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ABSTRACT

This research aigfor an establishent of a global center that will
advance the knowledge in rdaahe human and goods transport.
The focus of this paper is aapproachfor addressingthe
performance and feasibilityssueswith respect to a reliable and
distributed traffic data commuration network for optimal and
secure routing of traffic. We psent communications and database
modelingfor data acquisition via a high perfoamce gstem The
proposedarchitecture is distributedurvivable, and reliable, thus
capable of
communication sstems and integting databases and dynamic
traffic assignment into one coprehensivenodel.A case studyn

a visual interactive sgemfor transport algorithmis discussed.

Categories and Subject Descriptors

C.2.1, C2.4 Computer Communication Networks]: Network
Architecture and Design -network communications, wireless
communication.Distributed Systems — distributed applications,
distributed databasesH.2.4, H.2.7 [Database Management]
Systans — distributed databases 1.6.2 [Simulation and

M odeling] Simulation Support Sfems Environments

General Terms
Algorithms, ManagementMeasuement, Rerformance, Degn,
Reliability, Experimentation, and Security

Keywords
Dynarmic traffic assignrent, intelligent transportation stens,
communications, distributed @dase, traffic simlation.

1. INTRODUCTION

Over the pag 14 years the United $tes Federal Highway
Administration (FHWA) has sponsored the developmaithe
Dynanic Traffic Assignment (DTA) nodelsthat could be used for
planning, given the inherent faulé the gatic traffic asignment,
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handling stationary and mobile sources of

andfor Intelligent Transportation Sstens (ITS) applications such
as the estimtion and predictiorof traffic conditions.The DTA

models will estimate tim-varyng network conditions by

capturing traffic flow and route choice behaviofhey are

typically classfied as analftical approaches including

matherratical programing, variational inequalityand control
theoryapproachesr assmulation-based heuristic models.

Under this research effothe FHWA developed two mesoscopic
DTA models,the DYNASMART [1,2] at the University of Texas
at Austin, andthe DYNAMIT [3] at the MIT. In parallel to this
effort, Ziliaskopoulos at Northwesrn University developed the
Route3m mesoscopic smulator and the Visal Interactive 8stem
for Transport Algorithms DTAVISTA-DTA) [4]. Two additional
DTA models developed in the UBiclude TRANSIMS (Los
Alamos National Lab., 200ttp://transins.tsasa.lanl.ggy and
INTEGRATION [28].

A basic characteristic of theseodels is the utilization oé traffic
simulator to enulate the trafficconditionsegeciallyfor signalized
systens where it isvery difficult to capture the ahanics of traffic
through analtical techniques. The subject of this papertas
introduce our development efforts and conceptual desiga
comprehensive communicationsica database modeior data
acquisition via a distributed, survivable, reliable, high
performancesystem that is capable of handling stationayd
mobile sources of communicath systems, and integrating a
conmmunications siralator, thenew databases and dynamic traffic
assignrent into one data captuaed analgis subsgtem.

This research is to address the perfante and feasibility issues
with regpect to a reliable and disbuted traffic data
communicatiometwork for optimal ad secure routing of traffic.
The conmunicationsand data traffic nodel is clearly a cyber-
infrastructure challenge, consiggi of distributed and reliable
communications networking for Becting and processing traffic
data, with a so-called reliablerger pooling and distributed query
processing. While these concepts suggest a focus on tthéic,
will also be ‘expandable” forinclusion of other transportation
impact data, such as noise, air quahtyd lethalchenicals. The
communications and databaseodeling will be directedowards:
(i) data acquisition via a distributed, survivable, relialbiigh
performancesystem that is capable of handling stationatyd
mobile sources of communicationssgms, andii) integrating a
communications simlator, thenew databases and dynamic traffic
assignment into one comprehensive model.



