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ABSTRACT

Virtual ervironmentsprovide a powerful mediumfor studyinghumanbehaior. To
exploit the potentialof virtual environmentsaslaboratoriedor psychologicakxperimen-
tation,we mustbeableto controlthe dynamicsof complex virtual ervironmentspopulated
with autonomousntities. In experimentsthe right things musthappenat the right time
andplace.

My researcladdressesvo essentiatomponentsequiredto createengagingreal-
time, virtual ervironments: (1) Representationef the physicalernvironmentadaptedto
the needsof autonomoudehaior programmingn urbansettings,and(2) An interpreted
scriptinglanguagdor online programmingpf scenariccontrol processes.

| introducethe EnvironmentDescriptionFrameavork (EDF) andthe ScenarioDe-
scription Language(SDL) as partsof an integratedsystemto addressntertwined prob-
lems of modelingbehaiors andscenariosn structured,urbanenvironments. We create
autonomoudpehaiors thatmodelthe dynamicentitiescommonlyfoundin theseenviron-
ments:traffic lights, motorists,bicyclists,andpedestriansWe usethe sameframavork to
modelscenariadirectorsresponsibldor orchestratinghe actionsof multiple, autonomous
behaiors.

The EDF definesa road and intersectionbasedrepresentatiorthat supportspro-

grammingof autonomousgentsin real-timevirtual ervironments. As its core function,



EDF givesstructureand meaningto physically-basedomponentsvhile overlayinglog-
ical and spatialrelationshipinformation on the geometricstructureof the environment.
Our ervironmentmodelis distinctin thatit embeddehaioral constraintsandinter-object
relationshipsnto the environmentstructure.

SDL is usedfor interactve modelingandprototypingof scenariadirectorsin real-
time virtual ervironments.SDL is aninterpretedscriptinglanguagehattranslatescenario
directivesinto statemachinesvhich aretheninsertednto the simulationexecutionframe-
work. SDL adwancesstandardscriptinglanguagesy clearly separatingstatementghat
describevhathappengrom statementshatdeterminevhenthingshappen SDL is tightly
boundto simulationactvity andforms a glue betweenthe EDF, autonomousehaiors,

andthescenariairectorsthatinfluencethe ervironment.

Vi
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CHAPTER 4
ENVIRONMENT DESCRIPTION FRAMEW ORK: AN INTERFACE TO THE
WORLD

This chapterdescribeghe ErnvironmentDescriptionFramevork (EDF). The EDF
modelsroadnetworks by defininga road-basedepresentatiothatsupportgorogramming
of autonomousagentsin real-timevirtual ervironments. As its core function, the EDF
givesstructureandmeaningto physically-base@omponentsvhile overlayinglogical and
spatialrelationshipinformationon the geometricstructureof the environment.

The purposeof the EDF is to efficiently model the geometric,topological, and
logical information requiredby programsthat code autonomougedestriarand vehicle
behaiors. The EDF databases alsousedby scenariocontrol programsthat orchestrate
behaiorsto createpredictableaxperiencedor participants.

Thestructuresn theEDF arebasednthenatureandfunctionof realroadnetworks
in urbanervirons. In therealworld, driving is highly regulated;laneschanneltraffic into
parallelstreamssignspostedalongsidethe road signify importantchangeso our beha-
ior, andlines paintedon the surfacedictatewhetherateralmovements prohibited,or not.
Roadnetworks areformedwhereroadsconnecto intersectionsRealintersectionsrenot
free-foralls; entrancento andmovementhroughintersectionss regulatedandcontrolled.
Intersectiongroute incoming lanesto outgoinglanesvia naturalcorridors. As humans,

we have exceptionalapparatugor perceving thesecorridorsandunderstandinghe com-
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plex relationshipghat stemfrom usingthem. Right of way corventionsordermovement
throughintersections.Traffic controlmechanismssuchastraffic lights, explicitly control
entrancdo theintersectionpftenon alane-by-lanébasis.All in all, movementover roads
andintersectionsn everydaylife is controlledby well-definedstructures societalrules,
andautomatedegulationmechanism$o minimize congestiorandaccidents.

The organizationof the EDF is highly influencedby the behaiors usedto control
autonomousagents. In this regard, the EDF is behaviorcentric The key to this orga-
nization comesfrom an understandingf whatinformation,in additionto geometryand
topology is neededby the autonomousagentsin the environment. Throughthis organi-
zation,the EDF emphasizea strongcouplingbetweernbehaior andervironmentalstruc-
ture. In essencebehaioral implicationsarefurnishedby the ervironmentalstructureto
assistautonomousgentdecisionmaking processesThe couplingbetweenbehaior and
ervironmentis centralto ecologicalpsychology J.J.Gibsonintroducedthe ideaof ervi-
ronmentalaffordancedor behaior. He asserted¢hat humansperceve much morefrom
the ervironmentthanbasicsensoryinformation. He arguedthatthe ervironmentprovides
humanswith contextual andrelationalinformation[28][56]. In asimilar sensemostman-
madestructuressuchasroadsandintersectionsaredesignedo administera specificlogic
andorderto our behaior. | believe thattheseprinciplesanddesignconsiderationsene as
excellentmotivationandreferencdor constructingooththe ervironmentalframenork and
theinteractve,autonomou®ehaiors within thevirtual environment.

The EDF definesstructural logical, andrelationalpropertiesn the databaseom-
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ponentdo integratebehaior andenvironmentrepresentationsStructuralcomponentgro-
vide detailedgeometricandtopologicinformation. For instance roadsandintersections
represenstructuralcomponentsThe roadsurfaceis composef purelygeometriaepre-
sentatiorforming the so-calledpavementof the ervironment.Intersectionfhave shapeand
definea boundary Roadsconnectto intersectionsalongthis boundarycreatingthe road
network topology

Logical attributesdescribehe culturally importantandsociallyresponsibleaspects
of the urbanenvironment. For the most part, thesepropertiesinfluencethe autonomous
agents’actionswithin the confinesof the EDF’s structuralcomponentsLanes lanelines,
roadsiddeaturesjntersectioncorridors,andtraffic controlmechanismsll representogi-
cal aspectof theEDF,

In the EDF, relationalcomponentsiescribespatialandinter-objectadjaceng in-
formation. In addition, relationalcomponentsare usedto link importantbehaioral rela-
tionshipswith contet-dependenbehaior. Occupang informationis calculatedby the
simulationandstoredin the EDF to spatiallylocatethe autonomousgentswith respecto
the structuralcomponent®f the EDF. Adjaceng is definedin termsof which objectsare
in front of, behind,or next to the nearbyautonomousgents.Corridordependenciesark
importantintersectiorrelationshipn a corridorby-corridorbasis.

Thetreatmenbf intersectionsn the EDF illustratesoneaspecif how theseprop-
ertiescombineto form the EDF's components.Intersectionsare notoriouslydifficult to

model,bothgeometricallyandbehaiorally, in driving simulations.Roadsinterconnectn
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Figure4.1: A vehiclenavigatesover a ribbon-like surfaceinquiring aboutthe tangentand
curnvaturepropertiesat variouspointsalongthe surface.

complicatedvays;driving behaiors mustunderstanavherethey cango, how they canget
there,andhow their behaior relatesto pedestriangndothervehicleswhosepathscross
their own. Behaviors mustalsohave accesgo traffic control deviceswhosetime-varying
statesgovern acceptablebehaior in the intersection. The EDF databasentegratesthe
structuralandlogical propertiesof the intersectionwith information aboutthe relational

interdependenciemmongobjectssimultaneouslyraveling throughtheintersection.

4.1 Curvilinear Coordinates
Road-like structurescan be modeledasribbonsin space.A roadway is naturally
expressedn termsof a spacecurve with surfaceorientationdefinedby surfacenormals.
Objectsin the simulationenvironmentfollow the curvatureof the road. Figure4.1 illus-
tratesavehiclefollowing the curvatureof aribbon-like surface.Objectsavoid collisionsby

detectingsurroundingobjectsandtakingappropriateactionsto avoid contact.For instance,
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vehiclesstaywithin the lanesof roadsandslon down to avoid collisionswith objectsin
front of them. Pedestrianslodgeandweare aroundnearbypedestrian®n crowvdedside-
walks.

Thedriving surfacein theEDFis describedy areferencecurve in 3D spacewith a
surfaceextendingoutward,away from the curve. Way points,featuresandobjectpositions
areall locatedrelativeto this surface.Elevation,curvature tangentandsurfacenormalsare
importantsurfaceor curve featureghatareembeddedh thesurfacedescription.Thevalues
of theseattributesmay changeasa function of surfaceposition. For example,curvatureat
onepoint on the surfacemay not be the sameascurvaturejust a small distanceaway. In
generaltheinformationneededy autonomoudehaiors is oftendependenon structural
context andlocationon theroadsurface.

Roadsurfacedn theEDF arerepresenteth curvilinear coordinatesystemsCurvi-
linearcoordinateprovide anaturalmeandor describingpositionsandrelative locationson
theroadsurface.A curvilinearcoordinatesystemis a two-dimensionatoordinatesystem
basedn athree-dimensionakferencecurve thatactsasthe majoraxis. Theminor axisis
definedasthevectorperpendiculato the majoraxisandthe surfacenormal.

