandardsfor roadcon-
structionbasedon threeplanarshapes:straight,arc of a
circle,andspiral[1, 10]. Modernroadsarecomposedof a
sequenceof straightandcurvedsectionswith a transition
spiral interposedbetweenthem to smoothlyblend from
one curvature to anothercurvature. A desirableprop-
erty of roadsbuilt to this standardis thatcurvaturevaries
smoothlyalongthe roadcontour. Oneproblemwith this
approachis thatmany realroadsdonotconformto thede-
signstandards(especiallyroadsin olderurbanareas).The
work presentedhereusesa spline basedrepresentation,
but providescodeto translatestandardroadspeci�cations
into accuratesplineapproximations.

Donikianet al. developeda comprehensive systemfor
modelingcomplex urbannetworks of streets,sidewalks,
andtramwayscalledtheVirtual UrbanEnvironmentMod-
eling System(VUEMS) [9, 15]. As in our work, theun-
derlyinggeometryof pathwaysin VUEMS is basedwith
interconnectedribbon-like surfacesegments. Our work
extendsthisapproachfrom 2D to 3D, addressescomputa-
tional dif�culties in the parameterizationandcoordinate
transforms,and introducesoverlay ribbons to simplify
steeringandcollisionavoidancebehaviors.

3. RepresentingWaysasRibbonsin Space

Our representationof urbanstreetsand sidewalks is
basedon a network of interconnectedribbons. Eachrib-
bonrepresentsa segmentof a ”way” (a roadway or walk-
way). The ribbon de�nes the geometryof a navigable
surface and gives a local orientationto the way. The
ribbon channelspedestrianandvehicletraf�c into paral-
lel streamsby de�ning two preferreddirectionsof travel
(along the two opposingtangentsof the centralaxis of
the ribbon). It is importantto emphasizethat the repre-
sentationplacesno restrictionson agentbehaviors. Au-
tonomousvehiclesand pedestrianscan chooseto move
acrossa ribbon,for example,to changelanes.

In addition to representinggeometricinformation for
navigationandrouteplanning,theribbonprovidesaframe
of referencefor de�ning spatial relationsamongoccu-
pantsof the way. Thus, an oncomingvehicle heading
straightatusin anadjacentlaneonacurvedroadposesno
threatbecausewe expectit to remainin its laneandpass
by us.

We representa ribbon by an annotated3-dimensional
spacecurve. This curve actsas a centralaxis or spine
for the way. A surfacenormal is de�ned at eachpoint
on thecurve allowing the ribbon to twist aboutits spine.
Theribbonestablishesa curvilinearcoordinatesystemin
which 3-dimensionalpointsareexpressedin coordinates
of distancealongthespine,D, offsetontheribbonsurface
from thespine,O, andloft (displacementabove or below
theribbon),L. Figure2 illustratestheribbonbasedframe
of reference.

Somesimulationcomputationsaremostnaturallyex-
pressedin Cartesiancoordinates.For example, the dy-
namicscodethat computesobjectmotionsfrom control
parameterssetby objectbehaviors is mostsimply com-
putedin Cartesiancoordinates.Othercomputations,such
asbehavior codethat tracksroadsandavoids obstacles,
requirethat object locationsbe expressedin ribbon co-
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ordinates.Becausethesecomputationsareperformedata
veryhighfrequency, it is essentialto haveef�cient andro-
bustcodeto mapfrom ribboncoordinatesto globalCarte-
siancoordinatesandto computetheinversemappingfrom
globalCartesiancoordinatesto local ribboncoordinates.

To avoid self-intersections,the width of a way is re-
strictedto belessthantheradiusof curvatureof thespine.
As a consequence,thereis a singlenearestpoint on the
spinefor all points on the surfaceof a way. Thus, the
mappingfrom Cartesiancoordinatesto way coordinates
is unique.

3.1. The Guts of Ribbon Computations

The choiceof a mathematicalrepresentationfor the
ribbonaxisis critical to theef�ciency andeffectivenessof
databasecomputations.Parametriccubicsplinesarecom-
monly usedto representspacecurvesin computergraph-
ics. They are�e xible, smooth,differentiable,andsimple
to evaluate.In additionto theseproperties,it is important
thattheribbonaxisbeparameterizedby arc-lengthsothat
distancescanbeeasilycomputedfromribboncoordinates.

