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Abstract

Traf�c Congestionis a multi-billion dollar nationalproblemand worseningevery year with populationgrowth

and increasein freight traf�c. We presenta model for realistic simulationstudiesto mitigate congestionin urban

areasusingdynamiccongestionpricing on expresstoll lanes.Speci�cally, we identify andaddressthe designissues

neededto develop a real time event driven sensorweb observingsystemfor traf�c monitoringthat providesdynamic

congestionpricing. To assessthe feasibility of this sensorwebsystem,we arein theprocessof conductingsimulation

studiesbasedon real datafor varioussystemcon�gurationsto validatethe mitigating impactof dynamiccongestion

pricing on intermodalfreight �o w to and from the ports in urbanareas.In this paper, we focuson freight �o w into

the Baltimorecorridor from its ports.

I . INTRODUCTION

Congestionstandswell above all theotherfactorsastheprincipal public concernregardingtransportation[4]. In
particular, thecontinuedgrowth in global tradeis leadingto increasingdemandon portsto enabletherapiddelivery
and distribution of freight. The incoming freight handling capacityof ports is limited by existing road and rail
infrastructuresandtheir capacities.Theurbantraf®c situationfor thestateof Marylandis forecastto becomeworse
yearlyaspopulationandtruck traf®c continueto increasein theBaltimore,MD corridorincludingWashington,D.C.
Most Statetransportationauthoritiestodayfacerelatively constantbudgetsandareexploring innovative approaches
to raisecapitalto stayabreastof in¯ation for major transportationprojectsaddressingcongestion.Expresstoll lanes
andvariablepricing is a currentpopularapproachbeingconsideredby severalstatesincludingMD. However, ®xed
pricing as function of time of day (i.e. rush hour congestion)is the initial methodMDOT haschosenfor pricing
of expresstoll laneson several interstatehighways under construction.MDOT would like to considerdynamic
pricing [4] sinceit presumablycanaccountfor othercausesof congestionsuchasaccidents,weather, construction,
maintenance,etc.; other thanrushhour traf®c if it werecosteffective andrisk averse.Realisticsimulationstudies
for the domainof freight ¯ow from ports is the ®rst stepin providing evidenceto transportationagenciesand the
public thatdynamicpricing is indeeda feasiblecongestionmitigating factorthat canbecosteffective with minimal
risk.

In this paper, we presenta sensorweb designfor dynamic congestionpricing and identify the observational
input datastreamsrequiredfor model simulations.We then describethe generationof simulatedtraf®c data for
congestedsites in the ¯ow of freight from the port of Baltimore basedon acquiredhistorical data from various
archives.We will alsoconsidercongestionbasedpricing scenariosfor potentialfuture scenarioscausedby natural
or humaninducedeventsrelatedto hurricanes,®res, ¯oods,ice, fog, sportingevents,parades,aswell as roadand
bridgeclosingsfor constructionmaintenance.

I I . BACKGROUND

Fixedpricing methodsarebeingsuccessfullydeployedfor freight ¯ow from theLos Angeles/LongBeachareaas
well astheSeattleports.However, thechangingtechnologicallandscapein thedomainsof wirelesscommunication,
sensortechnology, and satellite sensorwebs offers additional opportunitiesthat can radically extend the static
transportationpricing model from the rush hour scenarioto help addressthe wider rangeof factors leading to



congestionproblems.We proposethe integrationof commercialsatelliteremotesensing,low costUAVs, tracking
devices installedon ¯eetsof trucks (e.g. VeriWise), automatedremoteGPScollectionsfrom individual vehicles,
in addition to geo-basedanchoredsensorsand traf®c monitoring devices like high de®nition cameras,to form a
real-timesensorweb to infer traf®c ¯ow andenabledynamicpricing schemesto mitigatecongestion.Thefollowing
sectionillustrateshow this pre-requisitetechnologymight be deployed asa dynamicpricing designmodel.These
scenariosdiffer fundamentallyfrom LosAngelesandSeattletestscurrentlybeingconductedemploying staticpricing
systemsappliedat speci®ctimes and locationsto address®xed periodsof congestion.In contrast,our proposed
sensorweb systemproposed,monitorsvariableoccurrencesin time and location of congestionfor nearreal time
decisionanalysisfor freight pricing basedon a variety of unpredictedevents.We explain by a scenarioin the
following sectionwhatmeasurements/sensorinput arerequiredin real time to modify expresstoll pricing to change
the freight ¯ow in the Baltimorecorridor basedon modeldataassimilationandpredictionschemes.

