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MODELING AND ASSESSMENT OF STATE-
OF-THE-ART TRAFFIC CONTROL
SUBSYSTEMS

MiloS N Mladenové

ABSTRACT

Traffic signals are one of the vital control elersenf traffic management and control
systems under purview of Departments of Transporta(DOTs) nationwide. They
directly affect mobility, safety, and environmentaarameters of the transportation
networks. Traffic engineers in DOTSs often face pues for extracting additional benefits
from existing signal control equipment, influendey evident increase in demand and
changing traffic patterns. However, they often fddéculties, usually from the maturity
of the field equipment, lack of understanding ofrreatly available equipment
capabilities, and multitude of market available ipment. Besides issues in everyday
operation, the need for improved decision-makingcpss appears during selection and
implementation of the future signal-control subeyss. This thesis is focusing on the
issues related with the need for extracting add#tidenefits and improved planning of
signal-control equipment deployment. Presented seseral methodologies and
techniqgues for modeling and assessing traffic s$igoentrollers and supporting
communication infrastructure. Techniques presentedhis thesis include Petri Net
modeling language, Software-in-the-loop simulati@nd Geographical Information
Systems. Specific capabilities of listed technigaes coordinated for maximizing their
benefits in addressing specific issues. The inténutesitive effects reflect in enhanced
comprehension, numerical representation, and asabysstate-of-the-art signal control
subsystems in focus. Frameworks, methodologies,eaachple cases are presented for
each of the specific issues in identified traffigral subsystems, along with
recommendations for further research.
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1. INTRODUCTION

Increasing constraints for the construction of mead infrastructure are imposing higher
performance expectations upon deployed traffic mgament and control systems. Traffic
signals are considered as one of the vital coml®ments of traffic management and control
systems. They directly affect mobility, safety, arehvironmental parameters of the
transportation networks. Transportation agenciewadays are usually responsible for the
increasing numbers of signalized intersectionss thiten combining them into a traffic-signal
control system. These traffic-signal control systepiay an essential role in coordinating
individual traffic signals to achieve desired opien@al objectives of an optimal network-wide
traffic control.

Evident changes in traffic demands and patterndramsportation networks are often
leading to poor safety, operational, and envirorsaleparameters of traffic signal control
system. The situation becomes even more complex Wepartment of Transportation (DOT) is
responsible for managing large traffic-signal cohslystems that have obsolete technology. This
underlines the need and pressure for extractingtiadal benefits from traffic-signal control
systems.

In such a situation, traffic engineers often haveaake into consideration many factors
for improving system performance. Those factors arginating from specific localized
requirements and design elements (e.g., humanréageometric constraints, etc.). In addition
to all these factors, there is one critical systemmponent of traffic-signal control system — the
actual control equipment.

Traffic engineers often face difficulties with camitequipment. Those difficulties can be
on an everyday, operational, basis. In additiothts, issues can be related to planning for the
next generation of signal control systems. In otdegxtract additional benefits from existing or
successfully establish future traffic-signal cohtsystems, traffic engineers need a thorough
understanding of capabilities and requirements #watipment under their purview has. The
focus on the equipment factor becomes even morertanut since traffic engineers are facing
constantly evolving state-of-the-art technologyttWthis in mind, the list of influencing factors
just keeps expanding.

Taking a high-level perspective on this thesis asdg the author recognizes three
interested parties in the field of traffic signaintrol: governmental agencies (state or city
Departments of Transportation), academic institigiguniversities or transportation research
institutes), and companies (organizations providmnagsportation related services or products).
These three sides are presented onEttier! Reference source not found, marked as .gov,
.edu, and .com, respectively. Those parties hawwmamon goal — to positively affect the
performance of signal control. These three side® hiaeir area of cooperative overlap, and for
the optimal results the synergy of these all sidesssential. DOTs are recognized as directly
responsible for the operation of signalized intetisas, but they rely on the equipment provided



by the companies and techniques developed by adadelowever, the synergy is not always
accomplished in practice. A certain area withooper overlap and cooperation among the three
sides appears in some cases. That area of norap\afects the capabilities of .gov that operate
upon the equipment from .com side. This area isrevtiee focus of this thesis research is, since
.edu is recognized as the side that can help itingaa light to the non-overlap area. The need
for thorough understanding of signal control equepimand its features is exactly in this area,
pointed out in red in the following Figure 1-1.

\} Focus area

Figure 1-1: Research focus area in relation to oviap of interest among governmental agencies, acadaninstitutions,
and companies

In order to address the need for thorough undeistgnand assessment of equipment
capabilities and requirements, the research pregantthis thesis presents the methodologies
and techniques for modeling and assessment ofctradintrol subsystems. Specifically, this
research presents methodologies and deploys adiéedeniques for purpose of modeling and
assessing of traffic signal controllers and suppgrtcommunication infrastructure. The
techniques implemented are ranging from Petri Netleting language, Software-in-the-loop
simulation, up to the Geospatial Information Sys€@lS).

1.1 RESEARCH OBJECTIVES

The major objectives of this thesis are:
* To develop a model of ring-barrier control struetumplemented in the modern
Advanced Transportation Controllers (ATC);
* To develop a methodology and deploy techniquesnimideling and evaluation of critical
operational features of Advanced Transportationt@ders;



* To develop methodology for assessment of futurensonication requirements of traffic
control systems in the case of upgrade of exigtiggal control equipment.

1.2 THESIS CONTRIBUTION

This thesis conducts a research on several topiated to subsystems implemented in
traffic control systems. Specific, aforementionededs, for enhanced understanding and
evaluation of these subsystems are addressed irepterg a range of coordinated techniques.
This research, aims to improve the decision magiogess for day-to-day operation of existing
and implementation of next generation signal cdrgtystems.

1.3 THESIS ORGANIZATION

This thesis consists of five chapters. Chapter dsgmts an introduction, research
objectives, and contribution of this thesis. Chaiepresents a novel model of ring-barrier
structure used in modern traffic signal controll&€sapter 3 presents multi-scale procedure for
assessing control features of the Advanced Tratespmr Controllers. Chapter 4 presents
geospatially based assessment of communicatioastnficture requirements in the process of
signal control upgrade. Finally, chapter 5 preséinsthesis conclusions and recommendations
for further research.



2. MODELING RING-BARRIER TRAFFIC CONTROLLERS USING
COLORED TIMED STOCHASTIC PETRI NETS1

Abstract

As one of the many techniques used in modelindi¢crafocesses and systems, Petri Nets are
recognized as a tool for modeling in traffic sigonahtrol. In this paper, ring-barrier traffic signa
control structure is modeled using Petri Nets. @molimed Stochastic Petri Nets is used in this
paper to provide additional modeling capabiliti€se proposed model incorporates all the main
features of ring-barrier structure and includes thadeling of left-turning vehicles. We also
describe and discuss possible control structuresjiqusly developed Petri Net models and
implementation issues.

! paper has been published in the proceedings'bfrit@rnational Institute of Electrical and ElecticmEngineers Conference on Intelligent
Transportation Systems, Madeira Island, Portuggdt@nber 19-22, 2010
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2.1 INTRODUCTION

Traffic engineering is an area of transportatiogieeering dealing with safe and efficient
planning, geometric design and traffic operatiohsads, streets and highways, their networks,
terminals, abutting lands relationships with otheotorized and non-motorized modes of
transportation. Urban traffic control, as one & #ssential parts of traffic engineering is dealing
directly with safe and efficient operations of rastworks.

Since 1868, when the first traffic lights were ald, up to now, the role of traffic
control in the overall national transportation netlkv and traffic management is constantly
increasing. Environmentally conscious traffic magragnt, energy saving models and increased
computer application in everyday real-time operatiwe just one of the many trends in urban
traffic control throughout the whole world.

Traffic signal systems have always integrated tbeflicting duality reflected in two
main control goals: safety and efficiency [1]. Téewvo goals have established all the
fundamental principles related to traffic signalsven in the future, most of these traffic
engineering fundamentals are not going to change,i the process of evolution in the
operation of transportation facilities, they wilke bapplied in new ways to meet incoming
challenges. Today, traffic control technology iveleped continuously in order to expand and
increase its capabilities and help traffic engiseler more and more complex issues posed in
front of them. On the other side, besides the agweént in the technology itself, a new
modeling and optimization techniques, such asiaeif intelligence techniques, knowledge
based expert systems, and other various operatsesrch and simulation techniques are under
constant improvement and development.

