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Abstract

This paper presentsa real-time databasemodeling
comple networksof intersectingroadsand walkwaysin
urbanvirtual ervironments.The databaserepresentsn-
formation aboutthe layout of streetsand sidevalks, the
rules that govern behavioron roadsand walkways,and
thelocationsof agentswith respecto road and sidevalk
structuies. Thisinformationis usedby programsthat con-
trol the behaviorof autonomousrehiclesand pedestri-
anspopulatingthevirtual urbanernvironment.Roadsand
sidavalks are modeledas ribbonsin space Theribbon
structue providesa natural coordinateframefor de ning
the local geometryof navigablesurfaces.This geometry
is importantfor way nding and also formsthe geomet-
ric basisonwhich spatialrelationshipsamongagentsare
de ned. Thedatabaseincludesa powerfulrun-timein-
terfacesupportedby robust and efcient codefor locat-
ing objectson the ribbon network,for mappingbetween
Cartesianand ribbon coordinates,and for determining
behavioal constaintsimposediy theervironment.

1. Intr oduction

Building dynamic, active contentfor use in virtual
ernvironmentsis a dif cult andtime consumingprocess.
Quiteoften,theinformationrequiredfor programminghe
behaiors thatmight populatesuchenvironments suchas
vehicle or pedestriamavigation, is not easily computed
orinferredfrom setsof polygonsinto ausableform. Such
behaior codesaregenerallycomplex andrequiresigni -
cantspatial logical, andsocio-culturainformationabout
theervironment. Theresearctaddressedth this paperin-
volvescreatinga run-timeernvironmentdatabas¢o facili-
tatebehaior programmingn virtual ervironments.This
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Figure 1: Virtual urban environment.

work bridgesa gap betweenthe visual, polygonalmodel
andthe needof autonomousgentgo gain spatialawvare-
ness.

In therealworld, muchof ourway nding in urbanen-
vironmentsoccurson ribbon-like pathwayssuchasroads,
sidevalks,andalleys. Thesepathwayswind throughcities
meetingandcrossingotherpathways. They structurethe
movementsof travelersandprovide a frame of reference
for determiningocal spatialrelationshipsSocialcorven-
tions for organizinginteractionson roadways and walk-
waysrely on having a sharedunderstandingf this frame
of referenceFor example,in mary societiesve walk and
drive on theright side of a sidewvalk or road. In orderto
traversepathwaysin a virtual ervironment,autonomous
agentanustunderstandhe spatialstructureandlocal ge-
ometryof navigableroutes.To travel safely they mustbe
awareof nearbyagentsandobstacles.
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Thispapemresentsischemdor representingetworks
of ribbon-like pathwaysto supportbehaior andscenario
programmingin virtual ervironments. The schemeen-
codes(1) geometricinformationaboutthe shapeof path-
ways, (2) topologicalinformationaboutinterconnections
amongpathways, (3) logical information encodingrules
governing behaior on the pathways, and(4) occupang
informationgiving the locationsof nearbyobjectson the
pathway.

Becausave focuson real-time,interactive simulation,
a high premiumis placedon robustnessand ef ciency.
A databasemploying the schemehasbeenimplemented
in the Hank virtual ervironmentsoftware andrigorously
testedin psychologicaktudiesinvestigating the behaior
of childrenand adultsriding a virtual bike on roadways
populatedvith simulatedvehicles.

2. RelatedWork

Ourwork builds on two relatedbodiesof researchur-
banmodelingaimedat animatinghumansn virtual ervi-
ronmentsand road modelingfor driving simulation. In
the spirit of Farencet al's notion of informed erviron-
ments,we embednformationin therepresentationf the
roadsandsidevalksto guideagentoehaiors[11]. In their
schemepehaior contentis connectedo the hierarchical
scenegraphusedfor rendering. In contrast,our repre-
sentationareindependenfbut correlatedwith) the scene
graph,relatively at, andemphasizahe 3D ribbon-like
structureof pathways. This simpli es motion planning
andallows usto build very fast,robust computationdor
accessindocal geometrythe positionsof nearbyobjects,
andrecovering embeddedontentthatguidesagentdeci-
sionmakingandactions.