I I I . AN INTERMODAL FREIGHT FLOW SCENARIO AT THE PORT OF BALTIMORE

Freightvolumeshave grown signi®cantlyfrom the 90sandafter a dip since2001,have now regainedpre-2001
levels and are expectedto grow at more than 8% annuallyover the next several decades.Limited landsideand
watersideaccesslimit thecapacityof ports,andcongestionat intermodallinks to surfacetransportationlike rail and
roadsexacerbatetheproblem.Increasingtraf®c congestionat theportsandon theaccessroutespreventport facilities
from operatingat peakef®ciencies.Congestionpointsnot only hinderoperationef®ciency, but also inhibit growth
of port operations.To enhancethe safety, reliability, productivity and responsivenessof the freight transportation
systemit is necessaryto addresscongestionin order to make useof existing capacity.

We have chosenasa typical urbanlocation to illustratehow the proposedsensorweb systemmight work upon
completionfor the Baltimore Port. We assumethat the Stateof Maryland hasinstitutedtheir planned4 EZ Pass
toll lanes,two in eachdirectionalongsidea 5 mile stretchof I-95 free lanesaswell asonelaneHOV toll lanesfor
the I-695 beltway. This systemis plannedasa staticapproachto congestionpricing basedon time of day charges
to mitigate traf®c congestion.We describea scenarioin Figure 1 in which we leveragethis systemfor dynamic
congestionpricing. Assumethereis an accidentduring evening rush hour traf®c just Southof the Fort McHenry
tunnel on I-95. In the past48 hourstwo large containershipshave deliveredtwo thousandcontainersto Seagirt
docks.We alsoassumethat the CSX rail at the Seagirtdockshave instituteddynamicmarket pricing for their rail
useat Seagirt.The shippingcompaniesarekeento deliver thosepackagesassoonaspossiblehowever if they are
deliveredimmediatelyit will complicatethe alreadybadcongestionon I-95.

The congestionis detectedby the reduced¯ow at the Ft. McHenry toll plaza,road basedsensorsand reports
from bothVeriWise [3] andStreetSmartTraf®c [2] enablednavigationaldevices.All of this informationis fed back
to MDOT commandandcontrol centers.Basedon this information,the commandcenterraisesthe toll on I-95 to
discouragethe useof that route. At the sametime the cost of other routessuchas the I-895 Harbor Tunnel an
I-695 Harbor Bridge reducedfor freight to encouragealternateroute choicesby the freight truckers. In addition,
CSX reducestheir rail pricesto offer incentivesfor additionaluseof their services.Thecongestionon I-95 andthe
associatedfee changeis advertisedon electronicroadsigns,radio broadcastsand in it is transmittedto in vehicle
navigational devices. The commandcenteralso launchesa mini UnmannedAerial Vehicle to monitor both the
existing traf®c on I-95 and the alternateroutes.This mini UAV will tell the commandcenterwhen the traf®c has
clearedon I-95 or whenthe alternaterouteshave becomeoverloaded.Historical satellitedatabasesarequeriedto
determinewhich tolls shouldbe “incentivized” to detourtraf®c to routesthat previously wereoptimal for handling
the over¯ows freight ¯ows.

A truck driver with an in vehiclenavigationaldevice would get a messageon their screenadvisingthemthat a
cheaperroute is available.The driver would have the choiceto ignore the information,however most driverswill
heedtheadviceandtake thealternateroutesof I-895 andI-695. This shiftsa portionof thevehicletraf®c to routes
that do not have currenttraf®c congestion.Througha variety of technologiesit is possibleto useeachdriversself
interestto usethe roadnetwork mostoptimally.

Such systemsneedto integrate satellite remotesensingfor broaderareamonitoring capabilitiesoffered by a
spacebasedsensorwebs togetherwith spatial ground information technologies.Clearly, extensive and realistic
simulationsstudiesneedto beconductedandtheir resultsvalidatedprior to governmentagenciesseriouslyadopting
suchsystems.