2.2 Petri Net Modeling

Petri Net definition

Petri Net is a particular kind of directed, weightbipartite graph with specific graphical
representation, consisting of two kinds of netwodkles, called places and transitions, and arcs
which are either from place to transition or frorantsition to place [2]. Each place is marked
with tokens whose movement trough the network asedufor representation of modeling
processes. From modeling perspective, concepts ooiittons/states (using places) and
events/actions (using transitions) are represemgdthe network nodes. In the graphical
representation, places are usually representediregscand transitions as rectangles. The
advantage of this modeling technique is that it loarstate and action oriented at the same time
[3]. Petri Nets play a key role among the modetaxhniques for discrete event systems because
they are able to capture the precedence relatiodsirgeractions among the concurrent and
asynchronous events. There are various types of \etf, from the most common ones up to a
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High-level Petri Nets, which are used to increasmleling capabilities and reduce the size of
models of ordinary Petri Nets.

Petri Nets in Traffic Engineering

Since the 90’s, Petri Nets had been used for asidigegssues in traffic engineering such
as traffic light planning, dynamic routing, speciahicle control and traffic flow modeling [4].
Petri Nets are also used in other transportatitata@ fields of study, such as for example in
automated guided vehicle system for logistical pags [5].

One of the first papers on the implementation dfiféet in the transportation modeling
was in 1993 [6]. Some papers in the 90’s have edsognized the potential of Petri Nets for
safety-related and modular representation of tratbntrol systems, along with potentials for
large-scale transportation systems implementatigr{§]. All these papers used basic Petri Nets
models in their modeling approach. In these verst fpapers, the universal issues related to
traffic control were also discussed. On the one sice the issue of specified safety rules under
which controller has to operate, and on the otlaadhthe issues of flexibility and serviceability
of traffic control process. As it is discussed hede papers, both of these issues can be
potentially resolved using Petri Nets.

This paper describes the potentials of Petri Nedi@ation in typical traffic control
strategies, with developed subnets for traffic oantogic and traffic flow representation.
Finally, as one of the important contributions liktpaper, besides being one of the first to use
Petri Nets in the area of traffic control, is thesults of the performance evaluation are compared
with analytical approaches from Highway Capacity nMal. Safety related issues such as
predefined timed color sequence and impossibilitthe occurrence of conflicting movements
are successfully resolved using Petri Nets andiedrith specified analysis methods that are
developed for Petri Nets. Furthermore, Petri Nat@ anodeling technique has been proven to
have properties for providing enough flexibilityr fmodeling the traffic control process.

After these initial papers, other authors starteddavelop and expand the possibilities of
Petri Nets to model traffic control systems by aducing more data diversity and management
capabilities into Petri Nets itself [9]. The resdawas directed toward specific type of Petri Nets
- Stochastic Timed Petri Nets (STPN).

STPN, besides introducing the stochastic elemetttertraffic control modeling, lead to
the significant reduction in the complexity of args. Stochastic nature of the time in the traffic
process has been one of the main reasons for udiragl this specialized type of Petri Net, and
those issues are successfully resolved with priggetthat STPN have. On the other hand, this
development did not bring in any improvements ia thodularity or initial model complexity
reduction.

After this, the following papers such as [4] andO][1brought in the idea of
implementation of higher level Petri Nets — HybRdtri Nets, with an idea that a transportation
network per se is considered to be a hybrid systechyding both continuous-time and discrete
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event components. The most recent developments leadeto the widening of the area of
research into Colored Petri Net (CPN) as a moreepimlvupgrade of basic Petri Nets[3] [11],
[12]. Besides implementation in fundamental traftontrol models, other papers, have
introduced the possibilities of Petri Nets impletagion in the area of transit priority and
emergency vehicle preemption [13], [14], or evea itmplementation in the area of micro and
macroscopic modeling of traffic flow [15].

Stochastic Timed Colored Petri Net

In this research, Stochastic Timed Colored PetisN&TCPN) is selected to be a
technique for the implementation. STCPN are chasem logical continuum of the previous
research done in the area of Petri Net implememtain traffic control. STCPN provides
primitives for the description of the concurrenbgesses synchronization and the supporting
programming language provides the primitives fa definition of data types and manipulation
of data values.

Each STCPN net used in this research consists tobtngcture, declarations and net
inscriptions. Methodology of modeling timed proessn STCPN is based on global clock,
which represents model time, and time stamp, wigchssociated with particular token. This
feature allows modeling of deterministically orctastically distributed time intervals

All the previous research has lead to the conaiudiat STCPN have several advantages:

- Provides means for clear graphical representati@ormtrol logic;

- Provides more relevant information using stocha#lfiaistributed time;

- Single token caries more complex information oradamnd thus reduce the size of the
models;

- Can be constructed of hierarchically distributedividual sub-models and thus describe
more complex systems;

- Has well defined and compact semantics, allowingn& description, analysis and
performing of safety and deadlock control analysig]

- Has available software tool for the analysis.

Petri Nets can therefore be used in the modelingradfic control for the following
reasons:
- Can express concurrency, competition and synchaaizin the actions;
- Can implement mathematically defined analysis teples for verification of control
logic; and

- Can be used as a universal and direct graphicalumefdr communication.



2.3 NEMA Ring-Barrier Control Structure

In traffic control, phases, with all the relatechtrol parameters, are the essential mean
for conducting the desired control behavior to tstem user. The National Electrical
Manufacturers Association (NEMA) provides detaiteimenclature for signal phases definition
in order to eliminate misunderstanding between rfaturers and purchasers [16]. This is
control type usually referred as ring-barrier-phesetrol or NEMA phasing and is used in North
American traffic control implementations.

In ring-barrier control, controllers have five pedthed time intervals — green, yellow, red
clearance for vehicle movements and walk and flggllion’t walk for pedestrian movements.
Each of these intervals has a specified duratiecheamth phase is assigned to compatible vehicle
or pedestrian movements. Each of the phases ignaskito a specific ring and to a specific
barrier (Figure 2-1).

The logic behind ring-barrier control, defined ihgses having different ring or barrier
compatibility is as following:

* Phases assigned to the same ring are timing seajlyent
* Rings times simultaneously, and
* Phases designated to different barriers are timidgpendently.

~J ~J
I BARRIER 1 BARRIER 2 I

RING 1 LJ_ _ij_._TﬂW _i’l | |
wea 12 S LT _QI L

Figure 2-1: Dual-ring eight-phase control defined p NEMA nomenclature

Ring-barrier-phase control logic (Figure 2-2) ie #sssence of any modern traffic signal
controller operational structure. From Figures #l 2nit is observable that each movement has
dedicated and standardized phase number. Thisastiped representation of control logic
easiness programming, modeling and calculatinggsfa$ control parameters. In addition, this
standardized representation is enhancing commumicainong traffic engineers.



Figure 2-2: Dual ring control logic implemented inring-barrier traffic signal controllers

Because of the high importance of previously descricontrol structure, there is a need
to adequately represent and model its control hehavor example, the recent development in
the new techniques for representing traffic corggaitems is reflected in the usage of precedence
graph models [17]. Proposed precedence graphdlastating the interactions among phases,
intervals and overlaps, from a simple three-legrsgction up to the example of advance
flashing warning signals. The idea of this impletaéion is, using a structure-modeling
approach, to create a representation that is lgadinto a better understanding and improved
development of signal control logic.

Using the similar idea as one of the basic premizes of the techniques receiving more
and more significance in the area of traffic cohthwoughout the world is Petri Nets. Initially
used in various expert areas, such as computercapphs, protocol and operational process
modeling implementations, this technique has foitedglace among the other techniques for
modeling and simulation of traffic related procesaad systems.

Model Formulation and Development

All the previous Petri Net models found in theriteire are based on the control logic
that is not directly used in North American NEMAustlard. The model presented in this paper is
representing structure that ring-barrier contraé.hBhe essential premises behind ring-barrier
structure to disable certain conflicting vehicle vaments while leaving enough flexibility for
efficient control are imbedded in the logic of tBeochastic Timed Colored Petri Net model
presented here.

In using Petri Nets to model certain system, madeisually takes two different
perspectives to model the system and its behaVlwse perspectives are based on the features
of the modeled system and can be recognized aslimgpd®w of control or modeling flow of
data.



In this particular case, and taking into consideragll the features that NEMA ring-
barrier control system has, the researchers hasidetbeto take the approach of modeling the
flow of control. Here it also has to be stated tiogtdown design approach has been applied, in
an attempt to break down the system into smallbrsystems. These approaches consequently
lead to specific modeling results.