The real-tine traffic flow forecasng s/stem we aim to developis
basedon the VISTA (Visual Interactive Syemfor Transportation
Algorithms) DTA model.The VISTA software features parallel
dataprocessing sstemthatis conpatible to the distributed data
model presented in this pap&he model produces the DUE path
for every vehicle from its origin to its destination. Under non-
equilibrium conditions (e.g., incidents, shadrm traffic control
changes) it produces the corresponding DTA path. Given each
vehicle’s path, aggregated traffic flow charactéds can be
obtained at the network/sub-network level, patbvel,
link/movenrent level, origin-destiation pair, and vehicle clagsr
any desiredtime period of the dayThe DTA nodel will produce
real-time traffic flow forecasts updated eveigw minutesbased
on the “Rolling Horizon” approach &visionecby FHWA in the
early 1990s when thegtarted thelevelopment of DTAnodels.In
parallel, the DTA rodel will be autoretically calibrated using the
data fromthe transport wnitoring system

The contributions of this papare twofold: firs, we simmarize
key observations on collecting traffic data and descalddgh-
level view of the communications and database modéindata
acquisition that takes advantagleubiquitous computing; second,
we show a comprehensivearchitecture with the proposed
distributed data model, whiclwill feed the VISTA software
through the proposed communicati&ystem in a computationally
efficient manner, so that VISTA will be able taonplete its
computations and produce the deditraffic flow measures of
effectivenes and the vehicle paths and routes

2. COLLECTING TRAFFIC DATA

A communication architecture based on server pooling [848]

be designed for secure and reale transport operations. This
paper introduces modified serveooling protocols and one pe

of distributed queryprocessing algorithms tailored for transport
networks. With the integration aferverpooling and distributed
database algorithns, the reseah will investigate critical
communication issues including the communication bandvatlth
the wireless communicationsnd the time to respond to an
incidentsuchas a non-compliant truck (e.g., a truck that has not
been inspected at a clearance station is approaehgemsitive
area). Thissection desribes a high-levelarchitecturesuitable for
collecting traffic data based on BiYs results in extensive analg

of Internet Engineering Task Force (IETF) pooling proto¢6is
13] and Kawaguchi's results in @dbaseand wireless application
development [14-17]

2.1 Traffic and Roadway Surveillance

A canonicalset of applications #t must be supported layrobust
and distributed communicationstgm can be listed as:
determining the status of a tsportation sgtem at everyink
and link movement of the network

providing data to support damic optimal routing

providing accurate mintenance data (e.g., ing actualaxle
weights based on traffic flow as opposed to periodic
maintenance)

charging accurate tolig.g., baed on the maximum axleload
of each individual truck rather than charging tamatoll for
all trucks based on the number of axles)
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monitoring the status of a truck and@truck driver (e.g.,
special detectorsan inform if a truck drivers sleeping,or
having a heart attack, etc.)

checking the legal coptiance of a truck (e.g.if a truck
shouldbe at this locatiorat this tine based on its travel log
kept by the sensorsor if it has the appropriate operating
licenss, etc.)

For a transport sfem toperform the above applications in a
secureand responsive manner, requires the collection of the
following data from stationary and mobile sources:

Vehicle Identification. Vehicle identificationcan be
provided through various technolegi such a$icenseplate,
E-ZPASS tags — a toll collectiogystemin the Northeast
region- video image processing, etc.

Truck Image Identification. Each tine a truck visits a
credential station a set of pictures will be taked sentto a
central computer through the communicatispstem. In
addition, each tim a truckpasseghrougha TRANSCOM'’s
System for Managing Inciddgs and Traffic (TRANSMIT)
Roadsde Terminal (RST) reader — the TRANSIT systemis
implemented in major roadwayof the New York, New
Jersey Connecticutmetropolitan region, weigh in otion
(WIM) gation, and toll plaza a picture of the trualould
alo be taken and copared to the iragestaken at the
credentialstation. If the inagesand truck/driver credentials
are the sam the truck will be allowed to continue its
journey, otherwisethe driver will be directed to either stop
immediately or proceed to a degated exit of the roadway
Location. The location of the trucks withe known through
GPS units, and/or E-ZPASS tags and/or cellular-based
location technologies. The location of a truaa providea
real time nonitoring system for security purposes, and
provide real-time data on ehimpact of trucks on the
transportation network.