The curvilinear coordinatesystemusedin the EDF definesthe first dimensionas
distance(d) andthe seconddimensionasoffset(o). Distanceis measure@sthe arc-length
alongthe referencecurve. Offsetis given by the shortestdistanceto the referencecurve
asmeasuredinearly alongthe minor axis. A singlecurvilinearcoordinates describedy

the pair (4, 0). Usingthis system pointson the surfacecanbeuniquelylocatedwith botha
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Figure4.2: lllustrationof a curvilinearcoordinatesystem.Two curvilinearcoordinatesre
shawvn depictingdifferentlocations.

distancgy) andanoffset(o) parameter
Coordinate®nacurvilinearsurfacearedefinedfrom anorigin, whichis definedas
the startinglocation of the referencecurve. At this location, both distanceand offsetare
zero. Offsetswith positive value arelocatedto the left of the referencecurve andoffsets
with negative value arelocatedto the right (whenviewed in the positive directionof the
major axis). A curvilinearcoordinateframeis illustratedin Figure4.2. The distanceand
offset measureslefineorderingrelationsfor objectson the surfacethat are the basisfor
determiningspatialrelationshipsof objectson roadsin the EDF

Curvilinearcoordinatesareusedin the EDF databasesa basisrepresentatioffor
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all navigableroutes.Behavioral objects suchasvehiclesandpedestriangrackcurvilinear
coordinatego follow roads,lanes,androutesthroughintersectionsIn Chapter3, | men-
tionedthatoneof the potentialresponsibilitiesof the autonomoudbehaiors is to provide
controlinputsto physics-basedjynamicsmodelsof the objectsthey control. At timesit
is beneficialfor behaiors to computecontrol inputsin termsthat are consistenwith the
dynamicsmodelscontrollingthe object. Most dynamicsmodelsareexpressedn termsof
Cartesiancoordinatesand thus, produceCartesianpositions,ratherthan curvilinear po-
sitions. Therefore,it is necessaryo provide corversionsbetweencurvilinearcoordinates
andCartesiarcoordinatesThesecornversionsareanessentiapartof all curvilinearbased
componentsn theEDF

Givena (4, o) pair, ary curvilinearcoordinatesystemin the EDF databas@eedgo
be capableof transformingthe coordinateinto a Cartesiarcoordinate asexpressedy the

EDF query
R < queryXY((6,0))

This querytakes asinput a curvilinear coordinateand returnsa Cartesiancoordinatein
three-space.

Oncethe dynamicsprocesshascalculateda new Cartesiarposition,we mustmap
the position back to curvilinear coordinates. In EDF, the transformationfunction from

Cartesiarto curvilinearcoordinatess
(8,0) < queryDO(R?)

which corvertstheinputparameter?? into acurvilinearcoordinate g, o) onthecurvilinear
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coordinatesystenrequestinghetransformation.

The ability to corvert coordinategrom Cartesiarto curvilinearspaces important
atothertimesaswell. Whenobjectsareinitially placedin thesimulationenvironment,it is
ofteneasierto positionthe objectsaccordingto absoluteCartesiarcoordinatesatherthan
curvilinearcoordinatesOncein the ervironment,the object’s locationcanbe corvertedto
curvilinearcoordinatesusingthe providedqueriesasneeded.

For road-basedehaiors, curvilinear coordinatesare extremely useful: (1) they
naturallyrepresentocationsalongaroad-like surfacethusfacilitatingroadandlanetrack-
ing behaiors, (2) relative spatiallocationsare easily definedwith respectto the curve
which is instrumentalfor following and obstacleavoidancebehaiors, and (3) corver
sionsbetweercurvilinearand Cartesiarcoordinatesfford flexibility in programmingau-

tonomousagentsasdifferentcoordinatesystemsanbe usedfor differentpurposes.

4.2 Segments The PavementUnder Our Feet

In therealworld, whenconstructiorcrews build new roadwaysthey first gradethe
roadandthenlay pavementwherethenew roadsor intersectionsyill exist. At thisstagen
constructionpnly the surfacegeometryis defined.In the EDF, drivablesurfacegeometry
is representedly basicstructurescalledsegments

EDF sggmentsare analogoudo the pavementof real road networks andare used
to modelfixedwidth stretche®of road. EDF segmentsarerepresenteavith curvilinearco-
ordinatesystemdo provide geometricandstructuralinformationaboutthe surface.While

seggmentwidth is constantthe extent neednot be symmetricaboutthe curvilinear refer
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Figure4.3: Illustration of generakegmentproperties.

enceaxis. Figure4.3illustratesa basicEDF segment.Segmentsarestructuralcomponents
thatsupportcurvilinearcoordinatdransformationsaswell asgeometricqueriesaboutthe
curvilinearsystemandsurface,includingcurnature tangentglevation,andsurfacenormal.

Using a variety of segmentswe areableto createroad-like structuresn the EDF
on which vehiclesand pedestriancan drive and walk. For instance,we can construct
linear segmentsfor representingstraightroadsand cubic segmentsfor representinghe
surfacedescriptionsiecessarfor curvedpaths.In generalwe canconstructnary different
ribbon-like segmentdescriptioneachfor representinglifferentroadsurfaces.For themost
part,theroadswe modeldo nottwist violently or turn upsidedown. However, becausehe
surfaceis definedby the referencecurve’s normalvectors,EDF segmentscan easily be
usedto represensurfaceghatexhibit extremetwist, suchascanbefoundonroller coaster
tracks. Nonethelesspur concentrations on urbandriving ervironmentswhere,for the
mostpart,theroadnormalspoint skyward.

Becausdhe sggmentis basedon a curvilinear system,surfaceattributes,suchas
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float < length()

Returnsthetotal arc-lengthof the segment.
float < width([ left or right] )

Returnstheleft or right width of the segment.
float < elevation((d, o) )

Calculatesurfaceelevationat (¢, o) onthe seggment.
float < curvatue((d,0) )

Calculatesurvatureat (d, o) onthe segment.
R3 «— tangent((d,0) )

Calculateghetangentvectorat (6, o) onthe segment.
R < normal((4,0) )

Calculateghe surfacenormalvectorat (6, o) onthe segment.
(6,0) < queryXY(r?*)

Corvertsfrom Cartesiarto curvilinearcoordinates.
R3 — queryDO((d,0) )

Cornvertsfrom curvilinearto Cartesiarcoordinates.

Table4.1: Thequeriessupportedy segmentsn the EDF All segmentamustsupporthese
gueries.Queriesareoftenparameterize@y curvilinearcoordinate$o acces®xactsurface
detail.

elevation,tangentcurvature,or surfacenormalcanbe queriedasfunctionsof (¢, o) coor
dinates.Suchcurvilineardatamustbe well-definedfor eachsegment. Table4.1 lists and
briefly describeshebehaiorally importantqueriegprovidedby EDF segments.Necessary
parameterandreturntypesarealsonoted.

Thesequeriesaredesignedo be usedin areal-timesimulationsystem.Therefore,
it is highly importantthatthe segmentqueriesandthe mappingshetweencurvilinearand
Cartesiarcoordinatede efficient, fast,androbust. Many thousand®f queriesmay occur
eachsecondIn this context, a sgmentimplementatiorthatrequiresacomplex integration

calculationin orderto transformfrom one of the coordinatesystemsto the other may
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/ ’ ‘ Segment 2 ‘ ‘ Segment 3
S

Figure4.4: An illustration of a hierarchicalsggmentin the EDFE. The completesegmentis
composedf threeleaf sggments[S4 S5 Sgment3. SegmentsSegmentland Sgment2
areparentsggments.

be too computationallyexpensve. In ary case,it is importantthat speed efficiengy, and

robustnesdebalancedor segmenttypesusedin the EDF,

4.2.1 Compositing HierarchicalSegmentDescriptions

It is usefulto combinesegmentdefinitionsto form largeraggregjates.Segmentsin
the EDF canbe composef othersegmentsforming hierarchicalcurvilinearsurfacede-
scriptions. Parentsegmentsassemblendmanagechild segmentsto transparentlypresent
a singleEDF segmentinterface. In otherwords,a singlecurvilinearcoordinatesystemis
mappedacrossa the leaf segments. Figure 4.4 illustratesthe hierarchicalstructurefor a
simplesegmentcomposeaf threeleaf sggments.

Hierarchicalsegmentsare continuousat the joins of adjacentsegments. With re-
gardto the connectiorbetweenadjacentsegments we definecontinuouso meanthat (1)
connectingsggments’endpointsbecoincident,(2) adjacenseggments’'widthsareidentical
on both positive andnegative sides,(3) adjacensggments’referencecurvesalign with at

leastC! continuity!, and(4) surfacenormalsat the joining edgeof the two segmentsare

1CT continuity requiresa commontangentat the joining point of the two segmentsand C?
continuityrequiresthatthe curvaturebe commonat thejoining point of thetwo segments.
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identical. Theserestrictionsensurethat hierarchicalsggmentsremainribbonlike in curve

andsurfacedefinitions.

4.2.2 Segmentsn theEDF

EDF seggmentsare usedto modelboth geo-specifiand geo-typicalroadways. In
the real-world, road designersconstructmodernhighways using standardtechniquesof
civil engineering. However, mary older roadsare not built to conformto ary standard
designcriteria. Usingthe EDF, we canmodelmary differenttypesof roadwaysusingcivil
engineeringlata,or morefree-formopen-endedlesigncriteria.

To matchcivil engineeringlesignstandardsthe EDF defineshreeseggmentsbased
on analyticexpressionsisedin roadway design. Thesearethe straight, curve andspiral
segmentd3, 23]. Thesesggmentsaredescribednalyticallyandmodelsmoothlychanging
curvature and superelevation requiredon high-speedoadways. When compositedto-
getherin the EDF thesesegmentscanbe usedto accuratelymodelmary real-world roads.
Figure4.5illustrateshow a curved roadwould be representedh the EDF usinga combi-
nationof thesesggments.Becausef their analyticnature thesesggmentsafford fastand
efficient queriesfor surfacecharacteristiagnformation and curvilinear coordinatesystem

transformations.

4.2.2.1 StraightSegments
As seerfrom anorthographigrojectionontothegroundplane straightsegmentsan

theEDF connectwo Cartesiartoordinatesn spacewith aline. Surfaceelevation,andthus,
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Start of Road

End of Road

Figure4.5: A longerandmorecomplex roadcanbe built by compositingsegments.in this
example,only threedifferenttypesof segmentsareused:straight,curve, andspiral.



