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Abstract

Trafc Congestionis a multi-billion dollar national problem and worseningevery year with populationgronth
andincreasein freight trafc. We presenta model for realistic simulation studiesto mitigate congestionin urban
areasusing dynamiccongestionpricing on expresstoll lanes.Speci cally, we identify and addresghe designissues
neededo develop a realtime eventdriven sensomweb observingsystemfor traf ¢ monitoringthat provides dynamic
congestiorpricing. To assesshe feasibility of this sensomweb systemwe arein the processof conductingsimulation
studieshasedon real datafor varioussystemcon gurationsto validatethe mitigating impactof dynamiccongestion
pricing on intermodalfreight o w to andfrom the portsin urbanareas.n this paper we focuson freight ow into
the Baltimore corridor from its ports.

|. INTRODUCTION

Congestiorstandswell above all the otherfactorsasthe principal public concernregardingtransportatiorj4]. In
particular the continuedgrowth in globaltradeis leadingto increasingdemandon portsto enablethe rapid delivery
and distribution of freight. The incoming freight handling capacity of ports is limited by existing road and rail
infrastructuresandtheir capacitiesThe urbantraf®c situationfor the stateof Marylandis forecastto becomeworse
yearlyaspopulationandtruck traf®c continueto increasen the Baltimore,MD corridorincluding WashingtonD.C.
Most Statetransportatiorauthoritiestodayfacerelatively constantudgetsandare exploring innovative approaches
to raisecapitalto stayabreasbf in ationfor majortransportatiorprojectsaddressingongestionExpressoll lanes
andvariablepricing is a currentpopularapproactbeing consideredy several statesincluding MD. However, ®xed
pricing as function of time of day (i.e. rush hour congestion)s the initial methodMDOT haschosenfor pricing
of expresstoll laneson several interstatehighways under construction.MDOT would like to considerdynamic
pricing [4] sinceit presumablycanaccountfor othercausesf congestiorsuchasaccidentsweather construction,
maintenanceetc.; otherthanrush hour traf®c if it were costeffective andrisk averse.Realisticsimulationstudies
for the domainof freight ow from portsis the ®rst stepin providing evidenceto transportatioragenciesand the
public thatdynamicpricing is indeeda feasiblecongestiommitigating factorthat canbe costeffective with minimal
risk.

In this paper we presenta sensorweb designfor dynamic congestionpricing and identify the obsenational
input data streamsrequiredfor model simulations.We then describethe generationof simulatedtraf®c datafor
congestedsitesin the ow of freight from the port of Baltimore basedon acquiredhistorical datafrom various
archives.We will alsoconsidercongestiorbasedpricing scenariodor potentialfuture scenarioscausedoy natural
or humaninducedeventsrelatedto hurricanes®res, oods,ice, fog, sportingevents,paradesaswell asroadand
bridge closingsfor constructionmaintenance.

Il. BACKGROUND

Fixed pricing methodsarebeingsuccessfullydeployedfor freight ow from the Los Angeles/LongBeachareaas
well asthe Seattleports.However, the changingtechnologicalandscapén the domainsof wirelesscommunication,
sensortechnology and satellite sensorwebs offers additional opportunitiesthat can radically extend the static
transportationpricing model from the rush hour scenarioto help addressthe wider range of factorsleadingto



congestionproblems.We proposethe integration of commercialsatelliteremotesensinglow cost UAVs, tracking
devices installed on "eetsof trucks (e.g. VeriWise), automatedremote GPS collectionsfrom individual vehicles,
in additionto geo-basedainchoredsensorsand traf®c monitoring devices like high de®nition camerasto form a
real-timesensomvebto infer traf®c “ow andenabledynamicpricing schemego mitigate congestionThe following
sectionillustrateshow this pre-requisitetechnologymight be deployed as a dynamicpricing designmodel. These
scenariogliffer fundamentallyfrom Los AngelesandSeattletestscurrentlybeingconductedemploying staticpricing
systemsapplied at speci®ctimes and locationsto address®xed periodsof congestionln contrast,our proposed
sensorweb systemproposedmonitorsvariableoccurrencesn time and location of congestionfor nearreal time
decisionanalysisfor freight pricing basedon a variety of unpredictedevents. We explain by a scenarioin the
following sectionwhat measurements/sensoput arerequiredin realtime to modify expresstoll pricing to change
the freight “ow in the Baltimore corridor basedon model dataassimilationand predictionschemes.