Fig. 1. A Typical Scenario

IV. SENSOR WEB SIMULATION FOR DYNAMIC CONGESTION PRICING

A sensorweb simulator(SWS) is usedto conductextensive designtrade-off studieswith the DynaMIT traf®c
model employing real time input from actual traf®c patterns.Input casedata are obtainedfrom historical data
basesacquiredfrom commercialsatelliteimagesaswell asgroundbasedsystemsfor known congestionsituations
occurring in the greaterBaltimore corridor. In particular we acquire the vehicle type distributions and spacing
from imagestaken from satellitesand aerial photosfrom low-¯ying UAVs, of the US highways from the port of
Baltimore.Simulateddatafor a rangeof traf®c impactassessmentsaregeneratedfrom boththespacedataand®xed
andmobile ground-basedgeospatialsensordevices.In addition,datafrom simulated¯ights of targetedaircraft and
mini UAVs equippedwith video camerasandIR sensorsplatformsarealsocreatedto completethe systemdesign.

We employ the NASA developedsensorweb simulator software tool that was developedto simulate future
climateobservingsystems,to serve asour virtual real time sensorwebcommunication,commandandcontrolcenter
(SW3C).TheSW3Csystemenablesinteractivetestingof theintegrationof spaceandgroundbasedintermodaltraf®c
monitoringsystemswith freight ¯ow traf®c modelingpredictionsto assesstheeffectsof adaptive pricing scenarios.
SW3C employs recon®gurableobservationalnetworks in conjunctionwith real time model predictionsto provide
managementwith decisionmakinganalysis.We useexisting available low cost systemsas the building blocks to
designanend-toendsensorwebcongestionmonitoringsystem.Oursystemdesignintegratesthecurrentinternational
con®gurationof commercialsatelliteremotesensingproducts,mobile/GPSdevices,opensourcepredictive models
with high resolutionGIS regional mapsanddecisionanalysistools modifying freight ¯ow behavior basedon real
time congestionpricing.

We alsoemploy theDynaMIT [1] simulationmodelprovidedby MIT for traf®c micro-simulations.Speci®chigh
resolutionsatellite imagerywill be usedto provide broaderareatraf®c route coveragein identifying congestion
events.Further, low cost UAVs can be directedto ¯y over pointsof congestionto provide realtimemonitoringof



eventsto provide datainput to modelsto determineimpactof dynamicpricing changesto accomplishthe goal of
dynamiccongestionpricing.

Timely delivery, transit times, freight rates and delivery time reliability are consideredthe primary factors
governing the economicsof freight transportation.Other parameterslike inventory storagecosts,fuel cost, dwell
times further affect the overall logistic cost.To simulatethe effect of varying theseparametersand the effect of
emergent propertiesin the network. We focus our modelingefforts on well-known chronic congestionpoints in
the Baltimorearea.The simulationsmodeltraf®c corridorsandeffectsof spatialandtemporaltraf®c patterns,rush
hour traf®c, and holiday traf®c, effect of road-closures,road constructionsand intermittenttraf®c disruptionsdue
to crashesor breakdown. We alsoconsidertheeffect of known traf®c patternsandadaptive behavior for congestion
mitigation for freight carryingvehiclesbasedon their different loading types.

V. SENSOR WEB SOLUTION FOR DYNAMIC CONGESTION PRICING

The SensorWeb Simulator(SWS)is a sophisticatedsimulationenvironmentthat is usedto testthe performance
of adaptivepricing algorithmson simulatedandobservedtraf®c ¯ows underactualcongestionconditions.Theinitial
designstudiesconsistof spacebasedremotesensing,low ¯ying aircraft andunmannedaircraft vehicles(UAV) and
groundbasedsensors.The datafrom thesesensorswill be merged into a coherentpicture of traf®c in real-time.
Softwareapplications,frameworks andtoolkits, plus modelsof varioussensorweb componentsare includedin the
SWS.A conceptualdesignof the sensorweb simulatorsfunctionalcomponentinteractionsandfeedbackloopsare
depictedin ®g. 2.