43

surfacenormal, is controlledby a separatdunction of § that basesheighton a parabolic
cune. In the EDF straightsegmentscanbe specifiedwith eithertwo, or three,Cartesian
coordinates.Whentwo coordinatesare defined,the segmentsurfaceis flat, with linear
changesn X, Y, andZ coordinatesWhenspecifiedusingthreecoordinatesthe straight
seggments elevation (heightin 2) is determinedby fitting a parabolathroughthe three Z
coordinatesTwo-dimensionatangentvectorsalonga straightsegmentareconstantwhile

curvatureis alwayszero.

4.2.2.2 Curve Sgments

Curve sggmentgdefinearibbon-like circulararcwith Z dependencilenticalto the
straightsegment.In otherwords,acurve sggmentsurfacehasconstantircularradius(con-
stantcunature)andsweepsout anarc of constantadius. If only thetwo endcoordinates
of thearcarespecifiedthanthe changen the elevation () is linearwith respecto length
alongthe curve. By specifyinga third coordinate we canfit a parabolato the segment
describingsurfaceelevationasafunctionof distancealongthe curve. Curve sggmentamay
alsodefinea constansuperelevationwhich specifieghe amountof banking.Surfaceele-

vationata pointis determinedasby combiningthe surfaceheightwith the superelevation.

4.2.2.3 SpiralSeggments
Spiral sggmentsprovide a transitionbetweenstraightand curve segments. Spiral
sggmentssmoothlyinterpolatebetweenthe zero curvatureand zero superelevation of a

straightsegmentto thefixed curvatureandsuperelevationof a curvedsegment.Theeleva-
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tion of the spiralsegmentis determinedy combiningsuperelevationwith surfaceheight.
The surfaceheightof the spiralis calculateddenticallyto the straightandcurve segments
with eithera linear interpolatedprofile or a parabolicelevation profile runningthe length

of thesegment.

4.2.2.4 GeneralizedCubicSggments

At times, it is more corvenientand easierto modelroadsin a free-formmanner
thanby adjoining analyticalsegments. Free-formroad constructionis usefulfor quickly
prototypingscenessingintuitive curve drawving techniquesMoreover, mary roadsin the
realworld arenot constructedaccordingto standardengineeringdesignpractices.In the
EDF, free-formroadmodelingis handledby ageneralizedubicsegment.A cubicsegment

is describedy a setof n interpolatingpointsin 123.

{vaplv s 7pn—1}

To facilitate transformationdetweencurvilinear and Cartesiancoordinatesystems,we

must reparameterizéhe cubic sggmentso that it is parameterizedy arc-length. Once
the sggmentis parameterizedyy arc-length curvilinearcoordinatecanefficiently be con-
vertedto Cartesiancoordinatedy performingbinary searchesising curvilinear distance
asthe key over the samplingpoints, calculatinglocalizedcubic evaluations.Determining
curvilinearcoordinategrom Cartesiarcoordinatecanalsobe difficult. We useusea small

numberof stepsin a Newton’s methodto efficiently handlecornversionfrom Cartesiarto

curvilinearcoordinates.

In summary EDF sggmentsprovide the foundationfor modelingroad surfaces.
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EDF seggmentsare curvilinear coordinatesurfacesthat analogougo ribbonsof pavement
throughthe ernvironment. Segmentsprovide queriesfor interrogatingthe surface infor-

mationand corverting betweenlocal curvilinearcoordinatesand Cartesiarspace.Using
hierarchicatompositionsggmentscanbe combinedo form moreelaboratgathwaysthat

mimic the constructiorstyle of roadsfoundin therealworld.

4.3 Roads

Oncethe pavementfor a new roadis set,constructiorcrens paintlanelinesonthe
roadsurfacethat delineatdanestructure.Laneslines alsoidentify regulationson driving
actiities, suchaspassing.Signsare placedalongsidethe roadto signify speedimit, no
parking,meges,andyields. Thelanelinesandsignageepresentogical aspect®f driving.
Humanscaneasilydrive over pavement,but order andthusbehaior, is determinedrom
the logic appliedto theroad. In the EDF, roadsare modeledvery similarly by applying
logic andorderto a segmentrepresentinghe pavement.

Roadsin the EDF arecomposedf a segment,which may be hierarchical,a lane
profile definition, and featuredescriptions. The road’s segmentdefinition representshe
pavementon which the roadlogic will be applied. EDF roadsconnectto intersectionsat
theterminationpointsof theroads.Throughtheintersectionptherroadscanbereached.

Roadsn EDF derivetheirwidth from their segment. Theroadswidth is thenlater
ally subdvidedinto parallelchannelgsalledlanes Lanesareclassifiedaccordingo beha-
ioral useandrun parallelto the curvilinearaxis definedby theroad's segmentdescription.

Lanedefinitionsare specifiedoutward from theroad’s axisto ensureconsistenandeasily
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Pedestrian

Figure4.6: Roadwidth is subdvided laterally acrosshe width of the roadto form lanes.
Lanescanbe of varyingtypesandin this examplesidevalks, vehiclelanes,bicycle lanes,
parkinglanes,andmediansareshowvn.

identifiablelaneboundaryoffsetsthatarebasedn the lanes’widths. Laneboundariesre
usedto defineadjacenyg relationshipsbetweemneighboringlanes. The treatmenif lane
definitionsin the EDF is depictedin Figure 4.6, which shows a cross-sectiorof a lane
definition.

As a persondrivesover the lengthof a real road, that persons behaior is aptto
changeandreflectthe featuresand markers postedor paintedalongthe roadway. Some
typesof markings,suchasspeedimit zones,affect large expansef roadwhile others,
BumP or LANE ENDS signsfor instance provide moreimmediateandlocal information.
In the EDF, range attributesdescribecurvilinearexpanse®f roadin which specificbeha-
ioral or societalrulesapply: Similarly, the EDF usesfeatuesto modellocalized,situated

informationthatexistsat specificdistanceslongthelengthof theroad.
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Figure4.7: Curvilineardistances calculatedalongthe referencecurve (shawn in black).
Both coordinateshave the samedistanceparameter(d), but different offsets (o1, 0;).
Dashedgreenarcsrepresenthetrue arc-lengthof the curve atthe differentoffsets.

During a simulation,the EDF maintainsinformationaboutthe simulationobjects
locatedon eachroads surfaceat any instanceof time. This information canbe queried
providing behaiors with importantroad occupang detail. Objectlocationon roads,as
well ashow thoseobjects’locationsrelateto eachother facilitatesfollowing andobstacle

avoidancebehaiors. A completediscussiorof roadoccupang is providedin Sectior4.5.

4.3.1 Interpretatiorof CurvilinearCoordinates

Distancealongthe lengthof aroadin the EDF is treatedsimilar to mile-marlers
alonganinterstaten therealworld. A mile-marker marksaninvisible perpendiculatine
thatcutsacrossall lanesof a highwayto denotethelocationof aparticularmile, or distance
from the beginning of the roadway. Any vehiclescrossingthatline, no matterwhatlane
they arein, areconsideredo belocatedat thatmile marker.

By our definition, curvilinear distance(d) is measuredlongthe referencecurve;
curvilinear offset (0) is calculatedasthe shortestperpendiculadistanceto the reference

curve atthatdistance.This interpretatiorof a curvilinearcoordinateusesa singlelongitu-
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dinal representationf distance asopposedo an offset baseddefinition of distanceover
the curve. Thus,two positions(d, 01) and (4, 0,) definea line perpendiculato the road
referencecurve at milemarler §. Figure4.7 illustratesthe how the EDF treatscurvilinear
coordinatesn termsof mile markers.

The advantageof usingthis interpretatiorfor the curvilinearcoordinates thatim-
portantspatialrelationshipsamongobjectsare directly determined.For instance givena
setof of distanceparameter®n a curvilinearsurface,we candefinean orderingof those
distanceover length of the surface. Similarly, using a setof offset parametersye can
determinean orderingthatrunslaterally acrossthe surfacedefinition. Using thesepartial
orderings,autonomoudehaiors canqueryneighboringobjectsand comparecurvilinear

distancecoordinatego understandocal spatialrelationships.

4.3.2 Lanes

Lanespartition the road surfaceinto parallel,longitudinalregions. A roadin the
EDF bundlesasetof lanestogether Roadscanbe composeaf oneor morelaneswith the
lanesetbeingorderedand dense—meaninthatthereare no gapsbetweenadjacentanes.
Lanewidthsareconstanbverthelengthof theroad. As a consequenceheroadprofile is
constanbver the lengthof theroadasdeterminedy the extentsof thelaneoffsets.

In the EDF, aroad’s lanesrun parallelto the road’s curvilinearaxis and may not
straddlethat axis. Thus,the road axis is alwaysusedasa boundarybetweentwo lanes.
This restrictionis beneficialbecauset allows for a discreteandsimpleorderingof lanes.

Consequentlya curvilinearoffset canquickly be mappedo a particularlaneby utilizing
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Lane Type Description

VEHICLE General-purposeehicles

BICYCLE Bicyclists

SIDEWALK Pedestrians

BUS Buses

TRAIN Traintracks

TRAM Trolley cars

AGRICULTURAL Tractors,combinesthreshersywagons
CENTER-TURN Specializedurnlane

MEDIAN Lanespacing

PARKWAY Areabetweerroadpavementandsidevalk
ANGLED PARKING Angledparkinglanes
PERPENDICULAR PARKING | Perpendiculaparkinglanes
PARALLEL PARKING Parallel parkinglanes

Table4.2: Varioustypesof lanesdefinedin the EDF

thelanewidth andadjaceng information.