Analysis of the modeled control system has produxddt of definite system features
and components. Besides certain system featuresaanplonents, that represent real life system,
some of the system features are assumed or omi{esdimption or omission of certain system
features is not disrupting general system behawioits safety related features, since all the
features not represented in this model are relatggeater system efficiency and flexibility. The
premise behind this is that safety features otridéic control system have primary role over any
efficiency related feature.

As previously stated, the model's intention is &present the logic imbedded in the
traffic signal controller on the isolated signatizatersection. An intersection is considered to be
fully-actuated with detection mechanisms locatedatbrmajor and minor approaches. Separate
stop bar detectors are placed in each throughedhtiibning lane. In addition, advance detectors
are placed upstream in through lanes (Figure 243} is the usual practice in detector location
for fully actuated signalized intersections.

The initial assumption is that the ring-barrier tohstructure consists of eight signal
phases. All the phases are assigned to specifieclgeimovements. Vehicle movements
considered in this model include both, vehiclesngostraight through the intersection and
vehicles turning left in the intersection.

Vehicles turning right in the intersection receftie same phase timing as vehicles going
straight through the intersection since no righihtan red is allowed. This model is the first
model to consider representing left turning velscléeThe guiding idea behind this
implementation is that omitting modeling vehiclesleft turn significantly reduces the validity
of the real world model representation and itstgadéficiency related features, thus reducing the
model's fidelity. On the other hand, inclusion offtl turning vehicles is significantly
complicating the modeling process and the modelfits
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[ ] \ .
TWO SETS OF SHORT DETECTORS

Figure 2-3: Approach detector layout

One of the assumptions made in this model is tlhapedestrian signals exist on the
signalized intersection under consideration. Thisaurse does not mean that pedestrian flows
do not exist or cannot be served on the intersectiait it means that pedestrian flows are
referred to use the vehicle signal indications.ttf@nmore, because of the previously stated
assumption, no pedestrian detectors are assungdston the intersection. Nevertheless, signal
timing logic is taking into consideration pedestrimovements in the duration of minimum
phase timings.

Another assumption is that both barriers start ignvith the phases dedicated for
through movements — phase 2 and 6 for barrier Jphade 4 and 8 for barrier 2. Through phases
in each barrier separately are also defined as ehtay phases. This means that call for any of
two groups would also activate the other group aigm the absence of calls on the predefined
detectors of non-conflicting groups.

STCPNs used for the model creation, as a discretielimg technique, support stochastic
nature of the traffic process on the signalizecrsgction. That stochastic nature of traffic
process reflects in the distribution of vehicleemarrival times, which are assumed as
exponentially distributed. Each particular vehieleival is assumed that places a call on the
detector located in front of the stop bar. A detectll is assumed to be a signal, translated and
conducted from particular detector unit to the oolfgr's processing unit. As previously stated,
because of the detector configuration, detectonasidor trough and left turning lanes are
separated. Vehicle that arrives on the approachptawes a call for a specific direction, in the
absence of all previous un-served calls (vehiclgimgain the queue) will assure the activation of
particular phase and at least duration of minimueeqg.

Actual phase indication that will appear on theiséction signal head will depend on the
simultaneous/asynchronous calls on other phasesjiops phase activated, minimum and
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maximum duration of a particular phase and momesystem time. System time in the model is
represented via global clock that is operating ther complete model. Global clock changes
timing in discrete intervals depending on the gattr timings in the model nodes. All of the
model tokens have their own time represented wi@ tamp and they define the time steps at
which model global clock is changing value.

Signal head indication, as previously stated, ieally depending on the tokens that
represent different detector actuations in time gpate. Change of the signal status is controlled
by safety features of ring-barrier structure andriky possible if all the conditions for change are
met. Constraints in the conditions are represent@dg different combinations of arcs and
transitions in the model.

It has to be stated that the model representstbelygontrol logic and not the movement
of the vehicles through the intersections. The aeafor this is that modeling of vehicle
movement through the intersection is not goingitealy provide benefit by improving model
capabilities or potential outputs. Modeling of w&gi movements through the intersections is
planned for future improvements of the model. As hoint, the assumption is that modeling of
vehicle movements would require modularity of thedel that could be also implemented in
Colored Petri Net having in mind this modeling teicjue has the ability to represent such a
structure.

2.4 Proposed STCPN Model

Developed model, being a Stochastically Timed nienanchical Colored Petri Net is a
tuple STCPN = (CPN, Rg)that is consisting of:
CPN=E,P, T,A N,C, G, E, ) defined as:
¥ — finite set of color sets
P — finite set of places
T — finite set of transitions
A —finite set of arcs (RT = PnA=TnA =)

N — node function PxT T x P
C — color function

G — guard function

E — arc expression function

| — initialization function

All these elements are specific for Colored Pett s a modeling technique and the
software where model was developed — CPN Toolsduiition, model is consisting of global
color set/variable declarations and functions base&tandard Modeling Language. One of the
functions is a function for generating inter-artitianes by exponential distribution used on the
transitions as a node function.
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fun ExpTime (mean: int) =
let
val RealMean = Real.fromint mean
val rv = exponential((1.0/RealMean))
in
floor (rv+0.5)
end,;

Petri Net Construction and Refinement

As previously stated, the top down approach for ehddvelopment has lead to structural
and behavioral analysis of the control structuractEof the analyzed parts of ring-barrier
concept are modeled using specific Petri Net sulvor&. Since safety concepts are given a
prime role, initial model sub-networks were createdulfill constraints that ring-barrier logic
imposes on the conflicting vehicle movements.

The envisioned model representation of ring-baaartrol is based on the control logic
presented in the Figure 2-2. General model reptasen is presented in Figure 2-4. Places Bl
and B2 represent state of the control mechanisim adgtivated barrier 1 or barrier 2, depending
on the vehicle actuations. Simulation processsstarthe barrier 1 but the network configuration
should allow transitioning from and returning tatied state. Transitioning between barriers is
constrained with a specific set of actions takesh @nditions fulfilled.

B1

[T ] [ 12 ]
B2

Figure 2-4: Overall Petri Net model

Further structural development of the model resuitethe several sub-networks. Some
of them are presented in the Figures 2-5, 2-6 aid A& sub-network in Figure 2-5 represents
inner control structure of barrier 1. The idea fmnerating vehicle arrivals that are translated
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into detector calls, as previously mentioned, igetlgped and implemented in this sub-network
of the model. Stochastic vehicle arrival procedséated in the place named Arr. The generation
of detector calls for activating phases from bardeand 2 is separated thus resolving the
possible issue of conflicting detector calls.

Figure 2-5: Petri Net sub-network representing barrer 1

Sub-network is also defined in such way that siginaihg is updated each time vehicle is
served. Vehicles in the specific lane receive gréeme until the temporal gap between
successive arrivals of detector calls is highentpeedefined minimum (gap out) or until the
green time reaches maximum allowable timing (ma). ®resence of token in one of the places
2+6, 2+5, 1+6 or 1+5 is representing the activabérihat specific phase combination. Each
token carries information about the duration ofgghéiming. Dashed transition and arc on the
left side of the figure represents the idea thatspk 2 and 6 are the first one to be activated in
the barrier 1. Dashed transitions T2 and T1 ondog bottom of the picture, respectively,
represent the transitioning between barriers.

Furthermore, in the process of control structuralysis, additional sub-networks are
created to resolve the issues of asynchronous tdetealls (arrival of vehicles) in the same
barrier. In the ideal case, simultaneous arrivalvefiicles from different approaches would
activate specific phase from a specific barrienc8iarrival of vehicles is random, in majority of
cases the arrival of vehicles is not simultane&igure 2-6 presents an example how is the issue
of asynchronous detector calls for phases 2 ando® fbarrier 1 resolved using network
structure. As previously assumed, phases 2 and éual entry phases.
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Figure 2-6: Petri Net sub-network resolving asynchonous arrival of vehicles

Additional sub-network is presented in Figure ZFie intention of this sub-network is to
resolve control priority between phases that sehreugh and left turning movement. As
previously stated, phases controlling through masmsion the intersection are timing together
and before other phases in the particular barfibe restrictions are primarily modeled by
controlling transition firing.

\__J /f'
/’L\ £ a
\__/ o | .

Figure 2-7: Petri Net sub-network resolving controlpriority of phases that serve through movements
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Model Analysis using Petri Nets techniques

During the control structure analysis and modekitiom, as previously stated, safety
features of the NEMA ring-barrier structure are sidered as the most important. Specifically
speaking, control structure should not allow siemdous movement of conflicting vehicle
flows, should not deadlock in the specific statesd be able to return to initial state and should
allow changes in the control output only when sfi@conditions are met.