Parametricsplinecurvesarenot, in general,parame-
terizedby arc length. Most approachesto computearc
lengthor to reparameterizea curve by arc lengtharetoo
inef�cient to be usedin real-timeapplications. In [16]
we presenta simple and ef�cient techniqueto generate
approximatelyarc-lengthparametrizedsplinecurvesthat
closelymatchthe shapescharacteristicof roadandside-
walk contours. A desirablebyproductof the approach
is that the componentcubic segmentsof the splinehave
equalarc length. This makesindexing of segmentsvery
ef�cient.

Following notationconventionsusedin robotics [6],
we identify the coordinatesystemin which a point is
expressedwith a precedingsuperscript. Thus, Cp =
(X p; Yp; Zp) representsthe point p in Cartesiancoordi-
natesand Rp = (Dp; Op; L p) representsthe point p in
ribboncoordinates.

Themappingfrom ribboncoordinatesto Cartesianco-
ordinatesis computedby a simple three step process.
Givenribboncoordinatesfor apoint Rp = (Dp; Op; L p):

1. Computea point, Cp1 = (X p1 ; Yp1 ; Zp1 ), on the
ribbon axis, Q(s), at distanceD p by evaluatingthe
splinecurve atQ(Dp).

2. Computea point, Cp2 = (X p2 ; Yp2 ; Zp2 ), displaced
from p1 in a directionperpendicularto both therib-
bonaxisandtheribbonnormalatp1 by offsetOp.

p
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p
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Figure 2: Curvilinear coordinate system based on a
ribbon structure.

3. Computeapoint,Cp = (X p; Yp; Zp), displacedfrom
p2 in thedirectionof theribbonnormalatp2.

ThepointCp is theCartesianrepresentationof thepoint
Rp = (Dp; Op; L p) in ribboncoordinates.

The inversemapping(from Cartesianto ribbon coor-
dinates)is usuallya seriouscomputationalbottleneckin
driving simulators.Thestepsto computetheinversemap-
ping mirror thosefor theforwardmapping.GivenCarte-
siancoordinatesCp = (X p; X p; Zp):

1. Compute the closest point on the ribbon axis,
Q(Dp1 ) = Cp1 = (X p1 ; Yp1 ; Zp1 ). This point has
ribbon coordinates:Rp1 = (Dp1 ; 0; 0). Note that
Dp1 = Dp.

2. Projectthe Cartesianpoint, Cp, onto a line perpen-
dicularto boththeribbonaxisandtheribbonnormal
at Q(Dp) to get thenearestpoint on the ribbonsur-
face,Cp2 = (X p2 ; Yp2 ; Zp2 ). Thedistancebetween
Cp1 andCp2 givestheoffsetOp.

3. Computethedistancefrom Cp to thepointCp2 onthe
ribbonsurface.Thisgivestheloft L p.

The key componentin this mappingis the computa-
tion of the closestpoint on the centralaxis of the rib-
bon from Cartesiancoordinates(step1 above). Conven-
tional optimizationtechniquessuchasNewton's method
or quadraticminimization work well most of the time.
However, we found that the standardtechniquesconsis-
tently fail (converge very slowly or diverge) at a small
numberof pointson many ordinaryribbons. Becauseof
thefrequency with whichthemappingsareperformed(i.e.
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thousandsof timesa secondfor a modestlycomplex sim-
ulation)eventheserareproblematicinstancesarelikely to
occurwith regularity. This leadsto unacceptablecompu-
tationaldelaysandcanhalt a simulationif the optimiza-
tion procedureis not terminated.

To addressweaknesseswith standardoptimization
techniques,wedevelopedatwo stagetechniquethatcom-
binesquadraticminimizationandNewton's method.This
method�nds the closestpoint on the spine of the rib-
bon with very high reliability in a small numberof iter-
ations[17].

To facilitate modeling of roadsfrom standardengi-
neeringspeci�cations,we provide interfacesto construct
spline segments from straight, arc of circle, and spi-
ral parameters.Adjacentsegmentscanbe concatenated
togetherto form multi-piece ribbons. Databaseman-
agementsoftware allows thesecompositeribbonsto be
treatedasasingle,uniformribbon.