Lanesin the EDF aretyped. For instancea sidevalk is a type of lanededicatedo
pedestriansvhile a centerturn laneallows traffic to make left turnson busy streetswith-
out blocking traffic flow. We choseto associatesidevalks with roadsbecausesidavalks,
andothersimilar featuresfit nicely with our definition of lanes.Generally sidevalks ac-
compaly roadsin the real world, running parallelto the roadfor the length of the road.
Table4.2 lists andbriefly annotateshe lanetypesin EDF. In additionto behaioral type
information,lanesdesignate preferreddirectionof flow, orientedwith respecto theroad
coordinatesystem.Somelanesallow bidirectionalmovement,so flow directionin alane
maytake ononeof threevalues:Positive , Negative ,orBoth . Eachlanecanspecify

a surface-heighoffset valuewhich is usedto raise,or lower, the lane’s elevationrelatve
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to the heightof theits road. This attributeis usefulfor medians parkways,andsidevalks

which aresometimesaisedabove the heightof theroadto which they areadjacent.

4.3.3 RangeAttributes

In thereal-world, signsandmarkingsarepostedalongsideandonroadsto highlight
importantinformationrelatedto driving. For instance speedimits signsindicatethemax-
imum speedallowedon a sectionof road. Laneslinesaredravn betweerlanesto prohibit
or allow certaintypesof behaior, suchaspassingn a passingzone.

The EDF modelszone-basedroad characteristicasrange attributes Rangeat-
tributesare boundedcurvilinear regions that supply behaiorally importantinformation
aboutthat region of the road surface. Rangeattributesare characterizedby a rectangular
curvilinearareaanddata. A rangeattribute’s areais definedby a pair of curvilinearco-
ordinates{(d;, ou) , (dur, 0ur) } Specifyingthe lower left (6, o) andupperright (0., 0ur)
coordinateof roadsurface. The rangeattribute’s datais representedyy an attribute label,

followedby alist of dataelements

(attribute_label, datay, datay, . . . ,data, 1)

In the caseof a speedlimitrangeattribute, the labelis speedlimitandthe dataassociated

with it would bethe speedimit overthatregion, asin

(speedlimit, 65mph)

During the courseof a simulation,rangeattributescanbe dynamicallycontrolled

by anautonomoudehaior. Considerthe following, a railroadcrossinggatecanbe rep-
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resentedas a dynamicallymanipulatedrangeattribute. In this example,a region of the
roadis marked to denotethe areaof the roadwherethe train trackscross. The boundsof
this region demarcatehe locationof the gatesthat guardaccesdo the crossingarea.The

crossinggateattribute datais specifiedoy
(rrcrossing, 41, PositiveFlowGate, up, d3, Negative FlowGate, up)

The curvilinear distancedd;, ;) givenin the rangeattribute datacomponentdetermine
thelocationof the respectire gatesalongthe roadsurface. Thetwo gates JabeledasPos-
itiveFlowGateand NegativeFlowGateo signify the relative directionof traffic flow they
towardwhichthey face,guardaccesso therailroadtrackcrossingegion. Thelogical state
of thesegatess eitherUp or Downto representhe physicalstateof the gate.By attaching
an autonomousehaior to this rangeattribute, we provide a mechanisnto dynamically
monitor the crossingtrain tracksfor an oncomingtrain and setthe stateof the rangeat-
tribute gatesappropriatelyif atrainis detected Autonomousbehaiors, suchasvehicles,
navigating the road will querythe rrcrossingrangeattribute and canreactto the logical

stateof the gate,eitherstoppingprior to the gatesor driving over the roadnormally.

4.3.4 Features
Whendriving on realroads,signspostedalongthe roadway will, attimes,denote
immediateandlocal informationspecificto thatplaceon theroad. For instancea SPEED
Bump signoftenmarksthelocationof aspeedumpontheroadssurface.In theEDF, road
signs,suchasthesethatmarka perpendiculareferenceon aroadsurfacearerepresented

asfeatules
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A featureis a logical EDF componenthat modelslocalized, cross-sectionain-
formation on the roads surface. Featureshave a facing direction and can be laterally
boundedby two offsetsbracleting wherethe featureresideson the road. Featuredif-
fer from rangeattributesin thatthey donotcoveranareaontheroad;rather featurescover
a cross-sectionalice of the roadsurface. A features placemenbn the road’s surfaceis
determinedy a distance$, two offsetsboundingthe left andright offsetsthatthe feature

affects(oy. s+, 0,i4n:), andafacingparametery.
featurelocation = (6, 0y 41, Oright, )

Featurefacing direction determineghe direction toward which the featurepoints. For
instance pn realtwo-way streets signsfor the oncominglanesfacetowardthe oncoming
traffic and do not affect the oppositeflow traffic lanes. Featureghat are POSITIVE are
directedtowardtraffic travelingtowardtheendof theroad's curvilinearcoordinatesystem;
NEGATIVE facingfeaturesaredirectedowardtraffic moving towardtheorigin of theroad’s
curvilinearcoordinatesystem Featurecanfacebothdirections.

The datacomponenibf a featureis representedby a featurelabel followed by a

seriesof dataelements.
featuredata = ( feature_label, datay, datay, . .. ,data,_1)

Like rangeattributes,featuredatamay be dynamicallycontrolledby an autonomouse-
havior overthe courseof a simulation.
The EDF suppliesqueriesfor interrogatingrangeattributesandfeatureson roads.

Rangeattributesoccurover curvilinearregionsof the road,andthus,queriesthatare pa-



53

list<RangAttr> < queryRangAttributes((J, o) )
Returnsthelist of rangeattributesthatspanthe given
curvilinearcoordinate.

list<Featue> < queryFeatures((é, o), (§',0'),v)
Returnalist of featuredbetweerthe bounding
curvilinearcoordinatesgiventhe facingdirection.

RangAttr < queryRanegAttribute(attribute label, (¢, 0) )
Returngstherequestedangeattributethatexistsat the given
curvilinearcoordinate.

Featule < queryFeature(feature label, (4,0) , (§',0") ,7)
Returngherequestedeaturebetweerthe bounding
curvilinearcoordinatesgiventhefacingdirection.

list<RangAttr> << queryRangAttributesByNamedttribute label )
Returnsalist of rangeattributeson aroadwith
the specifiedattribute label.

list<Featue> < queryFeatuesByNamefeature_label, )
Returnsalist of featureson aroadwith the
specifiedfeaturelabel,giventhefacingdirection.

Table4.3: EDF querieghatsupportinterrogationof rangeattributesandfeaturesonroads.

rameterizedy (4, o) returnall the rangeattributesaffecting thoseparticularcurvilinear

coordinates.On the otherhand,becausdeatureshave facingdirectionsandare specified

cross-sectionallat exactdistanceslongtheroadsurface,EDF queriesrestrictthe search

for featureswith aboundeccurvilinearregion andfacingdirection. Table4.3liststhe EDF

roadqueriesusedto queryinformationaboutrangeattributesandfeatures.

4.3.5 Additional Queriesfor InterrogatingRoadInformation

Roadsn EDF usethecurvilinearcoordinatesystemprovidedby its segment.Thus,

roadsprovide thesamegueriesaslistedfor the segmentgSection 4.2). Additional queries

provide topologicinformationandinform behaiors aboutthe intersectiongo which the



int <= numberOfLanes()
Returnsghe numberof lanesontheroad.

list<Lane> < laneProfile()
Returnghe setof lanesthatmake up thelaneprofile on theroad.

Lane<— laneToLeft(lanereference)
Returnghelaneto theleft (if it exists)of thelaneparameter

Lane<— laneToRight(lane refeence)
Returnghelaneto theright (if it exists) of thelaneparameter

Intersection< startIntersection()
Returnsareferenceo theroad’s startingintersection.

Intersection< endIntesection()
Returnsareferenceo theroads endingintersection.

Intersection< nextIntersection(flow_direction)
Givenadirectionof flow ontheroad,returnthe
forwardfacing(asdeterminedy flow direction)
intersection.

float < distance®lIntersection(d, [ start| end])
Givenacurvilinearcoordinatedistanceparameteand
anintersectionabel,returnthedistanceto the
intersection.

float < distance®NextIntersection(¢ , flow_direction)
Givenacurvilinearcoordinatedistanceparameter
andaflow direction,returnthedistanceo the
forwardfacingintersection.

Table4.4: Additional queriessupportedy roadsin the EDF.
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roadconnects.Relatve queriessupportqueriesbasedon the behaior’'s immediatedirec-

tion of flow with respecto theroadss curvilinearcoordinatesystem.

4.4 Intersections

In therealworld, intersectionsene asinterchangebetweerdifferentroads.Driv-
ing behaior is differentin intersectionghanon roads. Roadsare simply organizedinto
parallelstreamsn which humanbehaior canbe tightly regimented,andreasonablypre-
dictable.Intersectionspntheotherhand,arelogically complicatedmessyand,in thefield
of driving simulation,notoriouslydifficult to model. Thechannel-lile passagesonnecting
incomingto outgoinglanescriss-crossand overlap eachother Spatialrelationshipsbe-
cometangled highly comple, anddifficult to identify. In realintersectionssocietalrules
andcorventionsdeterminevho hasright of way andhow traffic shouldproceed.

In the EDF, intersectionspecifyinput/outputrelationshipdetweerthelanesof the
roadsconnectedo the intersection. EDF intersectionglefinea standardnterconnection
schemehatdetailshow lanesinterlink andinterrelatein theintersection.Intersectionsn
the EDF have four parts: (1) an exterior polygonalboundaryto which roadsincidentto
theintersectiorconnect(2) setsof individual, lane-like corridorsthatroutetraffic through
theintersection(3) lists of dependenciebetweencorridorsthat describehow objectson
different corridorsrelate, and (4) traffic control devices that regulate entranceinto and

movementthroughtheintersection.
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4.4.1 IntersectiorBoundaries ExteriorGeometry
Intersectionsn the EDF areboundedoy a corvex polygon. The edgesof the poly-
gonareusedaslandmarkgo which the terminatingedgesof connectingoadscanadjoin,
forming smoothtransitionsbetweerroadandintersectiorgeometry
As with roads,simulationobjectscanoccuyy intersectionsThe corvex geometric
descriptionof the intersectiorpolygonallows the EDF to performefficient objectin poly-
goncomputationgluringa simulation.Intersectioroccupang semanticsvill bediscussed

in Section4.5.