Petri Net, as a modeling technique, has predefprederties that can be related to the
expectation of model behavior and that can be tigeged using several validation methods. All
the validation methods have defined semantic agit lihat can be implemented with software
used in the model creation. In this particular caéscrete transition-based simulation, as a user-
friendly and visually based tool for investigatimyodel behavior, is chosen as an initial
validation tool in the process of model developmdnirthermore, specific developments of
network structure, token colors assigned, and catEpmpanying the network itself are
introduced to restrict simultaneous movement offladimg vehicle flows and allow the
influence on the control output.

Final model validation using coverability tree nmdhhas confirmed that networks
created are alive and able to return to initialestthus preventing the occurrence of deadlock in
the system. At the end, investigating the stru¢tmadel properties it is confirmed that net is
bounded, conservative, repetitive and consistentictwhprovides additional real life
implementation value to the model.

T
—

A

M3() M3(t5) MA(t6) M4(7) MB(8) M5(19)

M2(t2) M2(t3)
S Y of P
.I\‘"“\_ \‘\‘ //. ’./'/.(
- \\\ .\\ .'/ ///
M6(t10) MB(t11) M6(112) M6(t13)
MO(t14)

Figure 2-8: Graphical representation of coverabiliy tree for Petri Net sub-network representing barier 1

16



2.5 Conclusion and Future Work

The developed Petri net model is based on the sisabf the ring-barrier control
structure. The model captures the current practicedS signal traffic control and includes
modeling of 8-phase full NEMA controllers, includimeft turning vehicles’ phases. The model
establishes the groundwork for developing new festun next generation controllers, and
provides a mechanism for documenting and commungdhese features to other researchers
and developers.

There are many possibilities for applying the maed expanding its capabilities. Future
work includes further model expansion with the gofintroducing optimization capabilities,
testing of the model with the field data and congmar to commercially available simulation
software.
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3. MULTI-SCALE INTEGRATION OF PETRINET MODELING
AND SOFTWARE-IN-THE-LOOP SIMULATION FOR
ASSESSMENT OF OPERATIONAL CAPABILITIES IN THE
ADVANCED TRANSPORTATION CONTROLLER

Abstract

In order to extract additional benefits from a silgoontrol system, traffic operation engineers
need enhanced understanding, analytical represmmtadnd verification of traffic signal
controller capabilities. This paper proposes medhagly for providing in-depth information
based on integration of Petri Net modeling and V@af¢-in-the-loop simulation (SILS). These
two techniques are recognized as capable to caiatynmodel and assess control capabilities.
The proposed methodology is tested on the marké® Zilvanced Transportation Controller
firmware preemption features. Combined analysisnfrBetri Net discrete simulation and
network topology along with testing and verificaticconducted using SILS is presented.
Conclusive findings and possibilities for furthesearch should introduce these techniques as
tools for enhanced graphical logic representatmymprehension, and guided testing in the
process of assessing unknown traffic signal coletrehpabilities.
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3.1 Introduction

Modern traffic signal controllers are an esserglaments of signal control subsystem in
an Intelligent Transportation System (ITS). As amportant element of one ITS, controllers
directly affect its safety, efficiency and enviroamal parameters. Traffic signal controllers are
facing increasing traffic demands and changindfitrafatterns. Relations become even more
complex when a large number of signalized intersestin the signal control subsystem have
obsolete technology. In addition, the desired syst@erations are often expressed in vague or
overly broad functional requirements (FR). In sachystem, traffic operations engineers often
face issues with underused, improperly used, asptar controller features that fail to work as
intended. In such an environment, traffic engindesge to be able to assess both controller
hardware and firmware capabilities in order to @sttradditional benefits from traffic signal
controllers.

From the other perspective, rapidly evolving tedbgms are introducing more
technological complexity. Throughout the last twecades, the Institute of Transportation
Engineers (ITE), National Electrical Manufacturefssociation (NEMA), and American
Association of State Highway and Transportationicdfs (AASHTO), have supervised a
standardization effort in the area of traffic sigoantrollers. This standardization has introduced
the Advanced Traffic Controller (ATC) standard. §htandard has clearly defined an area of
signal cabinet, controller, engine board and opgatystem, with all the modular components.
However, the area of signal control firmware hasrbender high influence of application
development competition between third-party sofemdevelopers. That competition lead to the
multitude of signal control firmware that adds he tomplexity in assessing the components of a
signal control system.

The desire to enhance the utilization of existingtmller features obviated an essential
need for an assessment of signal controller firreweatures. In addition, the assessment should
promote development and introduction of novel caligr features, consequently leading to the
improvement of the system’s and user’s efficiersgfety and environmental parameters in a
specific ITS. In light of all the complexities iooluced from the perspective of users and
vendors, the research presented here is focusingnaoved assessment process. This paper is
presenting the methodology and specific technigfees conducting multi-scale controller
firmware assessment. This in-depth assessmenhsdayed as essential for obtaining informed,
defendable, and ultimately, optimal solutions thaiuld shape current and next generation
control system.

3.2 Proposed Framework and Methodology

A developed framework for the assessment of cdetralapabilities is based upon the
need for having significant amount of validated amdrified information that would
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consequently be used as an input to the defendabision-making process. At the beginning of
the assessment process, traffic engineers witixgerése in signal control should develop FR of
desired control system. FR are directly relatedpecifics of spatial traffic patterns and existing
controller features in current implementation. Rarf FR translate into technical system
requirements, and classify into different groupthwespect to specific controller features.

The multi-scale assessment process is based upostéps: modeling, analysis, testing,
and verification of controller firmware capabilgigFigure 3-1). According to the suggested
four-step framework, the methodology developed khmelude a combination of techniques for
accomplishing the desired goals. Those technighesld be able to enhance the assessment
process by inducing higher understanding, geneyatdditional analytical information, and by
revealing possibilities for adjustment or improveindn addition, specific techniques should
also be able to illustrate the dynamic of controliperation. The research team decided to
integrate two applicable modeling/simulation tecfugis — Petri Nets modeling and Software-in-
the-loop simulation. The brief description of thesehniques and the reasoning for their
combined introduction are presented in the nextdaaions.

Features and
/ Requirements / [ MOdE”ﬂg ]
Assessment

process _
{ Testing ]

Ver|f|cat|on]
Decisions and
Improvements

Figure 3-1: Iterative Input to Controller Capabilit ies Assessment Process

Colored Timed Petri Net

Petri Net is a particular type of directed, weightdipartite graph with a specific
graphical representation that is a network comgjstof two types of nodes: places and
transitions. There are also arcs that connect nfsdes place to transition or from transition to
place [2]. Each place is marked with tokens whosgement trough the network is used for the
representation of the modeling processes. From ntloeleling perspective, network nodes
represent the concept of conditions/states (usiagep that are represented as circles) and
events/actions (using transitions that are reptedeas rectangles). Petri Nets as a modeling
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technigue can be simultaneously state and actieented [3]. Petri Nets already play a
significant role among the modeling techniquesdiscrete event systems because they are able
to capture precedence relations and interactiorengrthe concurrent and asynchronous events
[18].

There are various types of Petri Nets, but thisaesh selects Timed Colored Petri Nets
(TCPN) [3] for the implementationlimedis related to token capabilities to contain thraeti
information, whileColored is related to ability to represent specific dath SE€PN provide
primitives for the description of concurrent prages synchronization. Supporting functional
programming language used - CPN Modeling Langu&§aN( ML), an extension of Standard
ML - provides primitives for the definition of datgpes and manipulation of data values [18].
Each TCPN consists of three elements: net structdeslarations and net inscriptions.
Methodology of modeling deterministically timed pesses is based on global clock and time
stamps. Global clock represents general time ofntloelel. Time stamps are associated with
particular token and their change depends on timgfof the transitions.

Petri Nets have been a proven technique for imphatien in traffic related modeling.

In the last two decades, Petri Nets have been feseatldressing various engineering issues in
traffic signal control, dynamic routing, specialhide control and traffic flow modeling [4, 6-8,
12, 13, 15, 19]. Petri Net would contribute to thedeling and analysis steps of assessment
procedure by providing additional understandingaftroller features due to several reasons:
- Petri Nets can dynamically express concurrency,patition and synchronization in the
actions,
- Petri Nets can provide mathematically defined asialyechniques for compact logic
verification,
- Petri Nets are universal communication medium amyige means for clear graphical
logic representation,
- Petri Nets can provide relevant information usingetd processes.