3.2. Coping with Cracks

Smallnumericerrorsin modelingcancausecracksand
overlapsto appearalongthe borderswhereribbonscon-
nectto otherribbonsor intersections.A point very near
the boundariesof two logically connectedribbonsmay
map onto one, both, or neitherribbons. Numeric error
by itself is not a signi�cant problem; for the most part,
virtual environmentsdo not demandthatobjectpositions
beknown with veryhighprecision.(Theexceptionis high
�delity dynamicscomputationsusedto drive hapticsde-
vices and motion platforms.) Cracksposethe greatest
challenge.If a Cartesianpoint mapsonto neitherof the
adjoiningribbonsit disappearsfrom the logical pathway
network. When the point representsthe location of an
agent,this disappearingact can disrupt the behavior of
thisagentaswell asothernearbyagents.

We solve this problemby giving an objectan imper-
ceptiblenudgewhenever it landsin a crack.Thenudgeis
suf�ciently minutethat it createsno dif�culties with con-
trollersandis not noticeableto viewers. This simplead-
justmenteliminatesa thorny problem.

3.3. Ribbon Structur eand Attrib utes

Theribbonstructureprovidesa framework in which to
embedlogical informationaboutthe propertiesof ways.
This information is importantto inform behaviors about
thecharacteristicsof thepathwaysthey traverse.

Thecross-sectionof a ribbonis decomposedinto lanes
that serve to channeltraf�c �o w. Lanescarry attributes
that indicatetheir width andtypical function, e.g. vehi-
cle lane,parkinglane,sidewalk, or boulevard. In thecur-
rentimplementation,wayshaveaconstantcross-sectional
pro�le. Themodelcanbeextendedto permitvaryinglane
widthsby addingsupplementalfunctionsto computelane
widthsandoffsetsatadistanceD p alongtheway.

Longitudinalattributesencodemarkingsand features
that govern the rules of the roads. This includesspeed
limits, passingzones,stoplines,andthelocationof traf�c
control objectssuchas �ag men. Waysidefeaturesare
parameterizedby ribboncoordinatesandprovide ribbon-
relative informationto behavior programs.Tying thedata
to theribbonstructureaffordsagentsconvenientaccessto
theattributesregulatingappropriatebehavior ona roador
walkway.

4. Intersections

Waysconnectto otherwaysthroughintersections.In
contrastto roadways and walkways, an intersectionhas
no centralaxis and henceimposesno local orientation.
An intersectionde�nesa surfaceareawith a well-de�ned
boundaryalongwhich incidentwaysconnectto it.

The ribbons that bundle road and sidewalk lanes
together terminateat the boundaryof an intersection.
Agentsenteringtheintersectionmustchooseanappropri-
atelaneto exit theintersectionandthenplot apathacross
theintersectionfrom thepoint of entryto thepoint of de-
parture.Toguideagentsacrossanintersection,weoverlay
the intersectionwith corridors(essentiallyinvisible one-
laneroads)thatsplicetogetherthelanesof incomingand
outgoingways. Agentstrack corridorsthroughintersec-
tionsto reachoutgoingways.

Intersectionsprovidequeriesto determinehow incom-
ing andoutgoinglanesinterconnect.Agentsusethis in-
formationto planroutesthroughthewaynetwork.

Intersectionspose a dif�cult challenge for agents
[4]. Becausecorridors crossand merge with one an-
other, agentsmust be alert for potentialcollisions with
other agentstraversing the intersection. Formal right-
of-way rulesandinformal socialconventionsarecritical
to the safeand orderly �o w of traf�c through intersec-
tions.Right-of-way rulesprioritizemovementof vehicles
throughintersectionson thebasisof arrival time, incom-
ing andoutgoinglanes,signage,andthe stateof signals
that regulatetraf�c �o w. Generallyacceptedsocialcon-
ventionshelp to avoid problemswherethe formal rules
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areambiguousor incomplete.
To assistagentsin determiningpriorities,we annotate

corridorswith right-of-wayinformation.This includesin-
formationaboutsignsandtraf�c controldevicesthatreg-
ulatepassageon corridorsandinformationaboutthe re-
lationshipsbetweencorridors.Traf�c controldevicesand
signagede�ne constraintsoncorridortraversal.For exam-
ple,astopsignindicatesthatapproachingvehiclesshould
stopat theentranceto thecorridorandyield to traf�c on
unrestrictedcorridorsthatcrossor mergewith thecorridor
to betaken.