4.4.2 Corridors

In real intersectionsthe connectionsdbetweenlanesare often implicitly defined.
At times however, especiallyin the presenceof adjacentturning lanes,or whenit isn’t
visually obvious, laneslines are paintedin the intersectionto explicitly guidedriverson
how they shoulddrive throughtheintersectionln the EDF, the connectionbetweerianes
areexplicitly representednddescribeheroutesbetweenncomingandoutgoinglanesof
roadsthatconnecto theintersection.Theseroutesarecalledcorridors.

Corridorsareanalogougo single-laneroads. They containa segment,which may
be hierarchical,that describesa curvilinear path betweenthe two lanesincidenton the
intersection. The corridor’s referencecurve connectshe terminationpoints of two lane
centerlineson the intersectionboundary Thus, the corridor’s referencecure is a lane-
centerlineto lane-centerlineoute. Corridorwidth is determinedo bethe maximumof the

two connectindanes’'widths. Figure4.8illustratesa simpleintersectiorwith corridorsfor
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Figure 4.8: Corridorscrossintersectionsand connectincoming lanesto outgoinglanes.
Thecorridorsleaving theleft andright roadsareshown in red.

the left andright roadsdrawn in dashedines. Corridorscanrepresenary routethrough
theintersection.Thefigureshavs commonlyusedroutesfor driving straight turningright,
andturningleft.
Corridorsaretyped.Corridortypeinformationsenesthesamepurposeaslanetype
doesfor EDF roads. Both provide contectual informationto behaiors. The EDF places
no restrictionson which corridor typescanmatchup with which lanetypes. This means
thatlogically incompatibleconnectionscanbe constructedandit is up to the modelerto
correctly match compatibletypes. For instance,a bike lane can reasonablyconnectto
a vehicle lane, but connectinga vehicle laneto a median,sidewvalk, or tram laneis not
sensible.In theformer, boththe bike laneandvehiclelanessupportdrivablevehiclesthat
maneuer on paved surfaces. In the latter, it is not clearhow a vehiclewould drive on a

tramtrack,let alonea sidewvalk, or median.
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4.4.2.1 CorridorAttributes- Flow, StoplinesandCurbs

At theintersectiorboundaryincominglanesconnecto corridorsleadingto lanes
on outgoingroads. When morethan one corridor branchesut from the sameincoming
lane, multiple pathwaysexist throughthe intersectionfrom thatlane. Behaviorally, these
juncturesarenotevorthy becausehey force behaiors to make decisionsasto which cor
ridor to use.Oftentimes,randomdecisionswill suffice.

Unfortunatelythough,randomdecisiongproducerandombehaior thatmaynotbe
consistentwith thedesignof theervironment.Fromthestandpoinbf thedatabasenodeler
thesguncturespreseneainopportuneplaceto encodemodelingintentionsanddesignnotes
thatreflectthe modelers expectationsabouttraffic movementon thelanesandcorridorsof
theenvironment.

Similarly, traffic modelingalgorithmscanusecorridor branchego encodedesired
traffic flow statisticshatwill influenceturn decisionsof autonomousehicles.Algorithms
for managingambienttraffic andmaintainingvarioustraffic modelsattemptto controltraf-
fic densityandflow onroadwaysby influencingthe routingdecisionsof traffic in intersec-
tions[2, 12,11].

TheEDF encodes flow percentage attributein eachcorridorindicatingthedesired
percentagef traffic enteringthe intersectiornon thatlanethatshouldtake the given corri-
dor. Theaccumulategercentagefor all corridorsleaving a lanemustsumto one. EDF
enforceghis constrainty acceptinglow percentagebetweer) and1 andthennormaliz-

ing the setof flow percentage® be consistenbvertherange[0, 1]. For corridorsthatare
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bidirectional flow percentagearespecifiedat bothendsof the corridor.

By encodingflow percentagénto the corridor, autonomoudehaiors, suchasve-
hicles or pedestrianscan make educatedyet randomdecisionsthat are consistentwith
desiredtraffic distributions. Moreover, databasendtraffic modelerscan prescribeflow
percentageshat matchthe designof the road, or scenariobeing developedwithout re-
codingthevehiclesthatdrive in the ervironment.

Flow percentagesan be dynamicto evolve to changedn simulationstate. For
instance autonomoudraffic managembehaiors can modify andtweakthe flow percent-
agesatintersectionsluringa simulationto routetraffic accordingto time varyingscenario
requirementsandtraffic distribution rulesandgoals.

On roadsin the United States,mostcontrolledintersectionsare marked with sto-
plinesto designate stoppinglocationfor vehicles.The EDF encodestoplinedistancefor
eachcorridorthatis usedto enterthe intersection.This is primarily usefulif theintersec-
tion boundaryencompassethe crossvalk andstoplinemarkings.Otherwise stoplinecan
beencodedisafeaturealongtheroadway. Stoplinedistances a distancemeasure@long
the curvilinearreferencecurve of the corridorandcanbe queriedby behaiors approach-
ing the intersectiono ensurethatthe objectbeingcontrolledby the behaior stopsat the
appropriateplacealongthe corridor. In situationswheremultiple corridorsbranchfrom
a singleincominglane,it may be the casethat stoplinedistancewill be differentfor each
corridor.

Stoplinesare primarily for vehiclesand mark an importantlocation on the road
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surface.For pedestrianssurbsactlik e a stoplines guardingentrancanto theroads.More
importantly curbsoftensignify abruptchangeof elevation. In the EDF, it is importantthat
pedestriamehaiors have accesso thelocationof thecurbsothatfoot falls canaccurately
andrealistically be placedon the curb [65]. The EDF modelsthe location of curbsby
specifyinga curb distanceattribute on pedestriarcorridors. Curb distances encodednto
the corridor as the distancefrom either the beginning, or the end, of the corridor. As
with stoplinedistancecurbdistanceon bidirectionalcorridorsis specifiedat both ends,if
required.

Flow percentagestoplinedistanceandcurbdistancearespecializedattributesbuilt
into the corridor description.In additionto thesespecializedbuilt-in attributes,corridors,
likeroads(seeSection4.3),canspecifyrangeattributes,and/orfeaturesalongthe curvilin-

earcoordinatesystemusedto definethe corridor.

4.4.2.2 Junctures

Theintersectiorboundaryuniquelydefineghegeometryof theintersection Roads
alut to theedgesof theintersectiormakingthetransitionfrom roadto intersectiorsmooth
andseamlessSimilarly, internalcorridorsseamlesshalign with theintersectiorboundary
Laneson connectingroadsmapto specificcorridorsin the intersection.In generalthere
are mary attributesand elementsthat needto be specified;intersectionsare difficult to
model.

Luckily, in realurbanenvironmentsmultiple intersection®often have the samerel-

ative structureandcharacteristicsyith only minor differencesetweerintersectiondeing
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thewidthsof theroadsthatconnecto theintersectionsDowntown city blockintersections
areanexcellentcasen point. In the syntheticervironment,reuseof structureis evenmore
widely usedandthereforeapparentn themodels.

Intersectionaredifficult to specifyandmodel. In the EDF, we leveragemodeling
effort by affording intersectionreuse. It makes senseto reusethe structure,logic, and
relationalcharacteristicslefinedin the intersectionespeciallywhenthe only differences
betweernntersectionsnay betheincominglanewidths.

The EDFfacilitatesintersectiorreuseby definingconnectiorsitescalledjunctures
Juncturesare placedalong the edgesof the intersectionboundaryand mark locationsto
whichroads|anecenterlinesandcorridorscanconnect By pre-definingheseconnection
points, intersectionsan be constructedndependendf their connectiondo roads. As a
consequencesorridorscanbe specifiedwithout regardto which roadsor lanesthey con-
nect. In this sensejntersectiondefinitionsbecomedemplateghat canbe instantiatedas
neededn the ervironmentdescription. Upon instantiationin the EDF, the bindingsbe-
tweenthe connectingoads,lanes,andcorridorsbecomeeffective andexplicit, cementing
theintersectiomatthatlocation.

Two typesof juncturesareusedn the EDF: fixedandfloating. Fixedjuncturesmark
anexactlocationon the intersectiorboundaryedge. They areusefulfor connectingoads
and well-definedcorridorsto the intersection. Floating juncturesdescribea connection
point on the intersectiorboundarythatis not yet boundto a specificlocationon the edge.

Floatingjuncturesareusedwhenwe know a connectiorwill be made,but we don’t know
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Figure4.9: lllustration of fixedandfloatingjuncturesplacedalongtheintersectiorbound-
ary. Redsquaregienotefixed junctureswhile greendotsrepresentloatingjunctures.The
corridorsbetweerthe juncturesareshovn aswell.

at what point on the boundaryedgethe connectionwill exist. Floatingjuncturesarethe
primarytoolsfor makingintersectiongeusable.Internally, corridorscanbe connectedo
bothfixedandfloatingjunctures.

Multiple juncturescanbe placedon anedgeto accommodatenultiple connections.
Whenmorethanonejunctureis placedalonganedge the orderingof juncturesis always
preseredby the EDFE Figure4.9illustratesa simpleintersectiorwith bothtypesof junc-
tures. The red squaregepresenfixed junctures,while the greendots represenfloating
junctures.