Software-in-the-loop simulation

Software-in-the-loop simulation (SILS) is a genr&nown technique implemented in
testing procedures in different scientific field&. system of microscopic traffic simulation
model, virtual traffic controller and interface foommunication between these two components
comprise SILS in its application to traffic simudat [20]. This system combines the advantages
of microscopic simulation software and virtual fiaignal controller. Traffic signal controller
in SILS bases on the virtual software replica thas the identical operational logic as real
controller firmware. The main components of sofevar-the-loop emulator used in this research
are virtual controller and virtual database ediwdrtual controller is the core of the SILS and
consists of Dynamic-link Library that microscopienslation software uses to simulate signal
control logic of ATC 2070 controller. The databasditor is a Graphical User Interface that
allows viewing, editing and printing traffic signdtabase of the virtual controller.
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Previous research in the field of evaluation ohaigeatures has used mostly hardware-
in-the-loop simulation (HILS). HILS is similar tollSS, except it uses controller input trough
hardware connection [21-23]. SILS, on the otherdpas a part of establishing state-of-the-
practice for assessment of generally known comtrdiatures and their impact on efficiency
parameters [24, 25]. The reasoning behind implemgr8ILS (compared to HILS) is that it has
the same flexibility for different testing scenaiwith less application complexity that HILS.
The SILS flexibility originates from independencerh real time hardware interfacing.

SILS is the technique able to uncover problems iangease confidence in the defined
controller specifications. In this methodology, Slis an ideal tool for testing and verification of
operational usefulness and usability of selectattrotler features. Information obtained from
Petri Net analysis is envisioned to coordinatelyrkvaiith SILS, enhancing the verification
process through input of purified information ahdd providing analytical depth.

3.3 Modeling and Analysis Using Petri Net

Modern traffic signal controllers have over 200 trtoh parameters settings. For the
purpose of this research, we are focusing on exampkes of ATC firmware Preemption
features for emergency vehicles.

General modeling approach

Preemption (PE) is defined as a fully guaranteedhiteation of normal signal traffic
control operation and transfer to a special corap#ration mode, for the purpose of servicing
rail vehicle, emergency vehicle, mass transit \ehgassage, and other special tasks (e.g.,
certain non-intersection locations such as at aubres to one-lane bridges and tunnels, movable
bridges, highway maintenance and construction,sitesered freeway entrance ramps, etc.) [26,
27]. FR for PE operation in this example is a né&d greater flexibility and maximizing
emergency response. Implementation of a systenysisabn the PE process identified three
distinct stages as Transitioning in, Serving (Dyyedind Transitioning out. Modeling required
decomposition and/or abstraction of selected ctiatrfeatures.
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Transitioning

In

Transitioning

Out

Figure 3-2: Stages of Priority Process

In analysis, programmable controller features waistinguished between time-related
and phasing-related options, leading the decistomepresent phasing options as places and
timing options as transitions and their associateldy functions. Each token entering the Petri
Net model represents one special vehicle call wispecific priority level. During the analysis of
controller features, some of the controller feadutteat are standard for all the controllers (e.g.,
some clearance times) were disregarded in the nmadeletlopment. PE detection input had
check-in/check-out operation mode. The shorteningomission of yellow change or red
clearance interval is not allowed during transitign Finite minimum/maximum times
constraining PE duration are preconfigured in tlogleh settings.

Petri Net Construction and Refinement

Specialized software CPN Tools has been used inatiteal process of Petri Net
modeling [18]. Representation in the software isoading to standard Petri Net modeling
principles where circles are network places antargges are network transitions. The model’s
network places are listed in Table 3-1: N.

Table 3-1: Network Places

Places

Call generated Track Clearance
Re-service Inhibit Same
Re-service Inhibit All

Call Received/Recognized
PE activated/Finish Phase

Change Phase Next

Track Clearance Extend

Track Clearance Max
Start Dwell

Dwell Extend

Exit Pedestrian Clearance

Serve Next Phase Min Exit Yellow
Give Min Green for Next Phase | ExitRed
Phase Early Walk to Green Exit Phase Call

Exit to Coordination without
Force Off violation

Exitto Early Ended Phases

Exit to Coordination
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Besides places, controller features are represevitdransitions. Most transitions have
delays assigned, since they are related to coatrbthing settings. These delays are changing
token’s time stamps after the firing from a par@uransition. Delay timing settings are set in
seconds, and are defined as integer data typeidduttonsisting of token color is defined as
colset DATA = with P1|P2 timed. P1 and P2 repreddfearent colors, i.e. different PE calls and
timed means they are timed tokens. In this case, DATAeigned color set for tokens used in
modeling. Variablen assigned to network ardés defined as var n: DATA. Delays are coded
using “@+" operand next to the transitions with #oeompanying CPN ML as:

val Delay = 5: INT;

val Start Walk = 1: INT,;

val Start PC= 12:INT,;

val Track_Clearance = 10: INT;

val Min_Dwell = 10: INT,;

val Dwell_Extend = 10: INT,;

val Next_Phase Min_Green = 10: INT;
val Exit_PC = 0: INT,

val Exit_Yellow = 0: INT,;

val Exit_ Red = 0: INT,;

Figures 3-3 to 3-5 show typical graphical represeorh in CPN Tools modeling window.
Figure 3- shows transitioning in process, with pkator generation of PE call, decision upon re-

service inhibition, call receiving, and activatiohPE.

Figure 3- depicts the continuation of transitionwith change next phase, serve next
phase, phase early walk to green, and track clear@ming.

Figure 3- shows the continuation of the PE proosgh dwell extend option exit
pedestrian, yellow and red clearance. Finally, toamsition out options are depicted, as Normal
— exit phase call, Next — exit to early ended phasétep — exit to coordination, and In Step
Programmed — exit to coordination without violatiof force off points. The very act of
constructing the model leads to new insights iy&tesm operation, providing the modeler with
more elaborate understanding of the system.
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Figure 3-5: Transition Out

An initial overview of following figures reveals ¢hrole of specific programmable
options in the overall PE process. The initial gigance these models have is the possibility for
utilization as a visual communication medium. Te¢dslld accompany verbal discussions among
engineers, consequently improving the understandindeatures, their place in the overall
process, and improve the presentation of desigaside

Petri Net specific model analysis

Besides additional insight obtained through the eha@gvelopment process itself, further
exploration is based upon: 1) network ability t@guce different token timing from discrete
transition-based simulation, and 2) network striectopology reflected in the incidence matrix.

Discrete transition-based simulation is performethg CPN Tools in-built simulation
engine that has a single step, fast forward aniivieacl simulation capabilities. Firing of tokens
at transitions gives the final token marking andvimted information on the dynamic of the PE
service process. Initial and final marking of themdation are the states of the tokens in the
beginning and at the end of the PE process. Thalimarking has been programmed as
1'P1@+20+++1 P2@+60Q while final marking obtained at the end is
1'P1@+79+++1 P2@+669In the code for the initial marking, reading froetitlto right, 1'P1
represents one token that is detector call forriyid, @ is used to symbolize that token is timed
and “+” sign before a number represents time staftbe token — i.e., token arrival at second 20
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of global simulation time. Code “+++” adds the se#® token that represents another PE call
arriving at second 600 of global simulation time.

The difference of time value in the final markingiqts out at the difference in the
service time of different PE calls, due to shodetount of service time. Further analysis of
controller features is pointing out that criticabfure is Change Phase Next, since it introduces
the time difference between different PE calls.sTéontrol feature should be further tested and
verified using SILS.

Incidence matrix is another tool for assessmentaitroller capabilities. Incidence
matrix is converted mathematical representatiothefnetwork topology. Incidence matrix A =
[a;] is ann x minteger matrix (assuming that Petri Net nasansitions anan places) obtained
by equation:

g = dj - dj (1)

where 3§ is the weight of the arc from transitioto its output placgand §; is the weight of the
arc to transition from input placg [2]. This means that incidence matrix columns a&wvork
places and rows are network transitions. Each freklthe matrix can have the value -1, 0 or 1. If
the value is -1 it means that there is an arc goirtgrom that place to the transition. If the \@&alu
is one, this means there is an arc going from asifian to the place. Zero represents no
connection. The rank of the matrix is used as glsinumber representing the complexity of
network topology. This number can be directly msiatto the greater number of utilized
programmable options that should consequently fsigygreater control capabilities. This can be
also used in comparison of different controllemfivare. Incidence matrix for this model is
presented on the Figure 3-. Calculated rank ofrtragrix is 20. Petri Net analysis of incidence
matrix lead to the emphasis on the Transition Guit pf the PE process, since it shows a large
number and branching of Transition Out places amukttions.