We are acquiringarchives of currentand historical remotesensingimagesfrom commercialsatellitessuchas
Quickbird,IKONOS,Spot,Landsat5 and7, Aster, EOS1, andothernationsremotesensingimagesoverandaround
key roadsin the Baltimore urbantraf®c corridor. MiniUAVs will be ¯own over selectedregions at certain times
of day andnight to supplementthe availablesatelliteimagelibrary. In addition to the DynaMIT traf®c simulation
model [1], we plan to incorporatethe NCEP weatherregional forecasting(WRF) model data in the sensorweb
simulatoralongwith the US CensusTIGERLINE GIS databasefor roadsandbridges.We alsoplan on acquiring
higher resolutionNAVTECH GIS datafor more realisticmodelingscenarios.

User Interface (i) Providesan interfaceto con®gureandcontrol a simulationexperiment

(ii) Allows userto visualizethe simulationandview analysisresults

SimulationControl (i) Drives the simulationprocessusinga discreteevent engine

(ii) Simulationengineadvancesthe modelof the sensorweb in time

SimulationDecisionAnalysis (i) UsesdetailedGIS dataModelshow a sensorweb is structuredandbehaves

(ii) Composedof several large subsystemsthat perform datacollectionof the environment,

dataassimilationand traf®c predictions,congestionanalysis,observation targeting, and

communicationandassetcommand

SimulatedObservation Generator (i) Modelsor utilizesactualobservedconditionsto simulaterealobservationdataataspeci®c

time, locationandevent

(ii) Allows anobservingsystemto collectsimulatedmeasurementsandderiveddataproducts,

suchas imagedatafrom Satellites,UAVs, traf®c data from VeriWise and other spatial

groundsystems

(iii) Makes useof DynaMITs simulationprocessesto generatesyntheticdatawith realistic

characteristics

TABLE I

MAJOR SUBSYSTEMS OF THE SIMULATOR

The SensorWeb Simulatoris comprisedof several large subsystems.The detailedfunctionsof the Sensorweb
simulatorsubsystemsareshown in tableI. A graphicalfront-endis providedfor thecon®guration,control,command,
communication,anddynamicpricing. Visualizationsof the simulationfacilitatessimpli®ed userinteractionin the
SWS.The usercanthensetup differentpricing scenariosfor highwaysandrails andexecutethemodelsto seethe
impactof marketing pricing on traf®c behavior. Visualizationtools will be integratedto show simulationprogress,
providing the userwith graphicdisplaysthat canshow predictedtraf®c states,assetlocations,̄ ight andrail paths,



Fig. 2. SensorWeb SimulatorComponentsandFeedbackLoops

groundtracks,and communicationlinks. The simulatorwill provide a set of statisticaltools for comparisonand
analysisof thosesimulationsresultsandhistoricaldatabasevalidations.

VI . MODELING FREIGHT TRAFFIC FLOW

We will focus on well-known chronic congestionpoints in the Baltimore areathat we will be modeling.The
simulationswill model traf®c corridorsand effects of spatialand temporaltraf®c patterns,rush hour traf®c, and
holiday traf®c, effect of road-closures,road constructionsand intermittent traf®c disruptionsdue to crashesor
breakdown.We will alsoconsidertheeffectof known traf®c patternsandadaptivebehavior for congestionmitigation
for freight carryingvehiclesbasedon their different loading types.

A. Space-basedInformationSystems

A varietyof commercialandnationalsatellitesareusedto acquirehigh resolutionremotesensingimagesof traf®c
over thegreaterBaltimorecorridor in thevisible andotherregionsof thespectrum.In particular, we areidentifying
targetsof opportunity from currentand future polar low earthorbiting multi-spectraland hyper-spectralsatellite
sensorssuchas Quickbird, IKONOS, SPOT, Orbview-3 as well as from nationaland internationalsatelliteslike
NASAs EO 1, Landsat7/8,ASTERto createour archive.While remotesensingfrom polarorbiting satellitescannot
yield continuousmonitoringof congestionbecauseof repeatviewing orbits andcloud contaminationin the visible
they can provide historical patternsof traf®c congestionover wide areasresulting from uniqueevents.We will
alsoexplore the ability to fusethe multi-spectraldataof MODIS on TERRA andAqua to assesspotentialchanges
in the concentrationsof Nitrous Oxide (NOX) and other volatile organicgasesto identify regions of congestion.
This collectionof imageswill form a historicalwarehouseof congestionsituationsto aid in modelingcongestion
scenarios.