Junctureorderingalong an edgeis invariant. Wheninitially defined,fixed junc-
turesremainfixed alongthe edgewhile floating juncturesare spreadout evenly between

neighboringabsolutguncturesandedgevertices.
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Figure4.10: Theroadaxis connectdo thefixedjuncture(shavn asa red square)andthe
floating junctures(shovn as greencircles) adaptto fit the offsetsof the matchinglanes.
This three-parillustrationshons the procesof connectingaroadto anintersection.

Whenwe conneciaroadto anintersectionwe attachtheroads referenceaxisto a
fixedjunctureontheintersectiorboundary Only theterminatingcoordinate®f roadsmay
connecto ajuncture. However, morethanoneroad may connectto an edgeaslong asit
connectdo a separatdixedjuncture.

Oncearoadis connectedo an intersectionthe EDF attemptsto align the neigh-
boring floating junctureswith the road’s lanes’centerlines.Floatingjuncturesconnectto
theending,or beginning,coordinate®f lanecenterlinesFloatingjuncturegranslatealong
theboundaryedgeto accommodatéor thefixed spacingof thelanesontheroads.A float-
ing juncturepushespr pulls, neighboringfloating juncturesasit translateslongthe edge
to accommodaté¢he width of the connectingane. Junctureorderingis alwayspresered
alongan edge. Figure4.10illustratesthe processof connectinga roadto anintersection
andhow thejuncturesadaptto fit theroads lanes.

To assistmodelingeffort, the EDF cangenerateubicsplineseggmentso modelthe

corridorgeometrybetweerjuncturesautomatically Theseautomaticallydefinedsegments
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are beneficialwhen using floating junctures. They allow the EDF to adaptthe corridor
definitionto thelocationsof thefloatingjuncturesonceroadsandintersectiongonnect.

On the other hand, corridor segmentscan be definedexplicitly, but in thesesit-
uations,the EDF cannotadaptthe corridor sgmentto fit updatedlocationsof floating
junctureendpoints.lt is suggestedhatin thesecircumstancedjxed juncturesbe usedto
ensurerigid corridor placement.

In termsof databaseanodeling,juncturesallow intersectiongo be modularand
reusable.A databasenodelercanreuseanintersectiondescriptionby delayingthe bind-
ing, or connection,betweenroad and juncture until a later time. When designingand
developinga databasenodel,a singleintersectioncanbeinstantiatecasneededconnect-
ing roadsandlanesto the appropriatgunctureson the intersectionredge. In essencethis
producedntersectiondescriptionghat are parameterizedby the setof roadsthat connect

to theintersection.

4.4.3 DependenciesinternallintersectionConstraints
As corridorspasgshroughintersectionghey interweae in complex ways: crossing,
overlapping,meming, or splaying. Many corridorsfeedinto the sameoutgoinglaneand
singleincominglanesdivergeinto mary corridorsconnectedo differentoutgoinglanes.In
realintersectionstraffic control devicesandright of way corventionsgoverninteractions
of vehicleson differentcorridors.Without these chaoswould ensue.
As driversenterand negotiatetravel throughintersectionsthey needto attendto

mary differing concernsaandconstraintsFor instanceturningleft is precededy locating
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Dependencies
ADJACENT_TO
CROSSES
CROSSWALK
DIVERGES_WITH
MERGES_WITH
RIGHT_ON_RED
RIGHT_OF_WAY

Table4.5: Typesof dependenciethat canbe usedin the EDF to describethe inter-object
relationshipson corridors.

a safegapin oncomingtraffic. Evendriving straightthroughan intersectionrequiresthat
thedriver pay someattentionto thetraffic on crossingcorridors.

The constraintsthat are implicitly definedbetweenthe objectstraveling through
intersectionsare corridor dependent.The EDF encapsulatesiter-objectconstraintanto
corridor dependencynformation. Dependenciedefinepotentially hazardousandimpor-
tant interrelationsamongtraffic on differentcorridors. The EDF encodesdependencies
into the intersectionon a percorridor basis. Simply put, dependenciesupply behaiors
with context dependeninformationrelatedto the corridoronwhichthey arenavigating. A

dependengmapsadependenglabelto oneor morecorridors,asin
(dependency_label, corridory, corridory, . .. ,corridor, 1)

Multiple dependenciesanbespecifiedor eachcorridorin anintersectiorandareencoded
into the environmentby the databasenodelerdependinguponthe capabilitiesof the au-
tonomousbehaiors. The EDF doesnot specify a presetlist of dependenciefor useby

behaiors. To provide a feel for differenttypesof dependencieslable 4.5 lists a set of
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L
Figure4.11: An illustration of the useof dependencie® negotiatea left turn. Vehicles
traveling on corridor C; andCy, mayposethreatsto objectstraveling on corridor C,.

commondependencies.

Dependenciesompartmentalizéehaioral actvities. Eachdependengin thein-
tersectionsignifiesa relationshipbetweenthe objectson two corridors. Autonomousbe-
haviors canbe designedandorganizedaroundtheserelationshipssothatasdependencies
are encounteredseparatepehaioral-dependengc units can be deployed to reactto the
dependengonanas-neededasis.

For example,assumen autonomouwehicleneedso make a left turn ataninter-
section,asdepictedin Figure4.11. The darker vehiclewill enterthe intersectionon the
corridor labeledCy. In this circumstancethe vehicle’s turning behaior mustaccepta

safegapin theoncomingtraffic. The oncomingtraffic corridorsdenotedby C; andC; are
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specifiedn thedependenglist of corridor C, as

(mergeswith, C1)

(crossesCs)
Thedarker vehicle’s behaior canusethe dependenglist to dynamicallycreatetwo turn-
ing dependensub-behwiors: one for dealingwith the meging traffic, and anotherfor
acceptinga safegapin the oncomingtraffic. After theturnis completedthesetwo newly

instancedehaiors canberetireduntil lateruse.

4.4.4 Traffic Control

Behavior in EDFintersectionss regulatedby traffic controldevices(e.g. stopsigns,
traffic lights, pedestriarwalk signals)thatcontroltraffic flow onapercorridorbasis.Bidi-
rectionalcorridors,suchassidewvalks, arecontrolledunilaterallyby a singletraffic control
state. Autonomousvehicles,for instance,caninterrogatethe intersectionfor the traffic
control stateassociateavith the corridor the vehicle plansto useto travel throughthein-
tersection.

Traffic control statemay be static or may be determineddynamically by an au-
tonomousbehaior. For example,in the EDF, a singletraffic light behaior cancontrol
the stateof a particularintersectiors traffic light. The stateof the traffic lights at other
intersectionsreusuallycontrolledby separatdehaiors. However, attimes,all thetraffic
lights at a seriesof intersectiongnay be synchronizedvith eachotherto maximizetraffic
flow throughtheroadnetworks.

Traffic controlstatecanbedeterminedy multiple behaiors. In uncontrollednter-
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Traffic Control States
RED

Y ELLOW

GREEN
FLASHING_RED
FLASHING_YELLOW
STOP_SIGN

THROUGH
UNCONTROLLED

Table4.6: Traffic controlstate.

sectionsno traffic control device is required. Table 4.6 lists the traffic control statesused

in the EDF to regulatebehaior atintersections.

4.4.5 ZerolLengthlntersections

Polygonalintersectionsspecify a fixed geometrywith corridors mappingroutes
betweernncomingandoutgoinglanes.However, attimes,it makessenseo simply connect
the endsof two roadstogetherwithout the behaioral, andmodeling,overheadassociated
with acompleteintersection.

In essencethe intersectionstructureis collapsedto a single edge—adegenerate
polygon. In the EDF, theseintersectionsare called zeo-lengthintersectionssince they
occupy nospaceyet actlik e regular, polygonal-basethtersections.

Zero-lengthntersectionsisezeio-lengthcorridorsto describdane-to-laneonnec-
tions and specify dependeng information betweencorridors. Zero-lengthcorridorshave

nolength,andarepoint-basedonnectionghatprovide a mappingbetweenanesconnect-
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— Lane Addition
— —_—
—

™~ Lane End

Figure4.12: Exampleof how a zero-lengthintersectionconnectdwo roadswith differing
lanedefinitions.

ing to thejunctureson the zero-lengthintersections edge.

Traffic control at zero-lengthintersectionswvorks identically to traffic control in
regular EDF-basedntersections.However, zero-lengthintersectionsare usedto describe
seamlesghangesn roadstructurewhere,for the mostpart, no traffic control stateis re-
guiredandtraffic candrive throughwithout changeof behaior.

Therearetwo instancesvherezero-lengthintersectionareused: (1) forming road
loops,and(2) laneterminationor laneaddition. Figure4.12depictsaninstanceof usinga
zero-lengthintersectionto connecttwo roadswith differing lane definitions. Whenusing
zero-lengthintersections|ane centerlinesmustalign on the connectingroadssincethere

areno corridorsto merge betweenanesof differentoffsets.

4.4.6 Hierarchicallntersections InternalRouting
The EDF intersectionrmodeluseshierarchicalintersectiondescriptiongo provide

thenecessargtructurefor describingcomplex internalintersectiorrouting. To understand
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Pedestrian Lanes - - - - -—

CarLanes - ———-—
Bicycle Lanes ————————

Figure4.13: Exampleof a hierarchicalintersectiondefinition. Note the internalintersec-
tionsforming the pedestriarsidevalk intersections.

internalrouting, considerthe mannerin which sidevalks intersect. Sidevalk lanesin the
EDF connectto sidevalk corridors. Thesecorridorscriss-crosforming their own inter-
sections Oftentimes,the locationof thesepedestrianntersectionsgs within the boundsof
the intersectiongeometry Within internalintersectionscorridorsconnectto corridorsat
junctureson the edgesof the child intersection.Figure4.13illustratesa three-vay inter-
sectionwheresidevalks cometogetherwithin the boundaryof the largerintersection.At

thesecrossingsyve defineinternalintersections.