Utilizing Petri Nets capabilities, as describedesimot complete the assessment process.
Emphasized unknown programming options — Changeeé’haxt and transition out options in
this case — lead the assessment further to SIL®renthese features should be tested and
verified.
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Figure 3-6: Incidence Matrix for modeled controller PE features
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3.4 SILS Testing and Verification

SILS is implemented in the next two assessmentsstegsting and verification of
unknown operational behavior. However, the SILS lengentation is not related to the
applicability of control options for different tfaf patterns, as in previous research. Emphasis of
this implementation is on investigating questioeatmntroller firmware capabilities. Testing and
verification has been conducted fully utilizing Xikility of virtual traffic simulation
environment to trigger control events using varitnagfic users and situations. Signal control
elements have been assumed as constant for famiedgs, while the change in traffic conditions
was aiming to activate certain control functionseifferent behavior observed as a response to
imposed traffic conditions is the key informatioorh this part of assessment process.

Virtual traffic signal controller has been integmt within VISSIM microscopic
simulation software, with controller resolution 1 Hz, as implemented in the field controllers.
Research team developed coordinated traffic sigotrol system in the microscopic simulation
environment. Single signalized fully-actuated ofierawas based upon 28 detectors (vehicle,
pedestrian, transit, PE, and queue). Differentu$@ve been used, for providing the reality
component of the testing environment. Users caesisf passenger vehicles, heavy vehicles,
pedestrians, bus transit, and emergency vehicles.ifiput of different user to the simulated
traffic signal control system is done in variousiéi steps — from 300 to 1800 seconds, for
covering a wider range of traffic conditions. Aalwime for special usage vehicles (transit buses
and emergency vehicles) has been set at discnetepivints. Based on the schedule, the control
system initially operates in Free operation, aftdich it transitions to Coordinated operation
defined by Time of Day coordination pattern andctions events. The testing and verification
bases on the features pointed out by Petri Netlysiea- Change Phase Next during Transition
In and Transition Out process programmable features

Simulation Results and Interpretation

Investigation of controller firmware capabilities lbased on the graphical representation
of signal time table. This table is an inbuilt VI&BSoption and intuitively represents the signal
time change and detector actuation calls in refatiorespective cycle length. The control effects
of different firmware options are presented on Higures 3-7 to 3-10. These figures show
emergency vehicle arrival and request for Dwellrapen under phase 6 of ring barrier phasing
scheme of simulated controller. The placement bffican the emergency vehicle is done on the
check-in detector 511, while check-out is trougtath on the detector 521.

The first test has been done for Change Phase thidh is a firmware flag per defined
preempt. Figures 3-7 and 3-8 show the control &ffe€ Change Phase Next, in the case it is
flagged off or flagged on, respectively. In theecéise flag is on, control logic is changing any
phase next decision to faster serve the preemptephdice versa, with removing this flag,
control logic is not providing modification of phasext decision. The effects of these two cases
can be observed on the following figures, wheresphad and 8 in Figure 3- are shortened to
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faster serve the PE call. In addition to this, ¢héigures show how a controller enters Free
operation when receiving PE call while in Coordethbperation. They also show the Normal
transition out process. Normal transition out optlmases on the assigned exit phases, as it is
shown in this case those are phases 4 and 8.
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Figure 3-8: Change Phase Next flag ON

Beside Normal programmable option for transitionmg, two additional programmable
options — Next and In Step, have been represemeth® following Figures 3-9 and 3-10,
respectively. If PE transition out is flagged axt\@E will exit to the first phases that followeth
phases that were timing when the PE was activatedrigure 3- shows, transitioning out is
performed into phases 2 and 6 as phases that wleihg the interrupted coordinated phases
3, 4, 7, and 8. On the contrary, In Step transitahflag keeps the local cycle timer counting
and performs the transition directly into schedupent of coordination, as if there was no
interruption. The difference between these twoditeon out strategies is shown in the phases
activated after PE phase 6 and in the cycle tinmex bn the bottom of signal time table
representation.
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As presented, SILS has successfully incorporateel tbquirements of in-depth
assessment process. However, the immediate dephbyoheéSILS would not result in specific
and in-depth information required by proposed framo. The usefulness of this technique
bases only upon guiding information obtained froodeling and analysis conducted using Petri
Nets.

3.5 Conclusion and Future Work

The desire for extracting additional positive effetom any traffic signal control system
lead presented research to the need for enhanabetstsinding of operational capabilities of
Advanced Transportation Controller firmware. Theea@ch presented the methodology and
practical application of combined Petri Nets maugiand Software-in-the-loop simulation, tools
that could model, analyze, test and verify the Ware operation. These dynamic and adaptable
techniqgues have been chosen mostly because of dbdity to incorporate specific system
constraints and complex operational requirementse &xample case of controller firmware
assessment presented in this paper focused on ptieenfirmware features. The focus of
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assessment was on unknown control firmware capabilthat could lead to different control
results.

The main contribution of this research is in theealautilization of readily available tools
with focus on multi-scale assessment of unknowrtrotiar firmware features. The assessment
is intended to enhanced understanding, analytieptesentation, and assurance in intended
control system operation. By generating additiomdbrmation on firmware capabilities,
methodology presented should lead to a betterzatitin of existing control capabilities for
reaching user and system optimum in wider rangeacdmeters.

Finally, further research could go in the directafrutilization proposed combination of
techniques for system representation and analgsaghier ITS applications, or for stimulating
and guiding further development of user specifictoaler firmware features.
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4. GEOSPATIAL ASSESSMENT OF TERRESTRIAL
COMMUNICATION INFRASTRUCTURE REQUIREMENTS
DURING THE PROCESS OF TRAFFIC SIGNAL SYSTEM
UPGRADE

Abstract

Departments of Transportation (DOTS) resort tofitradignal control infrastructure upgrades in
response to growing traffic needs and obsoletentdolyy. These upgrades are infeasible to
conduct instantaneously, and therefore require Idpueent of optimal spatial and temporal
migration plan. The upgrade of signal control equept can potentially change requirements of
the supporting communication infrastructure. Havitigg idea of effective planning and
improved decision-making process, along with reidacbf investments and work duplication
among DOT staff, there is a need for an analysisoohmunication infrastructure during the
process of creating migration plan for upgradeigiia control system. This research focuses on
the development of framework and methodology fochsanalysis along with an exemplar
problem. Since the issue of telecommunication stftecture assessment has spatial component
accompanying the development of migration plan, dbscribed tool integrates Geographical
Information Systems with telecommunication proceduor quality of service analysis. Build on
twofold basis of geospatial and communication asiajyproposed tool aims to highly improve
the analysis process, relating it to the spatiahmonent of the communication infrastructure.
This research thus presents the tool for the ifledtspecific issue along with recommendations
for further research.
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4.1 Background

Communication infrastructure is an integrated pEHrtany modern Intelligent
Transportation System (ITS). This communicationrasfructure defines logical and
physical connections intended to fulfill communioas needs of a Transportation
Agency [28]. On the other side, traffic signal cohsubsystem is an essential and very
important constituent of any agency's ITS. Consetlye the communication
infrastructure is a very important part of a patée traffic signal control subsystem.

Growing demand and changing traffic patterns, alevith the maturity of
technology, greatly affect all the operational daliges of present traffic control
subsystem. This reflects in the negative effectsafety, efficiency, and environmental
parameters. In order to address those negativeteffend respond to the mature
technology, Transportation Agencies have a needsystem upgrade to a next signal
control generation.