Ourresearclis closelytied to researctin modelingur-
banroadway ernvironments[2, 3, 5, 14, 19]. Civil engi-
neeringguidelinesspecifydesignstandardgor roadcon-
structionbasedon threeplanarshapes:straight,arc of a
circle,andspiral[1, 10]. Modernroadsarecomposeaf a
sequencef straightandcurved sectionswith a transition
spiral interposedbetweenthemto smoothlyblend from
one cunatureto anothercunature. A desirableprop-
erty of roadsbuilt to this standards thatcurvaturevaries
smoothlyalongthe roadcontour One problemwith this
approachs thatmary realroadsdo notconformto thede-
signstandardgespeciallyroadsin olderurbanareas) The
work presentechere usesa spline basedrepresentation,
but providescodeto translatestandardoadspeci cations
into accuratesplineapproximations.

Donikianetal. developeda comprehensi systemfor
modelingcomplex urbannetworks of streets sidevalks,
andtramwayscalledtheVirtual UrbanEnvironmentMod-
eling System(VUEMS) [9, 15]. As in ourwork, the un-
derlying geometryof pathwaysin VUEMS is basedwith
interconnectedibbon-like surface segments. Our work
extendsthis approacHrom 2D to 3D, addressesomputa-
tional dif culties in the parameterizatiomnd coordinate
transforms,and introducesoverlay ribbons to simplify
steeringandcollision avoidancebehaiors.

3. RepresentingWaysasRibbonsin Space

Our representatiorof urban streetsand sidevalks is
basedon a network of interconnectedibbons. Eachrib-
bonrepresenta sggmentof a"way” (aroadway or walk-
way). The ribbon de nes the geometryof a navigable
surface and gives a local orientationto the way. The
ribbon channelgedestriarandvehicletraf c into paral-
lel streamsby de ning two preferreddirectionsof travel
(along the two opposingtangentsof the centralaxis of
theribbon). It is importantto emphasizahat the repre-
sentationplacesno restrictionson agentbehaiors. Au-
tonomousvehiclesand pedestriangan chooseto mave
acrossaribbon,for example,to changdanes.

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

We represent ribbon by an annotated3-dimensional
spacecurwe. This curve actsas a centralaxis or spine
for theway. A surfacenormalis de ned at eachpoint
on the curne allowing the ribbon to twist aboutits spine.
Theribbon establishea curvilinearcoordinatesystemin
which 3-dimensionapointsare expressedn coordinates
of distancealongthespine,D, offsetontheribbonsurface
from the spine,O, andloft (displacemen&abore or belov
theribbon), L. Figure?2 illustratesthe ribbonbasedrame
of reference.

Somesimulationcomputationsare mostnaturally ex-
pressedn Cartesiancoordinates. For example, the dy-
namicscodethat computesobject motionsfrom control
parametersetby objectbehaiors is mostsimply com-
putedin CartesiarcoordinatesOthercomputationssuch
asbehaior codethat tracksroadsand avoids obstacles,
requirethat objectlocationsbe expressedn ribbon co-
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ordinates Becausghesecomputationsreperformedata
very highfrequeng, it is essentiato have ef cient andro-
bustcodeto mapfrom ribboncoordinateso globalCarte-
siancoordinatesndto computetheinversemappingfrom
globalCartesiarcoordinatego local ribboncoordinates.

To avoid self-intersectionsthe width of a way is re-
strictedto belessthantheradiusof curvatureof thespine.
As a consequencehereis a single nearesfpoint on the
spinefor all pointson the surfaceof a way. Thus, the
mappingfrom Cartesiancoordinatedo way coordinates
is unique.

3.1. The Guts of Ribbon Computations

The choice of a mathematicakepresentatiorfor the
ribbonaxisis critical to the ef ciency andeffectivenesof
databaseomputationsParametriccubicsplinesarecom-
monly usedto represenspacecurvesin computergraph-
ics. They are e xible, smooth,differentiable andsimple
to evaluate.In additionto thesepropertiesit is important
thattheribbonaxisbe parameterizely arc-lengthsothat
distanceganbeeasilycomputedromribboncoordinates.