4.4.7 IntersectiorandCorridorBehavior Queries
Table 4.7 lists queriesprovided by the intersectionand corridor structuresn the

EDF Intersectiorgueriegrovide accesso corridorsconnectingoadsJanesandcorridors



71

Intersection Queries
list<Corridor> < queryCorridos(Road,Lane)
Returnsalist of Corridorsthatconnecto theroadand
laneprovidedasparameters.
list<Corridor> < queryCorridoss( Corridor, [ start| end] )
Returnsalist of Corridorsthatconnecto the specifiedendof the
corridorprovidedasparameteif theintersectionis aninternalintersection.
TCState—= queryTCStateCorridor )
Returnghetraffic controlstatevalueregulatingmovement
alongthe specifiedcorridor.
boolean<— isZewoLength()
Returnsabooleanvalueindicatingif theintersectioris azero
lengthintersection.
Corridor SpecificQueries
list<Dependency < queryDependencies()
Returnsalist of dependenciesnthecorridor.
boolean< connects@Road( start| end] )
Returnsabooleanvalueindicatingwhetherthe specifiedendof the corridor
connectdo aroad,or not. If false,the corridorconnectgo aninternalintersection.
Intersection< startIntersection()
Returnsareferenceo theintersectiomat the beginning of the corridor.
Intersection<= endIntesection()
Returnsareferencdo theintersectiomtthe endof the corridor.
Intersection<— nextIntersection(flow_direction)
Givenarelative directionof flow onthe corridorbasedn the corridor’s
curvilinearaxis,returntheforwardfacing(asdeterminedy flow direction)
intersection.
float < distance®Intersection(d, [ start| end])
Givenacurvilinearcoordinatedistanceparameteandanintersectioriabel,
returnthedistanceto theintersection.
float < distance®NextIntersection(¢ , flow_direction)
Givenacurvilinearcoordinatedistanceparameteandaflow direction,
returnthedistanceo the forwardfacingintersection.

Table 4.7: Intersectionqueriesrelate connectingroadsand corridorsand provide traffic

controlstatefor corridors.Corridorqueriesprovide accesso dependenginformationand
whichintersectiongin thecaseof internalintersectionsgonnecto thecorridortermination
points.
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togetherandalsogive accesgo thetraffic controldevice stateat theintersectionBecause
corridorsarecurvilinearstructuresthey supportall thequerieghatacurvilinearcoordinate
systemmustprovide, asdescribedn Section4.2. They alsosupportthe featureandrange
attribute queriesdescribedn the road section(Section 4.3). In addition, EDF corridors

provide accesdo dependengandinternalintersectioninformation.

4.5 Occupancy

In additionto the structureandlayout of the staticervironment,it is essentiathat
dynamicobjectsbe aware of other dynamicobjects. For example,a vehicle on a road
mustavoid crashingnto the vehicleimmediatelyaheadbf it in its lane. Pedestriandodge
andweave aroundother pedestrian®n the sidevalk. To be ableto avoid collisionsand
to interactin otherways, autonomousharactersieedaccesgo the dynamicobjectsin
the ernvironment(e.g. vehicles pedestrians)ut moreimportantly they needaccesgo the
spatiallocationsof the objectsnearthemin the environment.

TheEDF maintaingelatve andspatiallocationsof objects.Relatve locationsrefer
to the relationshipsbetweenobjectsand the surfacesin the ervironmenton which they
exist. In otherwords, relative locationsdescribeoccupancyon a surface. For example,
relative locationinformationcanprovide answergo queries suchaswhatvehiclesareona
particularlane,whatpedestrianarein a crossvalk, or whatobjectsarein anintersection.

Spatiallocationsimply describeshelocation,or position,of the objectin theenvi-
ronment. This canbe expressedn two ways. For one,spatiallocationcanbethe object’s

Cartesiarcoordinates On the otherhand,if the objectis locatedon a curvilinearsurface,



73

spatiallocationcanbea curvilinearcoordinatedescribedy 6, o.
Occupang is derivedfrom the spatialpositionsof objectsandhow they relateto
the structuref the simulatedervironment.But first, we needanunderstandingf whatit

meando occupy something.

4.5.1 Occupying Spacen theEDF

In the EDF, the term occupancymeanshow simulationobjectsoccupy spaceon
roads,intersectionsandcorridors. For our purposespccupany is a by-productof anor-
thographiqorojectionof the objects’geometryontothegroundsurface,andhenceontothe
EDF structurescoveringthe ground. It is quite importantthatboth animateandinanimate
objectsbeincludedin occupang computation.For instancewe expectpedestriansvalk-
ing onthesidavalk to dodgeandweare aroundeachotherto avoid collisions.Lik ewise,we
expectsimilarbehaior if therearelamppostsor parkingmetersplacedalongthesidewvalk.

Theanswerto thequestionDoesa particular objectoccupya particular structure?
dependsiponwho asked the questionandwhy the questionwasasked. Somebehaiors
simply may not requireas muchdetail aboutoccupang asothers. For instance whether
or not a vehicle's bumperis encroachingnto anothervehicles lane dependsupon the
attitudeof thedriver. A consenrative behaior may find the movementof the neighboring
vehicle's bumperoffensive anddangerouswhile aninattentive driver may not evennotice
thebumper

Nonethelessit is importantto establisha baselinefor occupang. At the most

primitive level, eachobjectin the simulationis representedy a singlepoint denotingthe
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positionof it’s centerof geometry(CoG). This coordinatecanbe usedfor assigningpoint-

basedoccupang.

4.5.2 A Witnessto Occupanyg

We formulatedescription®f occupang in termsof witnessesThisis in contrasto
describingoccupanyg in termsof thesimulationobjectshemseles.As anexample we can
describeoccupang onaroadby listing all theobjectsonthatroad. Thewitnessdescription
is anoccupanyg abstractiorthatcantell uswhatobjectsoccupy acertainstructure put can
also provide additionalinformation that describeshow an objectoccupiesa space. For
instancea point-basedvitnessprovidesthe mostprimitive form of occupang in the EDF
by mappingan object’s CoG onto one or more EDF components This witnesswould
provide areferencedo the occupying objectaswell asthe pointof occupang.

EDF doesnot restrictoccupang to being a point-basedCoG computation. The
witnessmetapholis anintuitive abstractiorfor expressingoccupang andis advantageous
in thatit allows for mary differenttypesof occupang representationsA witnessin the
EDF attestgo thetime andplacemenbf a specificobjectona particularroad,intersection,
or list of corridors. A witnessspecifiesa description(geometricor otherwise)regarding
how the objectoccupiedspaceon the EDF component.This includesa referenceto the
occupiedobject. For instance pur point-basedvitnessprovidesan autonomou$ehaior
with the following information: (1) a referenceto the occupying simulationobject, (2) a

time-stampdatingthe occupany, (3) the Cartesiarcoordinate andone of the following:

2Sinceroadsandintersectionslo not allow for overlap,it is only in the presenc®f overlapping
corridorsthata CoG maybe on morethanonecomponenatatime.
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Road Queries

list<Witness> < queryObjects()
Returnsall point-basedvitnessego roads occupants

list<Witness> < queryObjectsinLandéne ref)
Returnsall point-basedvitnessego occupant®n a particularlane

Witness<— queryLeader(listanceori )
Returnsa witnessrepresentinghe next objectin thedirection
specifiedoy ori afterdistanceonaroad

Withess<— queryLeaderinLand@ne.ref, distancegori )
Returnsawitnessto theleaderoccupanwithin alane

list<Wtness> < queryAllLeadesIinLane(lane ref, distanceori )
Returnsalist of witnessto all the objectsaheadof a particulardistance

Intersection Queries

list<Wtness> < queryObjects()
Returnsall point-basedvitnessego intersectioroccupants

list<Wtness> < queryObjectsinCorridorCorridor, width)
Ondemandyuerythatcalculateghe occupantsvithin a specified
width of the corridoraxis

Withess<— queryLeaderInCorridorCorridor, width, distanceori )
Ondemandyuerythatcalculategsheleaderaheacbf a
givendistanceon a corridor

General EDF OccupancyQueries

list<Object> < queryAllObjects()
Returnsall the objectsin the simulation

Table4.8: Primitive point-basedvitnessqueriesprovided by the EDF. Thesequeriesuse

point-basedvitnessegor occupang computations.

(a) areferenceo aroadplusacurvilinearcoordinate(b) anintersectiorreferencepr (c) a

list of corridorreferencepluscurvilinearcoordinates.

During every simulationstep,we computepoint-basedvitnessegor eachdynamic

simulationobject, but for roadsandintersectionsonly. Corridor occupanyg is computed

on demandasneededoy behaiors. Thereasorfor this is that mostof the time, objects

enteringintersectionsareonly concernedvith the occupantn a small numberof corri-
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dors. Theintersectiondependeng structuressupportthis style of corridor occupanyg by
modularizingthe inter-objectrelationshipson the corridorsof the intersectionbehaiors
needonly focuson the objectson specificcorridors. Thus,givena particularcorridorand
intersection the EDF cancomparethe CoG positionsof the objectsin the corridor with
the single corridor. Contrastthis computationwith the calculationsrequiredto compute
point-basedccupang on all corridorsin the intersection.In this situation,eachcorridor
is comparedwith eachobject. Thesecomputationsare more often thannot, unnecessary
andwasteful. Therefore we leave it to behaior programsto requestcorridor occupang
asneeded.Table 4.8 lists the primitive point-basedjueriesprovided by the EDFE. As an
example,we canqueryall the objectson aroadby usingthe function queryObjectsvith a
roadreferenceThis functionwould returnbackalist of point-basedvitnessesvhoseCoG

mapontoa projectionof theroadsurface.