I1l. AN INTERMODAL FREIGHT FLOW SCENARIO AT THE PORT OF BALTIMORE

Freightvolumeshave grown signi®cantlyfrom the 90s and after a dip since2001, have now regainedpre-2001
levels and are expectedto grow at more than 8% annually over the next several decadesLimited landsideand
watersideaccesdimit the capacityof ports,andcongestiomat intermodallinks to surfacetransportatiorik e rail and
roadsexacerbatehe problem.Increasingraf®c congestiorat the portsandon theaccessoutespreventport facilities
from operatingat peakef®ciencies.Congestiorpoints not only hinder operationef®ciencgy, but alsoinhibit growth
of port operations.To enhancethe safety reliability, productvity and responsienessof the freight transportation
systemit is necessaryo addresscongestionn orderto make useof existing capacity

We have chosenas a typical urbanlocationto illustrate how the proposedsensomweb systemmight work upon
completionfor the Baltimore Port. We assumethat the Stateof Maryland hasinstitutedtheir planned4 EZ Pass
toll lanes,two in eachdirectionalongsidea 5 mile stretchof 1-95 free lanesaswell asonelaneHOV toll lanesfor
the 1-695 beltway. This systemis plannedasa static approachto congestiorpricing basedon time of day chages
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
tunnelon 1-95. In the past48 hourstwo large containershipshave deliveredtwo thousandcontainersto Seagirt
docks.We alsoassumehat the CSX rail at the Seagirtdockshave instituteddynamicmarket pricing for their rail
useat Seagirt.The shippingcompaniesare keento deliver thosepackagess soonas possiblenhowever if they are
deliveredimmediatelyit will complicatethe alreadybad congestionon 1-95.

The congestionis detectedby the reduced ow at the Ft. McHenry toll plaza,road basedsensorsand reports
from both VeriWise [3] and StreetSmarTraf®c [2] enabledhavigationaldevices.All of this informationis fed back
to MDOT commandand control centers.Basedon this information, the commandcenterraisesthe toll on 1-95 to
discouragethe use of that route. At the sametime the cost of other routessuchas the 1-895 Harbor Tunnel an
I-695 Harbor Bridge reducedfor freight to encouragealternateroute choicesby the freight truckers. In addition,
CSXreducegheir rail pricesto offer incentivesfor additionaluseof their services.The congestioron I-95 andthe
associatedee changeis adwertisedon electronicroad signs,radio broadcastandin it is transmittedto in vehicle
navigational devices. The commandcenteralso launchesa mini UnmannedAerial Vehicle to monitor both the
existing traf®c on 1-95 and the alternateroutes.This mini UAV will tell the commandcenterwhenthe traf®c has
clearedon I-95 or whenthe alternaterouteshave becomeoverloaded Historical satellite databasesare queriedto
determinewhich tolls shouldbe “incentivized” to detourtraf®c to routesthat previously were optimal for handling
the over ows freight "ows.

A truck driver with anin vehicle navigational device would get a messagen their screenadvisingthemthat a
cheaperouteis available. The driver would have the choiceto ignore the information, however most drivers will
heedthe adviceandtake the alternateroutesof 1-895 and1-695. This shifts a portion of the vehicletraf®c to routes
that do not have currenttraf®c congestionThrougha variety of technologiest is possibleto useeachdriversself
interestto usethe road network mostoptimally.