Parametricspline curves are not, in general,parame-
terizedby arc length. Most approache$o computearc
lengthor to reparameteriza curve by arclengtharetoo
inefcient to be usedin real-timeapplications. In [16]
we presenta simple and ef cient techniqueto generate
approximatelyarc-lengthparametrizedpline curvesthat
closelymatchthe shapescharacteristiof roadandside-
walk contours. A desirablebyproductof the approach
is that the componentubic sggmentsof the spline have
equalarclength. This makesindexing of sggmentsvery
efcient.

Following notation cornventionsusedin robotics[6],
we identify the coordinatesystemin which a point is
expressedwith a precedingsuperscript. Thus, “p =
(Xps Yp; Zp) representshe point p in Cartesiancoordi-
natesandRp = (Dp;Op;Lp) representsghe point p in
ribboncoordinates.

Themappingfrom ribboncoordinatego Cartesiarco-
ordinatesis computedby a simple three step process.
Givenribboncoordinategor apointRp = (Dp; Op; Lp):

1. Computea point, °p; = (Xp,; Yp,:Zp,), ON the
ribbon axis, Q(s), at distanceD, by evaluatingthe
splinecurve atQ(Dp).

2. Computea point, “p, = (Xp,; Yp,:Zp,), displaced
from p; in adirectionperpendiculato boththe rib-
bonaxisandtheribbonnormalatp; by offsetO,.

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

3. Computeapoint,®p = (Xp; Yp; Zp), displacedrom
p2 in thedirectionof theribbonnormalatp,.

Thepoint©pis theCartesianepresentationf thepoint
Rp = (Dp; Op; Lp) in ribboncoordinates.

The inversemapping(from Cartesiarto ribbon coor
dinates)is usually a seriouscomputationabottleneckin
driving simulators.Thestepgo computeheinversemap-
ping mirror thosefor the forward mapping.Given Carte-
siancoordinate$p = (X ;X p; Zp):

1. Compute the closest point on the ribbon axis,
Q(Dp,) = °p1 = (Xp,; Yp,:Zp,). This point has
ribbon coordinates:Rp; = (Dp,;0;0). Note that
Dpl = Dp-

2. Projectthe Cartesiarnpoint, “p, onto a line perpen-
dicularto boththeribbonaxisandtheribbonnormal
atQ(Dp) to getthe nearespoint on the ribbon sur
face,®p = (Xp,; Yp,:Zp,). Thedistancebetween
p1 and®p, givestheoffsetOy,.

3. Computethedistancerom ©p to the point“p, onthe
ribbonsurface.This givestheloft L.

The key componentin this mappingis the computa-
tion of the closestpoint on the central axis of the rib-
bon from Cartesiarcoordinategstepl1 abose). Cornven-
tional optimizationtechniquesuchas Newton's method
or quadraticminimization work well most of the time.
However, we found that the standardechniquesonsis-
tently fail (corverge very slowly or diverge) at a small
numberof pointson mary ordinaryribbons. Becauseof
thefrequeng with whichthemappingsareperformedi.e.
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thousand®f timesa secondor amodestlycomple sim-
ulation)eventheserareproblematidnstancesrelikely to
occurwith regularity. This leadsto unacceptableompu-
tationaldelaysand canhalt a simulationif the optimiza-
tion procedurés notterminated.

To addressweaknesseswith standardoptimization
techniqueswe developedatwo stagetechniquehatcom-
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 segmentsfrom straight, arc of circle, and spi-
ral parameters.Adjacentsegmentscan be concatenated
togetherto form multi-piece ribbons. Databaseman-
agementsoftware allows thesecompositeribbonsto be
treatedasa single,uniformribbon.

3.2. Coping with Cracks

Smallnumericerrorsin modelingcancausecracksand
overlapsto appearalongthe borderswhereribbonscon-
nectto otherribbonsor intersections.A point very near
the boundariesof two logically connectedribbons may
map onto one, both, or neitherribbons. Numeric error
by itself is not a signi cant problem; for the most part,
virtual ervironmentsdo not demandhat objectpositions
beknown with very high precision.(Theexceptionis high
delity dynamicscomputationsusedto drive hapticsde-
vices and motion platforms.) Cracksposethe greatest
challenge. If a Cartesiarpoint mapsonto neitherof the
adjoiningribbonsit disappearsérom the logical pathway
network. When the point representghe location of an
agent, this disappearingact can disrupt the behaior of
this agentaswell asothernearbyagents.