Thetraf�c controlstatetellsagentswhatrulecurrently
appliesto a corridor (stop,yield, go, protectedgo, etc.),
Theinternalstructureof anintersectionsetsa context for
interpretingwhat a rule means.For example,in a four-
way stop example,the agentmust know what corridors
crossor mergewith thecorridorto betaken.Thestopped
agentmustwait until therearegapson all thesecorridors
suf�ciently large to permit the agentto safely transit its
corridor. To computecorridorgaps,theagentmustinspect
thecorridorsandtheincidentlanesthatfeedtheintersec-
tion corridor. To assistagentsin applying right-of-way
rules,corridorsareannotatedwith informationaboutde-
pendency relationsbetweencorridors. An agentwaiting
at a stopsign examinesthe dependency relationson the
corridorto betakento �nd thecrossingandmerging cor-
ridorsthathaveright of way. Objectbehaviorsarerespon-
sible for selectingactionsthatrespecttraf�c controlstate
consistentwith therelationshipsencodedin thecorridor.

4.1. ConnectingWaysto Intersections

Waysconnectto intersectionsat attachmentpointson
the boundariesof intersections. The beginning or end-
ing point of the ribbon axis (eitherendwill do) mustbe
coincidentwith a �x ed connectionpoint on the edgeof
the intersection. Surroundingthe �x ed point of attach-
mentontheintersectionboundaryare�oating ”junctures”
to which lanesof the incidentribbonconnect.Thenum-
berandtypeof junctureson anedgeis predeterminedin
the intersectionde�nition. Only roadswith pro�les that
matchthejuncturesin numberandtypecanbeconnected
to theintersectionat thisattachmentpoint. By sayingthat
the juncturesare �oating, we meanthat the orderof the
juncturesis set,but thejuncturescanslidealongtheedge
to matchroadswith differentlanewidths.

Corridorsstartandendatjunctures.By �xing thenum-
ber andorderof juncturesalongthe boundaryof the in-
tersection,we can specify the interconnectiontopology

Bicycle Corridors
Vehicle Corridors

Pedestrian Corridors

Figure 3: Example hierarchical intersection.

(how juncturesare linked by corridors)anddependency
relationsamongcorridorswithout knowing whatspeci�c
roadswill be connectedto the intersection.This greatly
simpli�es modelingbecausemany intersectionscomein
standardcon�gurations. Thesecanbe duplicated,trans-
formed, and easily modi�ed to adaptto new con�gura-
tions. For many intersections,we cancomputecorridor
geometryautomaticallyusingHermitecubicsplinecurves
constructedfrom the attachmentpoints and tangentdi-
rectionsof the connectingribbons. This curve is then
sampledandconvertedinto an arc-lengthparameterized
spline.Complicatedcorridorsmustbeexplicitly modeled
by specifyinga seriesof interpolationpointsin the inter-
sectionthroughwhich thecorridormustpass.

In addition to modelingroadcrossings,we useinter-
sectionsto addor deletelaneson a continuousstretchof
pavementandto closea loopby connectingtwo endsof a
roadtogether. Toaddordeletealane,wejoin twoseparate
roadswith n andn+ 1 lanes.We'vefoundit convenientto
build the intersectionso that theendpointsof connecting
lanesarecoincident.Thus,theintersectionbecomesaline
with lanesattachedto junctureson bothsidesand,conse-
quently, thereare no corridorsor dependency relations.
Then + 1st laneterminateson theintersectionboundary.
If the laneis deleted,vehiclesmustchangefrom the ter-
minatinglaneto anadjacentlanebeforereachingthe in-
tersection.Vehiclescanchooseto changeto anaddedlane
afterthey crosstheintersection.Zero-lengthintersections
provide a convenientmeansto specifythetopologicalre-
lationshipbetweenconnectingroadswith differing num-
bersof laneswhile maintaininga simple and consistent
interfaceto thedatabase.

Intersectionsarehierarchicallystructured.Thus,anin-
tersectioncancontainother intersections.The corridors
of theparentintersectionlink to attachmentpointson the
sub-intersection.We've found the hierarchicalstructure
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Figure 4: Path structure overlayed onto the ribbon
network.

mostusefulin modelingsidewalk structures.Figure3 il-
lustratesintersectiontopology.