Headway. Over the pasdecade there hdseen conderable
advancementin in-vehicle technologies and roadside
detectorsin the dyanic egimation of the headwabetween
two congcutive vehicles

Vehicle peed.Truck vehicle speed is a contributing factor in
truck accidents. Therefore, knowledge of the truck’s speed
will be necessaryo provide cost estiates of thempacton
accidents Speed als affectsthe duration of the loadpplied

to the pavement, with slower speeds increasing the daimage
a pavement structure and shortening its life, particulfandy
those pavements of viscoelastietarials [18]

Axle load andtire pressure. Knowledge of axle-load
distribution and contact pressure, as well as speed, will be
necesary for egimation of increnental darage caued by a
truck [19]. The axle load is determined through weigh
stations (WIM and/or static loading).

Different types of sources/sensors providisgch truck traffic
data, are condered: (1) &tionary sources such as roadsde
beacon detectors, inductivlbop detectors, microwave radar
detectors, video image processidgtectors, and weigh stations
either WIM or static loading stations; (2) shile sources such as
trucks transiitting their location, headwayspeed, driver health
status truck $ate and roadwagonpliance data.

ReliableServer Pooling (RSerPool) [6,7,8] a framework for the
reliable and survivable networking provide highly available



servicesbetweenclientsand ®rvers[20]. In RerPool srversare
grouped into pools, each with adentifier and serverselection
policy. Three classes of entitieseadefined: Pool Users (clients),
Pool Elements (servers), and Na®ervers.If a client wants to
access a server pool, aafjthe pool elerants will be available.

The data collected from thegationaryor mobile sourcesmust be
transnitted to oneor more data processing centers. Depending on
the application, somof the data will inmediately be processed to
generate results, wheremsother caes the reslts may be @nt
back to another source (e.g., the tthountfor a truck mustbe
transnitted back to the toll booth) requirirgpnmunicationwith
multiple sources in the networke.g., to the police in case of
serious violations or emergencies, etc.).

The communication $fem must be capable b&ndlingthe large
volume of the data with an acceptatiiggh procesing speed.In
addition, the communication netwk must be able to handle
stationaryand mobile sources ia robust manner.The system
architecture of the envisned conmunication and dabasesystem
should follow the guidelines provided lige United StategUS)
Intelligent Systens (ITS) architecture. These requiremts suggest
that a transportation stem to support securigndresponsiveness
requirements irtruck operations must be distributed, survivable,
and reliable with rability support.

2.2 Rdliable Server Pooling for Traffic Data
Communication Networ k

In a traffic data cormunication gstem, each tationary and/or
mobile sensor will be a Pool UséPU), which will constantlyor
intermittently exchange informtion with data processing centers.
The processors and/or servers usethe centers will be the Pool
Elements(PEs) of RSerRool. ThePU to PE transmissiomay be
unidirectional (e.g., a sensor samglitruck locationspeed, etc.),

or bidirectional when the PUs need information from PEs (e.g.,
toll calculation results sent back to the sensorgdruck legality
decision verdicts to let a truck pass through a bridge).

Server Pool B
Server Pool A —

fengor

sangor

Figure1l RSerPool with stationary and mobile pool users.

Formation of server pools is vefiexible. In Figure 1two server
pools and several PUwpresentig both stationary and mobile
sensors are depicted. ServeroR A and B mayrepresent pools
with different functionalities (e.g.,d®! A can be for financial data
and B for traffic management data;Jhe selection of PEs in Pool
A spans different states, whereas in pool B the serveroeak
Any PE can join in different pools simultaneously if the ¢
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provide the services required bgch pool (in Figure 1, ord the
PEs located in NY is a member of both Pools A and B).

In Figurel, supposea toll booth (a stationariU) is a member of
Pool A. If one ofthe PEsof Pool A is congested (i.e., its response
time is above an acceptable threshpthe PU will beswitchedto
another PE in Pool A to provide load balancing within the pool.
Similarly, in the case of a abile PU, a truck, which is originally
connected to a PE in NJ, can be switched to an®Een the
same pool located in NY when approaching NY from NJ.