Recentadvanceshave leadto theavailability of small UAVs utilizing electricpropulsionandminiaturizedsensor
systems.We will design aerial systemsand mate them with an array of sensorsto createa completecustom
integratedsystemfor monitoring traf®c. Miniaturization of sensorsis the key to utilization of small UAVs. The
improved spatial resolutionof UAV imagery, complementsthe available satellite imagery for detailedstudiesof
speci®careas.

Fig. 3. A Mini-UAV

Modernbatterieshave dramaticallyimproved the suitability of electricmotor-basedsystemsandresultsindicate
thatwidespreaduseof this typeof systemis promising.We will acquireultra high resolved images(1 ft. resolution
comparedwith 1 meterresolution)from miniUAVs equippedwith video cameras,IR andLIDAR sensorsthat will
¯y over targetedroadsof in the Baltimorearea.Mini unmannedaerialvehicles(UAVs) cancheaplyprovide aerial
picturesof a target road. We will purchaseseveral of thesevehiclesand instrumentthem with video and still
cameras.We will useUAVs to monitor areasof traf®c congestionwhereno traf®c sensoraccuratelymeasuresthe
¯ow of traf®c. TheseUAVs will be ablemonitor a large numberof roadsmorecheaplythan®xed cameras.

B. Ground-basedInformationSystems

GPSandcell basedmobilenavigationaldeviceslike VeriWise,RFIDs,HD Videocameras,andsurfacemonitoring
devices from distributed ground platforms, provide realtime spatial-traf®c information. In addition, the SW3C
receivesforecastdatafrom NCEPandintegratestheDynaMIT traf®c simulatoremploying thehigh resolutiondata.
We evaluatethe effectivenessof variouspricing scenariosfor mitigating congestionfrom freight ¯ows, particularly
concentratingon the Port of Baltimore,using real and simulateddata.We will develop simulationsand physical
prototypesof vehicle basedsensornetworks. Thesenetworks would usesatellite feedsto provide information to
the sensornetwork. We will build off of two modelsof vehicle monitoring. The ®rst method is illustrated by
the VeriWise systemfrom GE. The secondmethodis being developedin the StreetSmartTraf®c system.Both of
thesessystemsuseGPSsatellitesto identify the locationof vehicles.They aredifferentiatedin how they useand
disseminatethat information.

The VeriWise systemfrom GE is a systemthat trackstruck trailerswith a built in GPSreceiver anda satellite
transponder. This systemis primarily usedto manageassets;however thedatastreamfrom this systemcouldbevery
valuablein monitoring traf®c throughmulti-modal transport.This systemprovidesa datastreamwe will monitor
for traf®c disruptions.

StreetSmartTraf®c is a traf®c monitoring sensornetwork designedto use GPS satellite feeds and ad-hoc
networking. This model of communicationhas the signi®cant advantagethat drivers do not need to pay for
satelliteconnectivity. StreetSmartTraf®c usessystemusesa combinationof clusteringandepidemiccommunication
to ®nd and disseminatetraf®c information. We use a novel and new distributed clusteringalgorithm. Epidemic
communicationis modeledon the way that diseasetravels througha populationfrom individual to individual. The
technologybehindStreetSmartTraf®c was developedat UMBC, and hasbeentransferredto StreetSmartTraf®c
Inc. We arecurrentlydevelopingprototypedevices,with initial resultsexpectedlate 2006.

We will developboth simulationsandphysicalimplementationsof congestionmonitoringsensornetworks using
spacebasedcommunicationinfrastructure.Wewill studyusingdistributedpeerto peergroundbasedcommunication,
centralizedsatellitecommunicationandhybrid systemsusingboth technologies.Thesimulationswill testtheeffect
of largescaledeploymentof theproposedsystems.Theprototypeswill beusedto demonstratethe feasibility of the



proposedapproachto serve asa basisfor thenext generationITS implementation.Thesesystemsof sensornetworks
could optimizethe useof existing transportationinfrastructureat little cost to the Departmentof Transportation.