5. Paths– Overlay Ribbons

Agents rely on the ribbon structureof a way to de-
terminewherethey are,wherethey're going,andwhat's
aroundthem. The transitionsat intersectionboundaries
canmake it cumbersometo extract andinterpretthis in-
formation.Thechangein coordinatesystemsthathappens
asattentionshiftsfrom away to anintersection(onenter-
ing anintersection)andfrom anintersectionto a way (on
exiting the intersection)causesbehavior codeto be clut-
teredwith bookkeepingchores.For example,to crossan
intersection,avehiclemusttrackamulti-segmentcontour
composedof a laneof a way, an intersectioncorridor to
which it connects,andan outgoinglaneof anotherway.
In addition, collision avoidancebehaviors must monitor
otherobjectsfollowing thesamerouteaheadof thevehi-
cle. Adding additionalcomplication,the coordinatesys-
temsof theconnectedribbonsmaybeorientedin oppos-
ing directions(i.e. linkedheadto heador tail to tail) mak-
ing distancecomputationstricky anderrorprone.

From the egocentricview of an object traversingthe
roadnetwork, queriessuchas”WhereamI?”, ”Wheream
I going?”, ”What's aroundme?”, and”Whatrules apply
to me?” aremostnaturallyunderstoodwith respectto the
near-termroutetheobjectplansto take. Fromtheobject's
pointof view, thisrouteformsanaturalframeof reference
for navigation andsetsa context for interpretingspatial
relationsandright of way rules.

To facilitatebehavior programming,we createda data
object called a path that representsthe short-term,in-

tendedroute of an object. A path is a one-laneribbon
overlayedon the roadnetwork. Pathsconsistof a com-
positionof laneson waysandintersectioncorridorsthat
de�ne a single,continuouscoordinatesystem.As anex-
ample,in Figure4, the path for a vehiclemakinga left
turn is shown with shading.

A path provides a local, egocentriccoordinatesys-
temfor databasequeries.Steeringbehaviors controlmo-
tion trajectoriesby aimingfor a successionof look-ahead
pointslocatedon thepathsomedistanceaheadof theob-
ject's current location. By formulating the look-ahead
querieswith respectto thecompositepath,weavoid awk-
ward bookkeepingto handletransitionsfrom roadto in-
tersectionsandintersectionsto roads.Thedatabasemaps
path queriesinto the correspondingway or intersection
queriesand returnsthe results. As a consequence,the
steeringcodeis enormouslysimpli�ed.

Similarly, path-basedoccupancy queriesreturn infor-
mation about relative positionsof other objectson the
path. Onecommonlyusedquerydeterminesthenext ob-
jectin front of thereferenceobject(calledtheleaderof the
object.) As with geometricqueries,thepath-basedoccu-
pancy querieseliminatetheneedto copewith roadandin-
tersectionboundariesthroughoutthebehavior code. The
pathprovidesasmooth,continuousframeof reference.

In contrastto the permanenceof roadsand intersec-
tions, pathsare temporaryconstructions.They are fre-
quentlymodi�ed asanagentmovesthroughtheenviron-
ment and reformulatesits plansbasedon traf�c condi-
tions, impulses,and instructionsfrom directorsthat or-
chestratescenarios[8]. Thedatabaseprovidesoperations
to assistin pathconstructionandmodi�cation.

5.1. Occupancy

An important advantageof the ribbon framework is
that it naturallyde�nesspatialrelationshipsamongoccu-
pants. This is essentialfor the virtual environmentsince
dynamicobjectsmust know where they are and where
other nearbyobjectsare located. For example, the ob-
ject in immediatelyaheadof anotherobjecton a path is
importantfor following behavior.

Therearetwo generalformsof occupancy queries.The
�rst form returnsthe �rst objecton a way betweenpoint
a andpoint b. Thesecondform returnsanorderedlist of
all objectson a way betweenpoint a andb. Theway can
bea road,anintersectioncorridor, or a path.Thequeries
areorientedfrom pointa to pointbandcanbereversedby
swappingtheorderof pointsa andb. Moreover, queries
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Figure 5: An adult riding through virtual “Biketown”.

canberestrictedto asinglelaneof amulti-laneroad.
Queriesare madeef�cient by exploiting the spatial

structureof ways. As objectsenterthe virtual environ-
ment,they areaddedto an occupancy list for a way. On
eachiterationof thesimulation,occupancy for eachway
is updatedbasedonnew objectpositions.

6. A Modeling Languagefor Way Networks

A languagethat describesway networks is imple-
mentedand is usedwith the Hank virtual environment
system.Thelanguagepreservesthestructureof way net-
worksandincludestheability to createintersectionsand
road forms which can be instancedand transformedso
thatthey �t together. Thelanguageattemptsto mimic tra-
ditional instancingandtemplatingsothatways,intersec-
tions,andlanede�nitions canbereusedwithin themodel
space. Completesyntacticand semanticdetails for the
languagearepresentedin [18].