The home srvers(not shown in Fjure 1), each taking care of one
or more PEs, PUs and pools, are collectivebsponsible to
maintain the pools, such as regasion of PEs in and out of pools,
providingthe list of available PEs in a pool to a PU who needs the
service, etc. The communication media among the PEspobl

and among the home servers daa LANs, WANsor MANS,
depending on thdistanceand/orthe performance requirements of
the ystem In the case oftationary PUs, the connection t®Es
canbe setup using dedicated lines, or phone lines depending on
the sytem cost requirerents andthe availability of resources.
Mobile PUs will use state-ofie-art wireless comunication
media that iscommercially available. The concepts pesgedin

this paper assume no depence to a @ecific wireles
technology The current IETF RSerPogirotocols, which are
supposed to fullyutilize the avantages of a new transport
protocol, Stream Contrdlransnission Protocol (SCTP) [21,22]
provide a starting point for addressing the reliabiliynd
survivability issues in a network.

Uyar et al. reportedthat the overhead introduced biye ASAP
and ENRP protocols can be prohibitivelgrge for mobile
networks used in the mission-critical applications [9,10,11grUy
et al. suggested a set of enbaments theseapplications,
including dropping the costlymulticast messages aong the
servers, and introducing simperver advertiserant mechanisms.
Similar changeswill be investigated for the IETF protocols to be

deployed into the dgamic envionment of a transport netwark

2.3 Distributed Database Design

The following characterigcs of a typical tranportation gstem
mandates the adoption of distibuted communication syem
rather than a centralized onégi) the transportation syem
elements (such as sensors amata procesng centers etc.)
operated and antained by various agenciesthat are spatially
distributed,(ii) differentagenciewn different parts of the traffic
data, which needs to be integrafedoptimal routing applications,
(iii) mobile sensors (such as tekensorslocated in trucks are
requiredto communicate with different databases as their location
changes(different jurisdictions, ordifferent processing centers
within the sam jurisdiction), and (iv) the large volume data
processed/trangtted for the applications of transport
managenent prohibitsa salable centralizedystem

The data elementsollected froma st of PUs are $oredin a
databaselacedin a server pool in RSerPool. One ooma PEs in

a pool nay be configured as dedicated database servers. There will
an independent database &achserver pool; these databases are
maintained in a distributed fashiasa whole. In thissection, for
simplicity, each pool contains a single server to focus on the
distributed data aong pools, rather tharedundancywithin each
pool. But in reality for reliability and survivabilitypurposes, each
server pool may havdts redundat database servers. The



distributed database deplogntpernits to enforce local policies
regarding the use of the data,.j.a group of users that commonly
share the data elemts can have theplaced at theserverpool
where theyhave local control. It isnore econonical to partition
the application and do the processing locadly each pool. It is
also easierto acconmodate increasing amunt of data for the
possible expansion of processing and storage power in a pool.

An incoming squence of traffic transaction recordsach record

distribution tranparent to the wers Queries over the stored
sequence of transaction records hastangent responsetime
requirements. Of particulamteres are simmary queries that
acces summation and aggregation inforaion of traffic activity
One can think of the database configuration as decomposit@n of
relation into fragrents each being treated dsagmentation of
relations typically resultsin the parallel execution of a single
query by dividing it into a set of sub-queries that operate on

having severalattributesto be recorded, grows in an unbounded [Tagments [24] The queryneeds to builccomplete information

fashion. These records are stored in a database in a pool for so
latesttime window. We will treat the data collection of an active
window as a datehronicle[23], which is similar to a relation,
exceptthat it is a collection of dataesjuences rather than an
unordered set of tuples in a relation.