Migration Plan for Signal Control Equipment

Traffic signal control infrastructure can be a véayge system for instantaneous
upgrade. Because of that complexity, the analykithie process should undertake an
established systems-engineering approach conduttsdveral steps (Figure 4-1). For
creating an optimal migration plan, this processilanitially require identification of
gaps in system features. In addition, the processldvrequire the evaluation of future
control equipment and the development of stepwisgration plan with a long-term
replacement perspective. This way the guidanceeoistbn-making process for upgrade
of signal control equipment would reflect in a teorgd and spatial migration plan. This
migration plan would specifically define the poimistime and locations for the upgrade
of evaluated field equipment. Inside of this highdl process, assessment of
communication infrastructure has found its role,passented on the Figure 4-1. This
assessment is directly related to geospatial aisdlysmigration plan.
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Figure 4-1: Relation of Communication Infrastructure Assessment to planning of upgrade for signal cawot
system

Signal control subsystem consists of many elemsatsleveloping an optimal
migration plan for such system is not a simple tdasks complexity is the reason why we
need selective analysis of signal control elemefristhe hierarchically high-level
perspective at migration plan development, requémreisiof changing traffic demands are
the most important issue. This points out to thgrage of immediate control system
elements (such as traffic signal controllers) aprianary in the migration schedule.
However, there is the need to observe the othexcisffof change of this control
component. One of the important effects is thectftpon communication requirements
of the traffic signal control subsystem. In a l@ajicontinuum, after the upgrade of major
control components, there is the need for assedsmménnew communication
requirements. The logic of integrated infrastruetumanagement requires that
communication system should expand, if needed,galith new signal-control system
installation. The idea behind this logic is theemtion for improved system components
integration, reduction of unnecessary investmeats] reduction of work duplication
among transportation agency staff.

Research focus and approach

This research is focusing on the idea that chamgesformation flows and
characteristics established by the replacementisfieg traffic control equipment would
result in the change of required communication ityaf service parameters. Essentially,
there is a need to provide additional informatiaming the process of migration plan
development. Having the idea of effective planngagd improved decision-making
process, along with reduction of investments andkwuplication among DOT staff,
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there is a need for an analysis of communicatidrastructure during the process of
creating migration plan for upgrade of signal cohstystem. The additional goal that this
research aims to is providing information to trarsgtion engineers for better
understanding of the communication assessment guoeeand the effects of upgraded
equipment.

The upgrade process of communication elements Uppat of traffic control
subsystem includes systematic and coordinated iplgnrand programming of
investments, design, construction, and evaluatiophgsical facilities, and thus can be
classified as an infrastructure management iss@le The assessment of communication
service parameters in this research focuses orthtieeighput. Throughput is a prime
measurement representing the service capabilipadfcular telecommunication network
and thus it directly affects its operational capighiBeside throughput, the research
presented here considers also communication netvamténdancy and reliability. The
focus of this research is on guided terrestrial momication media. Other media, such as
radio waves and free-space optics are not the topidhis research since their
transmission features are different and spatiallmamcation analysis would require
different approach. In addition, this type of equent is less often deployed for
communication inside traffic signal control system.

Considering that communication infrastructure ghgsical structure with a wide
spatial range, the issue of communication infrastme analysis is recognized in
comparison to previous research as Spatial Daggration issue [30]. However, there is
a need for a specific method that will help in teswg particular points of this issue.
Since communication infrastructure has strong apatmponent, intuitive cognitive
power of decision maker referenced to this spatehponent has to be utilized in the
analysis. Traditional methods of spatial data asislysolate the decision maker as the
recipient of static information as opposed to aiedy actor who is gathering
information. Temporal and spatial identificationtbé data used as the information in the
decision-making actions is recognized as one ofdtigcal steps in the process. In
essence, there is a need for the ability to maaipuspatial data in different forms and
extract additional meaning from them, providingaal information needed to support
the traffic engineers through the process of syaipgrade. The set of tools recognized
as capable to fit these requirements are known esgi@phical Information System
(GIS).

4.2 Synthesis of past knowledge and efforts

Related Telecommunication Network Features

By the definition, the basic purpose of telecommaton network is transmission
of information from one user/device to another (t®arice of the network, equivalent to
directly-connected devices and with absolute dategrity maintained [31]. There are
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some general divisions of telecommunication netwodepending on their different
network features. Based on signal type transmitbetivorks can be analog or digital.
Nowadays, digital networks are more often due ®&rtpreferred features (e.g., they can
transmit signal without degradation due to the @p[82]. Considering its topology, the
network can be Point-to-Point, Star, Ring or Me8B][ Based on the direction the
information flow, networks can be simplex or duple$Simplex networks are
unidirectional. Duplex networks are bidirectionadacan be half or full-duplex. Half-
duplex systems are sending information in one tioecat a time. Full-duplex systems
are transmitting signals in both directions sinmétausly. Networks based on guided
communication are divided among copper or optidesabs transmission mediums [34].
Copper cables further divide into twisted pair andxial cables.

Modern telecommunication analysis bases on stammaldOpen Systems
Interconnection (OSI) model. This model has seegers: physical, data link, network,
transport, session, presentation, and applicat®iysical layer coordinates functions
required to carry a bit stream over a physical mmediData link layer transforms the
physical layer to a reliable link. Network layer rssponsible for source-to-destination
delivery of a packet, possibly across multiple reeks. Transport layer is responsible for
process-to-process delivery of the entire mess&gssion layer establishes, maintains,
and synchronizes the interaction among communigagystems. Presentation layer is
concerned with the syntax and semantics of thenmdtion exchange. Application layer
enables the user, whatever human or software cesadhe network [35].

Service capability in telecommunication networks

Previously mentioned seven OSI layers, with thdements and protocols,
directly affect the throughput. Throughput, or dedte, is the number of data elements
(bits) sent in 1 second and is a measure of howhnmformation can be sent through a
network connection. This data-carrying capacitgxpressed in bits per second (bps). In
theory, throughput is in direct relation to the thardth. Bandwidth is the range of
frequencies used for transmission and is the nfagtor that determines the carrying
capacity of a telecommunications channel. In pcatt@pplications, the term bandwidth
is often used instead of throughput because of these relationship. In addition to the
available bandwidth, throughput depends on the lefvsignals used, and the quality of a
channel (level of noise). The basic equation ofnBba’s capacity, that represents a
throughput of a network element, is defined as:

C= ;Eagz(l—ki) "

where:
C — capacity,
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T — symbols in time,
S — signal power,
N — noise power

Throughput of the network is the number of paclketssing through the network
in a unit of time. Beside throughput, other quabfyservice parameters can be involved
in the analysis. For example, redundancy relatessrar detection and correction. These
processes are usually conducted through introduaotib additional information into
transmitted data code and this is done in the paigcon different OSI layers. In addition
to this, quality of service of communication netk®used in ITS is also measured with
reliability. Reliability relates to network abilitio provide uninterruptable service. This
issue is usually addressed with automatic traéfdinection, using algorithms that operate
in dynamic load conditions. The routing of data kms through the network is the
responsibility of network OSI layer (ex. Internegb®col).

Telecommunication infrastructure specific to ITS

Specific communication infrastructure related te t'S bases on a similar
layered structure as OSI model and is defined ia thational Transportation
Communications for ITS Protocol (NTCIP) frameworkigure 4-Figure 4-2). NTCIP
defines a group of general-purpose communicatioo®eols and transportation-specific
data dictionaries/message sets that support Cenfestd (C2F) or Center-to-Center
(C2C) applications [36]. NTCIP standard is guidimgd defining most of the
telecommunication areas and activities inside INSCIP has Information, Application,
Transport, Subnetwork and Plant level. Informatievel has standards that define the
meaning of data and messages exchanged betwedit Mahagement Center and field
device (C2F) or another Center (C2C). Applicatievel standards define the procedures
for exchanging data on the level of applicationangport level standards define
procedures for exchanging and routing the datahemetwork level. Subnetwork level
has standards that define procedures for excharigenglata between two devices over
some communication media. Plant level represergsatttual physical infrastructure.
Each of the levels includes specific protocolstesldo the either C2F or C2C application
and consequently those protocols determine theudiimout requirements introducing
overhead bits.
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Figure 4-2: NTCIP Framework [36]

GIS applications in transportation

As stated under research techniques, GIS is idemiifs a set of tools to enhance
the analysis of communication infrastructure duting development of plan for upgrade
of traffic signal control subsystem. GIS integratemdware, software, and data for
capturing, managing, analyzing, and displayingfains of geographically referenced
information [37]. The early benefits of GIS wererfr its ability to store, retrieve and
display spatial information. However, GIS is nowggldrequently a tool to analyze
spatial data. The value of GIS is evident in expamérray of disciplines using spatial
analysis, spatial modeling and spatial statist¥sualization, data management and
geographical modeling capabilities are the maimraetions for using GIS for
infrastructure management [38].

Transportation agencies are facing with constasresse of the information scope
to support effective decision making on variouselsy from engineering of individual
projects to statewide planning and management.h&urtore, wide economic and
environmental development problems require shasindgata and agency cooperation at
all levels [39]. GIS is well adopted to respondhese particular requests and serves in
Departments of Transportation (DOTSs) as a datdesys and processes integrator. GIS
has applications in the area of transportationférdnt levels:

1. Planning — transportation planning, pavement mamagé bridge management,
capacity management, air quality analysis, etc.
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2. Preliminary design — corridor investigation, enwineental investigation, etc.