We solwe this problemby giving an objectan imper
ceptiblenudgewheneerit landsin a crack. The nudgeis
sufciently minutethatit createso dif culties with con-
trollersandis not noticeableto viewers. This simplead-
justmenteliminatesathorry problem.

3.3. Ribbon Structur e and Attrib utes

Theribbonstructureprovidesa frameavork in whichto
embedlogical information aboutthe propertiesof ways.
This informationis importantto inform behaiors about
the characteristicsef the pathwaysthey traverse.

Thecross-sectionf aribbonis decomposehto lanes
that sene to channeltrafc ow. Lanescarry attributes
that indicatetheir width andtypical function, e.g. vehi-
cle lane,parkinglane,sidewvalk, or boulevard. In the cur
rentimplementationwayshave a constantross-sectional
pro le. Themodelcanbeextendedo permitvaryinglane
widths by addingsupplementafunctionsto computdane
widthsandoffsetsat adistanceD , alongtheway.

Longitudinal attributesencodemarkingsand features
that govern the rules of the roads. This includesspeed
limits, passingzonesstoplines,andthelocationof traf c
control objectssuchas ag men. Waysidefeaturesare
parameterizetby ribbon coordinatesandprovide ribbon-
relative informationto behaior programs.Tying thedata
to theribbonstructureaffordsagentsconvenientaccesso
theattributesregulatingappropriatdbehaior onaroador
walkway.

4. |Intersections

Waysconnectto otherwaysthroughintersections.In
contrastto roadways and walkways, an intersectionhas
no centralaxis and henceimposesno local orientation.
An intersectiorde nesa surfaceareawith awell-de ned
boundaryalongwhich incidentwaysconnecto it.

The ribbons that bundle road and sidevalk lanes
togetherterminate at the boundaryof an intersection.
Agentsenteringtheintersectiormustchooseanappropri-
atelaneto exit theintersectiorandthenplot a pathacross
theintersectiorfrom the point of entryto the point of de-
parture.To guideagentsacrosanintersectionye overlay
the intersectionwith corridors(essentiallyinvisible one-
laneroads)that splicetogetherthe lanesof incomingand
outgoingways. Agentstrack corridorsthroughintersec-
tionsto reachoutgoingways.

Intersectiongrovide queriesto determinehow incom-
ing and outgoinglanesinterconnect.Agentsusethis in-
formationto planroutesthroughtheway network.

Intersectionspose a dif cult challenge for agents
[4]. Becausecorridors crossand meige with one an-
other agentsmust be alert for potential collisions with
other agentstraversing the intersection. Formal right-
of-way rulesandinformal social corventionsare critical
to the safeand orderly ow of trafc throughintersec-
tions. Right-of-way rulesprioritize movementof vehicles
throughintersectionon the basisof arrival time, incom-
ing and outgoinglanes,signage andthe stateof signals
thatregulatetrafc ow. Generallyacceptedsocialcon-
ventionshelp to avoid problemswherethe formal rules
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areambiguour incomplete.

To assistagentsn determiningpriorities, we annotate
corridorswith right-of-way information. Thisincludesin-
formationaboutsignsandtraf c controldevicesthatreg-
ulate passagen corridorsand informationaboutthe re-
lationshipsbetweercorridors.Traf ¢ controldevicesand
signagede ne constraint®ncorridortraversal.For exam-
ple,astopsignindicateghatapproachingehiclesshould
stopat the entranceto the corridorandyield to traf ¢ on
unrestricteatorridorsthatcrossor meigewith thecorridor
to betaken.

Thetrafc controlstatetells agentavhatrule currently
appliesto a corridor (stop, yield, go, protectedgo, etc.),
Theinternalstructureof anintersectiorsetsa context for
interpretingwhat a rule means. For example,in a four-
way stop example,the agentmustknow what corridors
crossor meigewith the corridorto betaken. Thestopped
agentmustwait until therearegapson all thesecorridors
sufciently large to permitthe agentto safelytransitits
corridor To computecorridorgaps theagenimustinspect
the corridorsandtheincidentlanesthatfeedtheintersec-
tion corridor To assistagentsin applying right-of-way
rules,corridorsare annotatedvith informationaboutde-
pendeng relationsbetweencorridors. An agentwaiting
at a stop sign examinesthe dependeng relationson the
corridorto betakento nd thecrossingandmeiging cor
ridorsthathave right of way. Objectbehaiorsarerespon-
siblefor selectingactionsthatrespectrafc controlstate
consistentvith therelationshipsncodedn the corridor.