Such systemsneedto integrate satellite remote sensingfor broaderareamonitoring capabilitiesoffered by a
spacebasedsensorwebs togetherwith spatial ground information technologies Clearly, extensve and realistic
simulationsstudiesneedto be conductedandtheir resultsvalidatedprior to governmentagencieseriouslyadopting
suchsystems.



Fig. 1. A Typical Scenario

1V. SENSOR WEB SIMULATION FOR DYNAMIC CONGESTION PRICING

A sensorweb simulator (SWS)is usedto conductextensive designtrade-of studieswith the DynaMIT traf®c
model employing real time input from actual traf®c patterns.Input casedata are obtainedfrom historical data
basesacquiredfrom commercialsatelliteimagesaswell asgroundbasedsystemsor known congestiorsituations
occurringin the greaterBaltimore corridor. In particular we acquirethe 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 impactassessmentregeneratedrom boththe spacedataand®xed
andmobile ground-basedeospatiakensordevices. In addition,datafrom simulated ights of targetedaircraftand
mini UAVs equippedwith video camerasand IR sensorglatformsare also createdto completethe systemdesign.

We employ the NASA developed sensorweb simulator software tool that was developedto simulate future
climateobservingsystemsto sene asour virtual realtime sensomweb communicationcommandandcontrol center
(SW3C).The SW3Csystemenablednteractie testingof theintegrationof spaceandgroundbasedntermodaltraf®c
monitoringsystemaswith freight ow traf®c modelingpredictionsto assesshe effectsof adaptie pricing scenarios.
SW3C employs recon®gurableobsenational networks in conjunctionwith real time model predictionsto provide
managementvith decisionmaking analysis.We useexisting available low cost systemsas the building blocksto
designanend-toendsensomebcongestiormonitoringsystem Our systemdesignintegrateshe currentinternational
con®gurationof commercialsatelliteremotesensingproducts,mobile/GPSdevices, opensourcepredictive models
with high resolutionGIS regional mapsand decisionanalysistools modifying freight ow behaior basedon real
time congestiorpricing.

We alsoemploy the DynaMIT [1] simulationmodelprovided by MIT for traf®c micro-simulationsSpeci®chigh
resolutionsatelliteimagerywill be usedto provide broaderareatraf®c route coveragein identifying congestion
events.Further low cost UAVs canbe directedto 'y over points of congestiorto provide realtime monitoring of



eventsto provide datainput to modelsto determineimpactof dynamicpricing changego accomplishthe goal of
dynamiccongestiorpricing.

Timely delivery, transit times, freight rates and delivery time reliability are consideredthe primary factors
governing the economicsof freight transportationOther parameterdik e inventory storagecosts,fuel cost, dwell
times further affect the overall logistic cost. To simulatethe effect of varying theseparametersand the effect of
emegent propertiesin the network. We focus our modeling efforts on well-known chronic congestionpoints in
the Baltimore area.The simulationsmodeltraf®c corridorsand effects of spatialandtemporaltraf®c patternsyush
hour traf®c, and holiday traf®c, effect of road-closurestoad constructionsand intermittenttraf®c disruptionsdue
to crashesor breakdeovn. We alsoconsiderthe effect of known traf®c patternsandadaptie behaior for congestion
mitigation for freight carrying vehiclesbasedon their differentloadingtypes.

V. SENSOR WEB SOLUTION FOR DYNAMIC CONGESTION PRICING

The SensoWeb Simulator(SWS)is a sophisticatedgimulationervironmentthat is usedto testthe performance
of adaptve pricing algorithmson simulatedandobsenedtraf®c “ows underactualcongestiorconditions.Theinitial
designstudiesconsistof spacebasedremotesensingjow "ying aircraftandunmannediircraft vehicles(UAV) and
groundbasedsensorsThe datafrom thesesensorswill be mergedinto a coherentpicture of traf®c in real-time.
Software applications frameworks andtoolkits, plus modelsof varioussensomweb componentare includedin the
SWS. A conceptuabesignof the sensomweb simulatorsfunctional componeninteractionsandfeedbackoopsare
depictedin ®g. 2.