A generic form of chronicle database consists of relations,
chronicles, and persistent viewRelationsare standard, asn any
relational database. A chronicle che represented by clustered
relation with an extra sequencing attribute. For the traffic data,
valuesof the ggquencing attribute aremedanps, eachof which
indicatesthe time the data ixcollected. Two tpes of update
operations are made to the chronicle datab@sersertion of data
tuples, with the sequence number of the inserted tupdésy
greater than any exiag squence nuiper inthe chronicle(thisis

the only pernissible operation under noanconditions), and (ii)
merging of resent data tupldsased on theappropriate event
sequencesyherethe datais missing due to the malfunction of the
measirenent equiprent at the roadite or conmunicationerrors
between PE and Pus (all re-sent data can beyed intothe
operational database based on the event sequence).

Frequency
Increment
Exchange

Tuple
Transfer

Figure 2 Distributed query processing for traffic analysis.

Treating a relation aa chronicle is to reduce arting overhead
during queryprocessing. For instance, a traffic link tisrealysis
requires time-ordered set ef/entsreported byvarious PUs. An
order-byquery claus to establif order nay induce unacceptably
large sorting overhead at run time. Instead, sequer@sgbeen
performed alreadyby each updat&ansactior(insertion andnerge
operations)prior to such query, with only a small overhead
imposed. As eachWwill send data in a tim sequence, onlg
merge process is required taamtain a chronicle in the database.
Distributed database design is ke decisions on the optimal
placenent of dataand prograra acros the stes of a computer
network. The problem to addeeis to realize arefficient real-tine
distributed database processingith primary emphasison the
temporal and spatial aspect of the data, that peiits the
managenent of the DBMS in each server pool andakes the
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mféom partial information.

A distributed chronicle instance iglivided into chronicle
fragmentsover the network. Dstributed queries expressed on
global schemas are mapped into ripee on phgical fragments of
relations by translating relations into fragmts. The airof this
researchis to develop a set of optimal algoritisnthat exploit the
chronicle fragments and supplentedninformation at run timeo
minimize communicatiolverheadThe supplemental information
must be built prior to the query in ordgp minimize data
synchronization and to accelerate as@yconputation. For
instance, Figure 2 shows a set of datples representingthe
information of trucks 1, 2, and Bmarked as t;, t, and ¢,
regectively)in the data chronicleswaintained bythe three &ver
Pools A, B and C. The tuple for spans Server Pools A and B; t
spans all three pools; s only found in Pool B. Asummary
computation must be made for aysd without gathering all these
tuples into one placé.e., without syichronizing all databases).
Semi-join operation is often used to reduce the size of the operand
relation and to reduce the size of data exchargstd/eenthe
distributed servers However, smi-joins are executed agueries
which may result in an increase in the nber of messageandin
the local procesng time.

Alternatively, the conputation sarts with identifyng the spanned
data elementby exchanging thdist of truck identifications and
their frequencies found ithe chronicles. These arincrementally
built by update transactions, not loyeries [25] The information
is sent to a coordinating server so that the decision will doke o
which serversneed to comunicate to exchange tuplésgd on
the frequencies. For exgte, asillustrated in Figure 3, Pool A
needs to send to Pool B, Pool C needs to sendd Pool A, and
t, to Pool B. After the exchanges, the revised frequentiethe
databasewill also be used for sumary conputations, which in
turn elimnate counting aggregate cputations

3. SYSTEM INTEGRATION WITH VISTA
Extensivework has been performed for DTA-based traffic flow
characterisics forecasing and vehicle routing. The DTA adels
rely on traffic simulators to emlate the traffic conditions
egecially for dgnalized gstenms where it is very difficult to
capture the dynamics of traffic through analytical techniques.
general, simulation-lz@d DTA nodels iterate betweea traffic
simulation module, a time-dependestiortestpath module, and a
network-loading module. First, giveam set of vehicles and their
travel paths, the traffic simulation moduteplicates complex
traffic flow dynamics as the vehicles apeopagatedhroughthe
network. The link travel times reported byhe sinulator are then
used to calculate the texlependenshortest paths. Those shortest
pathsare corbined with all previousets of shortest paths, and the
vehicles are loaded onto the network on those paths. A new
iteration then begins as tlsamuator propagates vehicles through

In



the network along the new combination of paths. The processsystem are presnted to improve the efficiencyof a trangort

stops when some user-specifzghvergence criterion is met.