4.1. ConnectingWaysto Intersections

Ways connectto intersectionsat attachmenpointson
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-
mentontheintersectiorboundaryare oating "junctures”
to which lanesof the incidentribbon connect. The num-
berandtype of junctureson an edgeis predeterminedn
the intersectionde nition. Only roadswith pro les that
matchthejuncturesin numberandtype canbeconnected
to theintersectiomt this attachmenpoint. By sayingthat
the juncturesare oating, we meanthatthe order of the
junctureds set,but thejuncturescanslidealongthe edge
to matchroadswith differentlanewidths.

Corridorsstartandendatjunctures By xing thenum-
berandorderof juncturesalongthe boundaryof the in-
tersection,we can specify the interconnectiortopology
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Bicycle Corridors
Pedesrian Corridors
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Figure 3: Example hierarchical intersection.

(how juncturesare linked by corridors)and dependeng
relationsamongcorridorswithout knowing whatspeci ¢
roadswill be connectedo the intersection. This greatly
simpli es modelingbecausemary intersectionccomein
standardcon gurations. Thesecanbe duplicated trans-
formed, and easily modi ed to adaptto nen con gura-
tions. For mary intersectionswe can computecorridor
geometryautomaticallyusingHermitecubicsplinecurves
constructedrom the attachmentpoints and tangentdi-
rectionsof the connectingribbons. This curwe is then
sampledand corvertedinto an arc-lengthparameterized
spline.Complicatedcorridorsmustbe explicitly modeled
by specifyinga seriesof interpolationpointsin the inter
sectionthroughwhichthe corridormustpass.

In additionto modelingroad crossingswe useinter-
sectiongo addor deletelaneson a continuousstretchof
pavementandto closealoop by connectingwo endsof a
roadtogether To addor deletealane,wejoin two separate
roadswith n andn+ 1 lanes.We'vefoundit corvenientto
build the intersectionso thatthe endpointsof connecting
lanesarecoincident.Thus,theintersectiorbecomesline
with lanesattachedo junctureson bothsidesand,conse-
qguently thereare no corridorsor dependeng relations.
Then + 1stlaneterminateontheintersectiorboundary
If the laneis deletedvehiclesmustchangefrom the ter-
minatinglaneto an adjacenianebeforereachingthe in-
tersectionVehiclescanchoosdo changego anaddedane
afterthey crosstheintersectionZero-lengthintersections
provide a corvenientmeango specifythe topologicalre-
lationshipbetweenconnectingroadswith differing num-
bersof laneswhile maintaininga simple and consistent
interfaceto thedatabase.

Intersectionsrehierarchicallystructured Thus,anin-
tersectioncan containotherintersections.The corridors
of the parentintersectiorlink to attachmenpointsonthe
sub-intersection.We've found the hierarchicalstructure
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Figure 4. Path structure overlayed onto the ribbon
network.

mostusefulin modelingsidevalk structures.Figure3 il-
lustratedntersectiortopology

5. Paths—Overlay Ribbons

Agentsrely on the ribbon structureof a way to de-
terminewherethey are,wherethey're going, andwhat's
aroundthem. The transitionsat intersectionboundaries
canmalke it cumbersoméo extract andinterpretthis in-
formation. Thechangen coordinatesystemghathappens
asattentionshiftsfrom awayto anintersection(on enter
ing anintersectionandfrom anintersectiorto away (on
exiting the intersection)causesehaior codeto be clut-
teredwith bookkeepingchores.For example,to crossan
intersectionavehiclemusttracka multi-segmentcontour
composedf a laneof a way, anintersectioncorridor to
which it connectsandan outgoinglane of anotherway.
In addition, collision avoidancebehaiors must monitor
otherobjectsfollowing the samerouteaheacdbf the vehi-
cle. Adding additionalcomplication,the coordinatesys-
temsof the connectedibbonsmay be orientedin oppos-
ing directions(i.e. linkedheadto heador tail to tail) mak-
ing distancecomputationgricky anderrorprone.