VI I . M ICRO-SIMULATION STUDIES OF PRICING MODELS

Timely delivery, transit times, freight rates and delivery time reliability are consideredthe primary factors
governing the economicsof freight transportation.Other parameterslike inventory storagecosts,fuel cost, dwell
times further affect the overall logistic cost. To simulate the effect of varying theseparametersand the effect
of emergent propertiesin the network, we will incorporatetraf®c movementpatternsand traf®c volumesfrom
historical databases.We will perform traf®c micro-simulationsusing traf®c simulatorslike DynaMIT and SUMO
[5] to studytheeffectsof emergentpropertiesleadingto congestionandtheeffectivenessof variouspricing models
usedto mitigatecongestion.Oneof the importantcontributionsof our work will be the incorporationof real-time
information on a macro-level view of regional conditionsprovided by UAV networks and Satellite-basedSensor
Web.

Since our focus is on mitigating freight congestion,which roughly represents15% of total traf®c , we will
simulatewith freight carriersof various loading capacitiesas a percentageof total vehicular traf®c. Re-routing
along pathsthat avoid particular times of ¯ashcrowds for ball gamesand conventions(unlesswherenecessary)
can signi®cantly improve traf®c congestionand provide savings in time, fuel cost and road and vehiclewear and
tear. Adaptationto currentconditionswill be achievedusinga costmodelwhich considerstime of travel, distance,
costof tolls andcongestionandweatherconditionsalongthe plannedroute.In the event of unforeseenhazardsor
other emergent traf®c conditionsalternateroutescan be recommendedvia telematicservicesin conjunctionwith
GPSsystemsto help locate the individual freight carrier positions.We will feed the simulationwith traf®c data
provided by Maryland Departmentof Transportation,the GE VeriWise systemand the Maryland Port Authority.
We will studythe effect of dynamiccongestionpricing on the behavior of freight traf®c. The DynaMIT modellets
us simulatethe traveler behavior undervariouspricing congestionschemes.We plan to incorporatesatellitebased
remote-sensingimageryinto the detailedroad network representationenabledby DynaMIT. DynaMIT is capable
of distinguishingbetweenvehicle types,detailedmicrosimulationsand optimal useof historical datato generate
reliableestimatesof travel times.

VI I I . INCENTIVE-BASED PRICING STUDIES

We focus on a cost model suitablefor mitigating freight congestionby incorporatinglocal road events,public
eventcalendars,roadsegmentsandcongestionpatterns.We seekto provide a minimal costsolutionto optimizeand
regulatethe ¯ow of freight in a real-timeand adaptive mannerusing real-timecongestioninformation integrated
from geo-basedandsatellitebasedsensorwebs,alongwith GIS dataandlocal eventcalendars.The pricing system
will take into accountthe following factors:(i) time of day, (ii) currentcongestion,(iii) weatherconditions,(iv)
large public events,and (v) pollution. We considertime delay, reroutingcost,currentfreight locationsfor transit
betweensourceand destinationof eachfreight container. Local sensorscan provide immediateand local sensor
information to devicesthat may be delayedvia othermeansof delivery.

IX. SUMMARY AND FUTURE WORK

A sensorweb simulator(SWS)developedandundertestat NASA GSFCis beingmodi®edby the UMBC team
hereinto conductextensive simulationstudiesemploying theDynaMIT traf®c model.Input to this simulatorwill be
observationsusingreal time simulateddataacquiredfrom actualtraf®c patternsobtainedfrom historicaldatabases
and commercialsatellite imagesunderknown congestionsituationsfor the greaterBaltimore corridor. Simulated
datawill alsobe generatedfrom ®xed andmobile ground-basedgeospatialsensordevicesandsimulated¯ights of
targetedaircraft and mini UAVs equippedwith video camerasand IR sensorsplatformsto explore the rangeof
traf®c impactassessments.We will identify a setof congestionbasedfreight ¯ow pricing scenarios,both ®xed and
intermittent in time and location basedon naturaland humaninducedsituations.Thesecongestionbasedpricing
scenarioswill be testedin simulationstudiesof potential future congestioncausedby naturaland humanevents.
Preliminaryresultswill be availablefor the camerareadyversionDec.22,2006andmorecompletestudieswill be
presentedat the conference.
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