We are acquiringarchives of currentand historical remote sensingimagesfrom commercialsatellitessuch as
Quickbird,IKONOS,Spot,Landsats and7, Aster, EOS 1, andothernationsremotesensingmagesover andaround
key roadsin the Baltimore urbantraf®c corridor. MiniUAVs will be “own over selectedregions at certaintimes
of day and night to supplementhe available satelliteimagelibrary. In additionto the DynaMIT traf®c simulation
model [1], we plan to incorporatethe NCEP weatherregional forecasting(WRF) model datain the sensorweb
simulatoralongwith the US CensusTIGERLINE GIS databasdor roadsand bridges.We also plan on acquiring
higherresolutionNAVTECH GIS datafor more realistic modelingscenarios.

User Interface 0] Provides an interfaceto con®gureand control a simulationexperiment

(i) Allows userto visualizethe simulationand view analysisresults
SimulationControl 0] Drives the simulationprocesausing a discreteevent engine

(i) Simulationengineadwancesthe model of the sensorweb in time
SimulationDecisionAnalysis 0) UsesdetailedGIS dataModelshow a sensomweb is structuredand behaes

(i) Composedof several large subsystemshat perform datacollection of the ervironment,
dataassimilationand traf®c predictions,congestionanalysis,obseration targeting, and
communicationand assetcommand

SimulatedObseration Generator| (i) Modelsor utilizesactualobsered conditionsto simulaterealobserationdataata speci®c
time, locationand event

(i) Allows anobservingsystemto collectsimulatedmeasuremen@ndderived dataproducts,
suchasimage datafrom Satellites,UAVs, traf®c datafrom VeriWise and other spatial
groundsystems

(i)  Makes use of DynaMITs simulation processeso generatesyntheticdatawith realistic
characteristics

TABLE |

MAJOR SUBSYSTEMS OF THE SIMULATOR

The SensoWeb Simulatoris comprisedof several large subsystemsThe detailedfunctionsof the Sensorweb
simulatorsubsystemareshavn in tablel. A graphicalfront-endis providedfor the con®gurationcontrol,command,
communicationand dynamicpricing. Visualizationsof the simulationfacilitatessimpli®ed userinteractionin the
SWS.The usercanthensetup differentpricing scenariogor highwaysandrails and executethe modelsto seethe
impactof marketing pricing on traf®c behavior. Visualizationtools will be integratedto shav simulationprogress,
providing the userwith graphicdisplaysthat canshav predictedtraf®c statesassetiocations, ight andrail paths,



Fig. 2. SensorWeb SimulatorComponentsand Feedback_oops

groundtracks,and communicationlinks. The simulatorwill provide a setof statisticaltools for comparisonand
analysisof thosesimulationsresultsand historical databasevalidations.

VI. MODELING FREIGHT TRAFFIC FLOW

We will focus on well-known chronic congestionpoints in the Baltimore areathat we will be modeling. The
simulationswill modeltraf®c corridorsand effects of spatialand temporaltraf®c patterns,rush hour traf®c, and
holiday traf®c, effect of road-closuresroad constructionsand intermittent traf®c disruptionsdue to crashesor
breakdevn. We will alsoconsidetthe effect of known traf®c patternsandadaptve behaior for congestiomitigation
for freight carrying vehiclesbasedon their differentloading types.

A. Space-basethformation Systems

A varietyof commercialandnationalsatellitesareusedto acquirehigh resolutionremotesensingmagesof traf®c
over the greaterBaltimorecorridorin thevisible andotherregionsof the spectrumin particulary we areidentifying
targets of opportunity from currentand future polar low earth orbiting multi-spectraland hyperspectralsatellite
sensorssuch as Quickbird, IKONOS, SPO, Orhbview-3 as well as from nationaland internationalsatelliteslike
NASAs EO 1, Landsat7/8, ASTERto createour archive. While remotesensingrrom polar orbiting satellitescannot
yield continuousmonitoring of congestiorbecausef repeatviewing orbits and cloud contaminationin the visible
they can provide historical patternsof traf®c congestionover wide areasresulting from unique events. We will
alsoexplore the ability to fusethe multi-spectraldataof MODIS on TERRA and Aquato assespotentialchanges
in the concentration®f Nitrous Oxide (NOX) and other volatile organic gasesto identify regions of congestion.
This collection of imageswill form a historical warehouseof congestionsituationsto aid in modelingcongestion
scenarios.