3.1 VISTA Approach

The principal characterigcs of VISTA [4] are: 1) the travelers’
behavior is modeled using a Bsric Traffic Assignment (DTA)
model that reaches Dgamic User Equilibrium (DUE) at
convergence) it utilizes a universal databasedel based on a
spatial Geographic Inforation §stem (GIS) that can besadly
interfacedwith otherdatabass; and 3) it isinternet and/or Intranet
basd, providing accesto the variousstakeholdersto run the
various algorithms, view theeslts of the models, quenand
change the datababa®d on the authorization level of each.

- N\ VISTA
Live Data Data War ehouse VISTA DTA
Sour ces
Traffic counts Update Histoical
Travel time © traffic flow, speed and
Speed travel time data
Transit Data
Vehicle Location | | _Truck Data ] ]
Vehicle ID Predict Future traffic
:'\V© flow, speed and travel
Transit data Car data time data
Truck data Accident datg \ /
VISTA Il
m .
Accident data _ (F;gtsztlng i\ VCZ;A
Constuction data Historical L\ ’ ]
_',Trucks Interface
L ) Data Intermodal

Figure 3 VISTA traffic flow characteristics forecasting.

The VISTA nodel's simulator, called RouteSim uses cell
transmission rules [26pr traffic propagation. In other words, the
movements of small groups vehicles are simulated as thenter
and leave pre-defined cell$he simulator models bus and truck
operationsA preliminary evaluation of transit signal priorityas
presented byhe simulation capabilityin RouteSin{29].

The VISTA DTA model asigns each vehicle to a path leelson
the DUE rule. Under DUE, all vehiclefor an OD pair are
assigned to a set of paths thavdaquivalent travel timécost)
and the travelers cannot improve themvel time by changing
their departure or arrival timesn addition, the VISTA-DTA
model captures interadal travelers and performs a person
asignment that can be used evaluate various transit related
improvements such asus/trainschedules, transit stop locations,
transit signal priority sstens, and location of park and ride
facilities. The VISTA sgtemcan geerate autorted traffic flow
statistics at thenetwork level, link, movement, and OD paths..
Furthermore, the syem is fleible enough to allow the user to
conduct parametric analys by allowing only a percentageof
vehiclesto change their original plas. This is particularlyseful
in incident casswhere onlya st of users may havimformation
about the incident and amjternative routes.

The nain proces of the inplemertation of a DTA model for real-
time traffic flow forecasing is preented in kgure 3.

4. CONCLUSIONS

An integrated real-tim traffic nonitoring, distributed data model,
communicationmodel and traffic forecatng and vehicle routing
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system while maintaining securityghrough a redundantruck
routing credential system. The principal innovations of the
proposed sstem are:

1) A “flight path” for each commercial vehicle's origin to its
destination. Throughout the trip,truck and driver are monitored
througha redundant set of fixed and mobile credential stations -
for licens, safety and curity.

2) A simulation-bagd DTA traffic forecating and vehicle routing
system based on the “Rolling Horizon” concept — The DTA model
is updated everfew minutes based on real time traffic flow data.

3) An efficient real-time distributed data and communication
system — from the traffic monitoring sgtem to the operations
centerand the final stakeholders (transport and public agencies,
emergencyagenciestruck and trarisoperatorstravelersetc.).

4) An integrated transport amthta/comrmunicationsimulator that
can be used to model all opgoas of the transport sgem.

5) A short and long term infrastructure asset managemetensy
that takes advantage of the intgdsimulator to design the best
configuration and maintenance of the transpystem (roadway
infrastructure, traffic control,traffic monitoring, comnercial
stations, communication, data processing).

The emerging disciplinef compugtional transportation science
has a transforming nature of the systems technofogm off-line
transport models taeal-time models and from non-integrated
systens to integrated ysterrs. The implementationof the systens
integration proposetere is in progress: we plan to report on the
performance analsis of the enployed gstem
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