4.5.3 SophisticatedVitnesses

The EDF leverageghe definition of occupang on to the witnessabstractionrand
computation. Point-basedccupang works fine for somebehaiors, suchaslane based
following, but it may not be sufficient for more complex parallel parking behaiors, or
laneencroachmendetectionbehaiors. Moreover, the point-basedvitnessis imprecise;t
doesnt tell thebehaior muchabouthowthe objectis situatedatits position.

More intelligent, informed,and sophisticatedvitnessesxanbe built to supplyde-
tailed information abouthow objectsoccupy structuresin the ervironment. Considera

line-basedvitnessthatrepresentgeometryby oneor moreline segmentsdescribinghow
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eachline segmentrelatesto structuresn the EDF. A line-basedwitnesscan be usedto
representhe extent of an objectin onedirection. The withessmay outputa list of line

segmentsaccompaniedby the structureghoseline segmentsoverlay. For instance,

line witness= {object_ref, (ly : [x1,y1], [x2, y2], T0ad : r1,lane : 1),
(I : [z2,y2], [x3, y3], road : r1,lane : 2)}
which lists two line segments(/; andl,) andthe structureson which they are positioned.
Theline segmentsrepresenportionsof the objectreferredto by objectref suchasaline
representinghe longitudinal extent of the objectand how it may be positionedon the
underlyingsurface.In thisexample theobjectmaybechanginganesaspartof it is located
onlanel while theotherline sgmentis locatedonlane2. Similarly, anarea-baseditness
may partitionthe corvex hull of asimulationobjectinto polygonalsubsetsgdescribinghow

eachsub-rgjion occupiedifferentspaceon adjacentanes roads,or intersections.

4.5.4 Level of Detail Occupang Queries

Oftentimes,the distancedetweerobjectsis a goodindicatorfor how muchoccu-
pang informationmay beimportantto a behaior. Nearbyobjectsraisemoreimmediate
concernghandofaraway objects.For instanceabehaior thatavoidscollisionswith other
objectsin alaneis moreconcernedvith theobjectsmmediatelyin front of it thanit is with
the objectstwo milesdown theroad.

To facilitate efficient accesgo occupang informationfor behaiors, the EDF per
forms on-demandoccupang witnesscalculationswith level of detail (LOD) thresholds

to managecomputationexpense. LOD occupang calculationsallow us to concentrate
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Figure4.14:Level of Detail (LOD) occupang queriegprovide generakolutionto different
occupang needsWitnesseat differentLODs provide differentdetail.
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computatiorwherebehaiors needit. Figure4.14depictsanautonomoudehaior anda
visualizationof theresultsfrom queryingLOD occupang. Fourlevelsof detailareshown.
In the example,witnesscalculationsclosestto the vehicle provide area-basedccupang
information(highestevel of detail)andwitnesscalculationdartherfrom thevehiclereturn
point-baseaccupang statug(lowestlevel of detail). The objectsfarthestfrom thevehicle
(outsidethe outercircle) arenotreturnedasa resultof this query

Witnesscalculationsfor the higherlevel LODs are computedon demandandare
uniquelydescribecandimplementedor eachsimulationobject. For instanceconsidetthe
differencebetweernpedestriarandvehiclewitnesses Pedestriaroccupang at the highest
level of detailmayutilize aboundingcircle computatiorwhereashehighestevel of detail
in avehiclemayperformcalculationdasednhow thecorvex hull of thevehicleoccupies
EDF structures.Level of detail calculationsaredescribedor eachtype of objectto take
adwantageof the particularobject’s geometriadefinition.

Behavioral objectsspecifywhich level of detailoccupang witnesseghey require.
This is accomplishedy providing the occupanyg queriesof the EDF with a LOD profile
statingwhich LOD witnesseso computeat differentdistancethresholdsA LOD profileis

alist of distanceandLOD pairs.For example,

LODProfile= {(dy, HighLOD), (dy, MediumLOD), (d2, LowLOD)}

which specifiesthatthe highestLOD witnesscalculationsshouldbe returnedfor simula-
tion objectsthatarelessthanor equald, distanceaway from the behaior requestinghe

information. The mediumLOD shouldbe usedfor objectsbetweend, andd; unitsaway,
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Road Queries

list<Wtness> < LOD_queryObjectsflistance LODProfile)
Returnsroadoccupang witnessedasedon the LODProfileandthedistance
parameters

list<Witness> < LOD_queryObjectsinLandéne ref, distance LODProfile)
Returndaneoccupanyg witnessedasedn the LODProfileanddistance
parameters

Witness< LOD_queryLeadergistance ori, LODProfile)
Returnsawitnessbasednthe LODProfilethatrepresentshe
next objectin thedirectionspecifiedby ori after
aparticulardistancealongtheroad

Witness< LOD_queryLeaderinLandg@ne ref, distance ori, LODProfile)
Returnsawitnessbasednthe LODProfilerepresentinghe
leaderoccupantvithin alane

Intersection Queries

list<Wtness> < LOD_queryObjectséff, LODProfile)
Returnswitnessedasedn the LODProfileandthedistance
betweertheintersectiornccupantandthe Cartesiarvector
providedasa parameter

list<Witness> < LOD_queryObjectsinCorridorCorridor, distance

width, LODProfile)

Ondemandyuerythatcalculateghe occupantsvithin a specified
width of the corridoraxisusingthe LODProfile anddistancealongthe corridor

Witness<— queryLeaderInCorridorCorridor, width, distance ori, LODProfile)
Ondemandyuerythatcalculategheleaderwitnessaheadf a
givendistanceon a corridorusingthe LODProfile

Table4.9: Level of detail (LOD) witnessqueriesfor EDF roads,intersectionsandcorri-
dors.LOD occupang witnessqueriesarecomputedon anas-needebasis.
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andthelowestLOD calculationshouldbe performedfor objectsbetweend; andd, units
away. Simulationobjectsbeyond d, units away arenot returnedaswitnesses.Table4.9
lists the differentlevel of detail (LOD) withessoccupang queriesprovided by EDF for

roads,intersectionsandcorridors.

4.6 Paths

Throughoutthis chaptey | have usedthe word path asa genericdescriptionfor a
navigableroute usedby simulationobjects. In the EDF, the word path hasmore specific
meaningdenotinganabstractiordesignedo supportthe continuousandsmoothnavigation
of objectsover theroadnetworks. For the remainderof this chapterthe word pathwill be
usedasit pertaingo this restrictedmeaning.

A pathprovidesa meandor trackingandfollowing objectson a lane-basedoute
over sectionsof the road networks. Pathsare intendedto be usedfor local navigation,
providing immediateinformationaboutthe routeandthe occupantslongthatroute. Paths
arecomposeaf anorderedsequencef (road,lane)pairsand(intersectioncorridor)pairs.
Pathsmanagetheir aggregate partsto presenta single lane-basedurvilinear coordinate
system.Pathsdo for lanesandcorridorswhatroadsdo for lists of sggments(seeSection
4.3).

Thepathabstractions adesigndecisioninfluencedpurelyby behaior modelingis-
suedealingwith intersectionsWith regardsto vehiclebehaiors, intersectiongredifficult
to navigate. Thisis evenmoresofor pedestriarbehaiors usinghierarchicalintersections.

A singlepatheliminatesthe manageriatasksrequiredby a behaior to negotiatecomplex
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Intersection Boundary Geometry

Figure4.15: lllustration of pathuseby vehicles.Threepathsareshowvn for threedifferent
vehicles.The pathscrossinto andthroughtheintersectiorboundary

intersectionsand allows autonomoushehaiors to utilize fewer tracking mechanismgo
drive over road networks. In otherwords, the path structureencapsulatethe important
behaioral propertiesnecessaryor navigatingaroute.

Figure 4.15 illustratesthree vehiclesapproachingan intersection. Eachvehicle
utilizes a pathto seamlesslyntegratethe connectiorbetweenhe lanethey areon andthe

corridorthroughtheintersection.

4.6.1 PathAugmentatiorandQueries
Pathssimplify bookkeepingneededo managdrequentchangesn coordinatesys-
tems. As intersectionsareapproachedpathsgrow andshrink by addingon the upcoming

corridorsand laneswhile remaoving the lanesand corridorsat the beginning of the path.



83

Tracking Queries

(0,0) <= queryXY(R?)
Corvertsfrom Cartesiarto curvilinearspace

R? <= queryDO((J,0) )
Corvertsfrom curvilinearto Cartesiarspace.

Feature and RangeAttrib ute Queries

list<RangAttr> < queryRangAttributes((d, o) )
Returnsalist of rangeattributesalongthe path

list<Featule> < queryFeatues((d, o), (¢',0'),7)
Returnalist of featuresalongthe pathincludingreferenceso
stoplineandcurbcorridorattributes

WitnessQueries

list<Wtness> < LOD_queryObjectsf, LODProfile)
Returnswitnesse®ccupanyg informationfor the pathbased
onthe LODProfileandthe givendistanceparamete(s)

Witness<— LOD_queryLeader¢, ori, LODProfile)
Returnsawitnessbasedn the LODProfilethatrepresentshe
next objectin thedirectionspecifiedby ori aftera particular
distancey, alongthe path

Table4.10: Queriesprovided by pathsin the EDF

Pathscanbe built incrementallyon anasneededasisby behaiors, usingtheaugmenta-
tion routinesfor appendingandremoving from the path. Thus,a pathis not merelya static
descriptionof a route. Although pathscanbe usedto describespecificroutesand plans
for autonomoudehaiors, theintendeduseof the pathis asalocal, relative descriptionof
the surfaceof theroute. Pathsarelanebasedandnot roadbased.It is up to behaiors to
augmentandcreatepathsasneededFor instanceduringalanechangethepathmayhave
to bereconstructetby the behaior. Table4.10lists the queriesporovidedby thepathstruc-
turesin the EDF. Becausehe pathrepresenta curvilinearsurfacedescriptionthe queries

providedby curvilinearsurfacesarealsosuppliedby the path,asdiscussedn Section4.2.