Recentadvanceshave leadto the availability of small UAVs utilizing electric propulsionand miniaturizedsensor
systems.We will designaerial 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 complementghe available satelliteimagery for detailed studiesof
speci®careas.

Fig. 3. A Mini-UAV

Modernbatterieshave dramaticallyimproved the suitability of electric motorbasedsystemsandresultsindicate
thatwidespreadiseof this type of systemis promising.We will acquireultra high resohedimages(1 ft. resolution
comparedwith 1 meterresolution)from miniUAVs equippedwith video cameras|R andLIDAR sensorghat will
"y over targetedroadsof in the Baltimore area.Mini unmannedaerial vehicles(UAVs) cancheaplyprovide aerial
picturesof a target road. We will purchaseseveral of thesevehiclesand instrumentthem with video and still
camerasWe will useUAVs to monitor areasof traf®c congestiorwhereno traf®c sensoraccuratelymeasureshe
“ow of traf®c. TheseUAVs will be able monitor a large numberof roadsmore cheaplythan ®xed cameras.

B. Ground-basednformation Systems

GPSandcell basedmobile navigationaldeviceslik e Veriwise, RFIDs,HD Video camerasandsurfacemonitoring
devices from distributed ground platforms, provide realtime spatial-tra®c information. In addition, the SW3C
recevesforecastdatafrom NCEP andintegratesthe DynaMIT traf®c simulatoremploying the high resolutiondata.
We evaluatethe effectivenessof variouspricing scenariodor mitigating congestiorfrom freight “ows, particularly
concentratingon the Port of Baltimore, using real and simulateddata. We will develop simulationsand physical
prototypesof vehicle basedsensornetworks. Thesenetworks would use satellite feedsto provide informationto
the sensornetwork. We will build off of two modelsof vehicle monitoring. The ®rst methodis illustrated by
the VeriWise systemfrom GE. The secondmethodis being developedin the StreetSmarflraf®c system.Both of
thesessystemause GPSsatellitesto identify the location of vehicles.They are differentiatedin how they useand
disseminatehat information.

The VeriWise systemfrom GE is a systemthat trackstruck trailerswith a built in GPSrecever and a satellite
transponderThis systemis primarily usedto manageassetshoweverthe datastreamfrom this systemcouldbe very
valuablein monitoring traf®c through multi-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 needto pay for
satelliteconnectvity. StreetSmarTraf®c usessystemusesa combinationof clusteringandepidemiccommunication
to ®nd and disseminateraf®c information. We use a novel and new distributed clustering algorithm. Epidemic
communicationis modeledon the way that diseasédravels througha populationfrom individual to individual. The
technologybehind StreetSmarfTraf®c was developedat UMBC, and has beentransferredto StreetSmarfTraf®c
Inc. We are currently developing prototypedevices, with initial resultsexpectedlate 2006.

We will develop both simulationsand physicalimplementation®f congestionmonitoring sensometworks using
spacebaseccommunicatiorinfrastructureWe will studyusingdistributedpeerto peergroundbasedcommunication,
centralizedsatellitecommunicatiorand hybrid systemausingboth technologiesThe simulationswill testthe effect
of large scaledeploymentof the proposedsystemsThe prototypeswill be usedto demonstrateéhe feasibility of the



proposedapproacho sene asa basisfor the next generation TS implementationThesesystemsf sensometworks
could optimize the useof existing transportatiorinfrastructureat little costto the Departmentbof Transportation.