7. Results

The ribbon network presentedin the precedingsec-
tions forms the basisof the urbanenvironmentmodel in
our real-timesimulationsoftware, Hank. In addition to
databasemodelingof city streetsandsidewalks,Hankin-
cludesmodulesfor real-timeprocessscheduling,for sim-
ulating the dynamicsof sceneentities,for renderingim-
ageson largeprojectionscreens,anda substratefor mod-
eling reactive and intentionalbehaviors throughHierar-
chicalConcurrentStateMachines(HCSM)[7]. TheHank
softwaredrivesour immersive virtual bicycle riding envi-
ronmentshown in Figure5.

Our researchbroadlyfocuseson theuseof virtual en-
vironmentsaslaboratoriesfor thestudyof humanbehav-

ior. We arecurrentlyusingthe bicycle simulatorto con-
ductexperimentsinvestigating theability of childrenand
adultsto negotiatetraf�c-�lled roadways.

Synthetictraf�c is generatedby populatingthe roads
with vehicles controlled by independent,autonomous
driving behaviors. Vehiclebehaviors querythe database
to plan pathsthrough the road network, to steeralong
roadsand corridors, to obey speedlimits, to detectve-
hiclesaheadon theirpathandfollow atasafedistance,to
observethestateof traf�c lightsandstopaccordingly, and
to yield right of way asthey crossintersections.Intersec-
tion crossingbehaviors usecorridordependency relations
to determinepriorities. Whenintersectionnavigation re-
quirescrossingor mergingwith ahigherpriority corridor,
vehicleswait for gapsin thetraf�c suf�cient to permitsafe
traversal.

In other work, we are examining methodsto control
thebehavior of autonomouswalkerstraveling aloneor in
smallgroupsonnetworksof ribbonwalkways[12, 13].

In addition to behavior programming,the databaseis
alsoimportantin con�guring scenariosto meettheneeds
of experimenters.In orderto compareresultsacrosssub-
jects,it is importantthattheessentialaspectsof thesimu-
lation bereplicatedfrom trial to trial. Autonomousvehi-
clesaredynamicallycreatedandremovedfrom theenvi-
ronmentduringthesimulationby directorobjects.These
disembodiedagentsare responsiblefor makingsurethe
right thingshappenattheright placeandtime. Theribbon
structureprovidesa naturalway to specifyexperimental
requirementsfor objectplacementandthe sitesfor criti-
cal actions.

The databasesoftwarehasundergonerigoroustesting
underthestringentdemandsof psychologicalstudies.In
sixmonthsof runninganaverageof about20hoursaweek
we have hadno failuresin databasecomputations.The
mostcostlycomputationsarethefunctionsthatmapfrom
Cartesianto ribboncoordinates.We've foundour imple-
mentationsuf�ciently fastto rundozensof vehiclesin real
timewith veryhighaccuracy.

While performanceis very important,themostcritical
testof theapproachis theeaseof usein codingcomplex
behaviors. Our experiencehasbeenenormouslypositive.
Ribbonbasedcoordinateframesprovideasimpleandnat-
uralmeansto situateobjectsin their environment.

8. Conclusion

Engagingvirtual urbanenvironmentsneedstreetlife –
carsthat drive and pedestriansthat stroll. Creatingan-
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imated,autonomousagentsthat realisticallylocomoteon
footoronwheelandthatplausiblyinteractwith eachother
andwith humanparticipantsremainsanenormouslydif-
�cult challenge.A goodconceptualmodelof the urban
landscapeformsakey building blockonwhichto develop
behavioral ”streetsense”.

To adeptly maneuver through cities, autonomous
agentsneedto understandtheir whereabouts. To gain
this situationalawareness,agentsmustbe able to ascer-
tain: ”Whatroutesare accessibleto me?”, ”Where other
objectsare in relationshipto my intendedroute?”, and
”Whatconstraintsdoestheenvironmentimposeonmyin-
teractionswith otherobjects?”.

We believe interconnectedribbon coordinatesystems
provide a naturaland ef�cient meansto situateobjects
in their environment. They provide a convenientway to
representthe spatiallayout of navigablepathways. Our
implementationprovidesa robust andef�cient meansto
accessinformationaboutthe surroundingsin naturalco-
ordinateframes.By embeddinglogical constraintsin the
environmentmodel,we provide readyaccessto therules
of theroadthatgovernobjectinteractions.
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