From the egocentricview of an objecttraversingthe
roadnetwork, queriessuchas”Whee am|?”, "Wheeam
I going?, "What's aroundme?, and”Whatrules apply
to me? aremostnaturallyunderstoodvith respecto the
neartermroutetheobjectplansto take. Fromthe objects
pointof view, thisrouteformsanaturalframeof reference
for navigation and setsa context for interpretingspatial
relationsandright of way rules.

To facilitatebehaior programmingwe createda data
object called a path that representghe short-term,in-

tendedroute of an object. A pathis a one-laneribbon
overlayedon the road network. Pathsconsistof a com-
position of laneson ways andintersectioncorridorsthat
de ne asingle,continuouscoordinatesystem.As an ex-
ample,in Figure 4, the pathfor a vehicle making a left
turnis shavn with shading.

A path provides a local, egocentric coordinatesys-
temfor databasegueries.Steeringbehaiors control mo-
tion trajectoriesby aimingfor a successiowf look-ahead
pointslocatedon the pathsomedistanceaheadof the ob-
ject's currentlocation. By formulating the look-ahead
guerieswith respecto thecompositepath,we avoid awk-
ward bookleepingto handletransitionsfrom roadto in-
tersection@ndintersectiongo roads.The databasenaps
path queriesinto the correspondingvay or intersection
gueriesand returnsthe results. As a consequencethe
steeringcodeis enormouslysimpli ed.

Similarly, path-baseaccupanyg queriesreturninfor-
mation about relative positionsof other objectson the
path. Onecommonlyusedquerydetermineghe next ob-
jectin front of thereferencebject(calledtheleaderof the
object.) As with geometricqueries the path-baseaccu-
pang queriesliminatethe needto copewith roadandin-
tersectiorboundarieghroughoutthe behaior code. The
pathprovidesa smooth continuoudrameof reference.

In contrastto the permanencef roadsand intersec-
tions, pathsare temporaryconstructions. They are fre-
guentlymodi ed asanagentmaovesthroughthe environ-
ment and reformulatesits plansbasedon trafc condi-
tions, impulses,and instructionsfrom directorsthat or-
chestratescenario§8]. The databasgrovidesoperations
to assistin pathconstructiorandmodi cation.

5.1. Occupancy

An importantadvantageof the ribbon framework is
thatit naturallyde nes spatialrelationshipsamongoccu-
pants. This is essentiafor the virtual environmentsince
dynamic objectsmust know wherethey are and where
other nearbyobjectsare located. For example, the ob-
ject in immediatelyaheadof anotherobjecton a pathis
importantfor following behaior.

Therearetwo generaformsof occupang queries.The
rst form returnsthe rst objecton a way betweenpoint
a andpointb. The secondorm returnsanorderedist of
all objectson away betweerpointa andb. Theway can
bearoad,anintersectiorcorridor, or a path. The queries
areorientedfrom pointa to pointbandcanbereversedy
swappingthe orderof pointsa andb. Moreover, queries
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Figure 5: An adult riding through virtual “Biketown”.

canberestrictedo a singlelaneof a multi-laneroad.

Queriesare made ef cient by exploiting the spatial
structureof ways. As objectsenterthe virtual erviron-
ment, they areaddedto an occupang list for away. On
eachiterationof the simulation,occupang for eachway
is updatedbasedn new objectpositions.

6. A Modeling Languagefor Way Networks

A languagethat describesway networks is imple-
mentedand is usedwith the Hank virtual environment
system.The languagepreseresthe structureof way net-
works andincludesthe ability to createintersectionsand
road forms which can be instancedand transformedso
thatthey t together Thelanguageattemptgo mimic tra-
ditional instancingandtemplatingso thatways, intersec-
tions,andlanede nitions canbereusedwithin the model
space. Completesyntacticand semanticdetails for the
languagearepresentedn [18].