VII. MICRO-SIMULATION STUDIES OF PRICING MODELS

Timely delivery, transit times, freight rates and delivery time reliability are consideredthe primary factors
governing the economicsof freight transportationOther parameterdik e inventory storagecosts,fuel cost, dwell
times further affect the overall logistic cost. To simulate the effect of varying these parametersand the effect
of emepgent propertiesin the network, we will incorporatetraf®c movementpatternsand traf®c volumesfrom
historical databaseswe will performtraf®c micro-simulationsusing traf®c simulatorslike DynaMIT and SUMO
[5] to studythe effectsof emegentpropertiedeadingto congestiorandthe effectivenessf variouspricing models
usedto mitigate congestionOne of the importantcontributions of our work will be the incorporationof real-time
information on a macro-level view of regional conditionsprovided by UAV networks and Satellite-basedsensor
Weh

Since our focus is on mitigating freight congestion,which roughly representsl5% of total traf®c , we will
simulatewith freight carriersof various loading capacitiesas a percentageof total vehiculartraf®c. Re-routing
along pathsthat avoid particulartimes of “ashcrowds for ball gamesand corventions(unlesswhere necessary)
can signi®cantlyimprove traf®c congestionand provide savings in time, fuel costandroad and vehicle wear and
tear Adaptationto currentconditionswill be achieved usinga costmodelwhich considerdime of travel, distance,
costof tolls and congestiorand weatherconditionsalongthe plannedroute.In the event of unforeseerhazardsor
other emepgenttraf®c conditionsalternateroutescan be recommendedia telematicservicesin conjunctionwith
GPSsystemsto help locate the individual freight carrier positions.We will feed the simulationwith traf®c data
provided by Maryland Departmentof Transportationthe GE VeriWise systemand the Maryland Port Authority.
We will studythe effect of dynamiccongestiorpricing on the behaior of freight traf®c. The DynaMIT modellets
us simulatethe traveler behaior undervariouspricing congestionschemesWe plan to incorporatesatellitebased
remote-sensingmageryinto the detailedroad network representatiorenabledby DynaMIT. DynaMIT is capable
of distinguishingbetweenvehicle types, detailedmicrosimulationsand optimal use of historical datato generate
reliable estimatef travel times.

VIII. INCENTIVE-BASED PRICING STUDIES

We focus on a cost model suitablefor mitigating freight congestionby incorporatinglocal road events, public
eventcalendarsroadsegmentsandcongestiorpatternsWe seekto provide a minimal costsolutionto optimizeand
regulatethe "ow of freight in a real-time and adaptve mannerusing real-time congestioninformation integrated
from geo-basedndsatellitebasedsensomwebs,alongwith GIS dataandlocal event calendarsThe 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 rerouting cost, currentfreight locationsfor transit
betweensourceand destinationof eachfreight container Local sensorscan provide immediateand local sensor
informationto devicesthat may be delayedvia other meansof delivery.

IX. SUMMARY AND FUTURE WORK

A sensomweb simulator(SWS) developedandundertestat NASA GSFCis beingmodi®edby the UMBC team
hereinto conductextensie simulationstudiesemploying the DynaMIT traf®c model.Input to this simulatorwill be
obsenationsusingreal time simulateddataacquiredfrom actualtraf®c patternsobtainedfrom historicaldatabases
and commercialsatelliteimagesunderknown congestionsituationsfor the greaterBaltimore corridor. Simulated
datawill alsobe generatedrom ®xed and mobile ground-basedjeospatiakensordevices and simulated ights of
targetedaircraft and mini UAVs equippedwith video camerasand IR sensorsplatformsto explore the range of
traf®c impactassessment®Ve will identify a setof congestiorbasedfreight ow pricing scenarioshboth ®xed and
intermittentin time and location basedon naturaland humaninducedsituations.Thesecongestionbasedpricing
scenarioswill be testedin simulationstudiesof potentialfuture congestioncausedby naturaland humanevents.
Preliminaryresultswill be availablefor the camerareadyversionDec.22,2006 and more completestudieswill be
presentedat the conference.
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