7. Results

The ribbon network presentedn the precedingsec-
tions forms the basisof the urbanervironmentmodelin
our real-timesimulationsoftware, Hank. In additionto
databasenodelingof city streetsandsidevalks,Hankin-
cludesmodulesfor real-timeprocessschedulingfor sim-
ulating the dynamicsof sceneentities,for renderingim-
ageson large projectionscreensanda substratdor mod-
eling reactive and intentional behaiors through Hierar
chicalConcurrenStateMachinegHCSM)[7]. TheHank
softwaredrivesourimmersie virtual bicycle riding ervi-
ronmentshovn in Figure5.

Our researclbroadlyfocuseson the useof virtual en-
vironmentsaslaboratoriedor the studyof humanbeha-

ior. We are currentlyusingthe bicycle simulatorto con-
ductexperimentdnvestigating the ability of childrenand
adultsto negotiatetraf c- lled roadways.

Synthetictrafc is generatedy populatingthe roads
with vehicles controlled by independent,autonomous
driving behaiors. Vehicle behaiors querythe database
to plan pathsthroughthe road network, to steeralong
roadsand corridors,to obey speedlimits, to detectve-
hiclesaheadn their pathandfollow at a safedistanceto
obserethestateof traf ¢ lightsandstopaccordinglyand
to yield right of way asthey crossintersectionsintersec-
tion crossingbehaiors usecorridordependengrelations
to determinepriorities. Whenintersectiomavigation re-
quirescrossingor meiging with ahigherpriority corridor,
vehicleswait for gapsin thetraf ¢ sufcient to permitsafe
traversal.

In otherwork, we are examining methodsto control
the behaior of autonomousvalkerstraveling aloneor in
smallgroupson networks of ribbonwalkways[12, 13].

In additionto behaior programming the databasés
alsoimportantin con guring scenariogo meetthe needs
of experimentersin orderto compareresultsacrosssub-
jects,it is importantthatthe essentiabspect®f the simu-
lation be replicatedfrom trial to trial. Autonomousvehi-
clesaredynamicallycreatedandremoved from the envi-
ronmentduringthe simulationby directorobjects.These
disembodiedagentsare responsiblgor making surethe
rightthingshapperattheright placeandtime. Theribbon
structureprovides a naturalway to specify experimental
requirementgor objectplacementandthe sitesfor criti-
calactions.

The databaseoftware hasundegonerigoroustesting
underthe stringentdemandsf psychologicaktudies.In
six monthsof runninganaverageof about20hoursaweek
we have had no failuresin databaseomputations.The
mostcostly computationg@rethe functionsthatmapfrom
Cartesiarto ribbon coordinatesWe've found our imple-
mentatiorsufciently fastto rundozenf vehiclesin real
time with very high accurag.

While performances very important,the mostcritical
testof the approachs the easeof usein codingcomple
behaiors. Our experiencehasbeenenormouslypositive.
Ribbonbasedcoordinatédramesprovide asimpleandnat-
ural meando situateobjectsin their environment.

8. Conclusion

Engagingvirtual urbanervironmentsneedstreetlife —
carsthat drive and pedestrianghat stroll. Creatingan-
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imated,autonomousgentghatrealisticallylocomoteon
foot or onwheelandthatplausiblyinteractwith eachother
andwith humanparticipantsremainsan enormouslydif-
cult challenge. A goodconceptuaimodelof the urban
landscapéormsakey building block onwhichto develop
behaioral "streetsense”.

To adeptly maneuer through cities, autonomous
agentsneedto understandheir whereabouts. To gain
this situationalawarenessagentsmustbe ableto ascer
tain: "Whatroutesare accessibléo me?, "Whee other
objectsare in relationshipto my intendedroute?, and
"Whatconstaintsdoesthe ervironmenimposeon myin-
teractionswith otherobjects?.

We believe interconnectedibbon coordinatesystems
provide a naturaland ef cient meansto situateobjects
in their environment. They provide a corvenientway to
representhe spatiallayout of navigable pathways. Our
implementatiorprovides a robust and ef cient meansto
accessnformationaboutthe surroundingsn naturalco-
ordinateframes.By embeddindogical constraintsn the
environmentmodel,we provide readyaccesgo therules
of theroadthatgaovernobjectinteractions.
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