Construction — construction planning, detour raraytsite management, etc.

4. Operations and management — highway inventory,daati analysis, traffic
monitoring, etc.

w

In the research and practical areas of transponatGlS has been used on
different system and management applications. @nofterational level, GIS has been
integrated with SCOOT Adaptive Traffic Control Syt [40], used in the network
analysis and map manipulation for traffic site imipanalysis [41] and for wide-area,
real-time interactive transportation system visalon [42]. On the other hand, GIS has
also been used in the process of regional trarepmrtplanning [43]. Significant number
of GIS implementations is also in the area of istinacture management. GIS-based
systems were developed to manage, calculate, amwd sbadway characteristics to
determine rehabilitation methods and estimate imatedand long-term infrastructure
investment needs [44]. In addition, a prototypéentdégrated GPS/GIS/Internet system for
the management of utility data along highway neksawas developed [45]. Other GIS
implementations were for spatial referencing arapgical display for evaluation of truck
crashes [46] and transit surveying [47]. All theswlementations and research cases
have proven that GIS, as a powerful tool for dapresentation and analysis, can
introduce a major difference in proposed approach dignificantly enhancing
management processes.

GIS applications in telecommunications

GIS applications in the area of telecommunicatitarted with applications for
automated mapping and facilities management [4&}thEr research introduced GIS for
analyzing the adequacy of a regional broadbandastrncture by spatially relating
infrastructure facilities with demand (in this casehools running distance education
applications) [49]. This research bases on a ne&ddw (1) what infrastructure facilities
are available, and how they are geographicallyidigied, and (2) what is the nature and
location of the demand. Two dimensions relate apatio reveal gaps between existing
infrastructure supply and user’'s demand. The nexstnt research has implemented GIS
in WiMax wireless network planning and performaeealuation [50]. However, there is
an evident lack of any significant research in #vea of spatial analysis of guided
communication infrastructure for supporting transgion agencies decision-making.

4.3 Framework and methodology

Framework Development Process
In the development of the framework and methodalagysystematic engineering
approach has been undertaken. An infrastructuresaisgent conducts as the process of

41



linking infrastructure facility information with ggtication requirement information for
revealing a spatial location of infrastructure dypghortage. Furthermore, this
framework directly relates to the framework for thegration plan of the signal control
equipment, as its extension. Having in mind tha&t thigration plan has temporal and
spatial component, assessment tool for telecommatiaic infrastructure has to
incorporate similar logic. As the basis for thioliothe general course of assessment
actions is guided by two most important decisionshis assessment process (Figure 4-
Figure 4-):

1. What are the network expansion requirements levels?

2. Where are the locations of network expansion requénts?

The general course of action consists of two gt analysis processes. The
one part of the process is the calculation of tghpwt requirements, based on
communication analysis. The other part of the meds the spatial data manipulation
and visual assessment of network expansion locgtigsing all the powerful capabilities
that GIS can provide.

Expansion
Location

[WHERE?]

Figure 4-3: The framework mechanism for guiding theassessment process

The analysis of the telecommunication requiremestdone for the complete
existing infrastructure. However, the emphasis fis tbe locations where the signal
control equipment is first to be upgraded to thetmeneration. This research assumes
that the optimal solution for signal control equgam exists before the communication
infrastructure assessment. Speaking more spebyficalis assumed that spatial and
temporal plan for upgrade of signal control equiptne conducted using some of the
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geospatial techniques, such as GIS. Following lbdgc, the existing geo-referenced
database containing information on signalized s#etions can be used in the layered
structure as a communication points’ layer. Furtiege, it is assumed that the upgrade of
the signal control equipment is done on the zorgsbarouping definite number of
signalized intersections in the zones by their aggrpriority. Final representation of
migration plan for signal control equipment woudgbresent zones with different upgrade
priority level. The actual process of defining #umes and calculating the solution on the
larger scale is not a part of this research.

Building upon the assumption that analyst has headiailable migration plan,
the additional layer added before the start octiramunication infrastructure assessment
is a polyline layer representing the actual locatad communication infrastructure in
referenced space. This layer, along with data aaistbns from the migration plan is
used for overall spatial telecommunication infrasture analysis. The framework
constraint is that spatial, geometric and attribcenpatibility of objects used in GIS
analysis will be disregarded in the methodologyaligwment. This includes a large list of
incompatibilities, including differences in the msasement techniques, coordinate
systems, spatial scale, aerial coverage, data sodiada structures, entity sets, attribute
measurement scales, as well as temporal coveragpeiption is that there is available
feature data set, which is geo-referenced and ré&adgnalysis having complete spatial
representation of communication locations and stftecture. Figure 4-Figure 4- presents
the overall framework flow of analysis.

Spatial-temporal Overall spatial Localized spatial
migration plan telecommunication telecommunication
infrastructure analysis infrastructure analysis

Figure 4-4: Representation of Framework relating egipment migration plan and telecommunication
infrastructure analysis

Telecommunication procedure for network throughputcalculation

In the first step of the throughput calculationgimeers involved in the process
must be aware of all of the devices deployed in $igstem. Information on the
communication requirements of each device is esdentith the key differences being
the frequency of communication, and the amountath dransferred. These factors are
used in the calculation to determine the amounteqtiired throughput. The process of
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assessment is essentially an iterative process edtih element having very specific
standards and requirements, usually defined by RTCThe key to an efficient
communications system is a creation of a conciséery operations and a set of system
requirements based on their clear understandingallfj for the actual process of
throughput analysis, it is important to gather aodsider the relationship among the
following key variables:

- Transmission bit rate;

- Transmission method;

- Transmission latency;

- Response delay of the field device;

- Application message size;

- Data element format;

- Frequency of communication; and

- Number of devices sharing the same line or channel;

Throughput analysis bases on previous key variabidshas the following steps:
1. Estimate messages exchange frequency;
2. Estimate Application, Transport and Subnetwork évol size;
3. Estimate timing factors (delays);
4. Estimate number of drops per channel;

The required throughput is generally computed as:

. size of exhange . 3
Bandwidth = =

[ 1—latency) (2)
Where:

size of exchange — the number of bits applicasosending along with overhead protocol
bits;

latency — the summation of all the timing factdrattdelay the instantaneous data
transmission.

Throughput is calculated for each application ia flystem, as an integrated part
of the infrastructure assessment process. Thisughmut is the actual required
throughput that particular application has. Fumhene, the assumption is that
information about each particular telecommunicatioetwork element a minimal
throughput exists. Determination of the all theotlghput requirements has to follow the
calculation procedure determined by NTCIP layeteacsure standards and protocols.

Assessment steps
The procedure developed will require the procedsimailar to the process of
design of communication systems, having the petsgetfrom the ground up”. The first
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step is the identification of communication poimghich would be in traffic control
system, signalized intersections or ramp meteroigtp. The second step is identification
of field devices at communication points. Thirdpsie the identification of bandwidth
requirements for each of the communication devideésurth analysis step is the
identification of bandwidth requirements of commaation devices planned for future
traffic signal control subsystems at specific comioation points. Fifth step is the
identification of spatial locations of existing comanication infrastructure. The sixth step
is the identification of features and network elatigethroughput for that communication
infrastructure. In the seventh step, analyst sh@uwip communication infrastructure
elements with similar communication capabilitieside the same communication drop.
In the eighth step, analyst should determine th@cadcy of communication points to the
linear communication infrastructure. The ninth stepthe calculation of difference in
existing and required future throughput. The figp of analysis is the representation
and identification of the communication structuféeeted by the system upgrade and
introduction of new control equipment. These 1(@pstare grouped and presented on the
following Figure 4-

Figure 4-. The procedural steps are grouped based on teeo$idnalysis where
they relate — either geospatial or communicaticadyesis.

Where is the location of the What is the network
network exp on requi expansion requirement?
Telecommunication

Identification of communication Identification of field devices
1 points locations 2. at ication points | i
Identification of existing linear Determination of bandwidth
5. spatial location of copper cable 3. requirements for each
based communication infrastructure n oy specific existing device
e
Determination of adjacent e Eak Determination of bandwidth
8 communication points along the 4 requirements for each specific

linear structure of device to be placed
ication infr after equipment upgrade

Determination of ¢

9. . Cak‘:uialmn of the dl!ferem:e 6. infrastructure features and
n and reqy idth existing available bandwidth
Representation of the linear G ing of i
10. structure requiring expansion 7. Inlraslructule with same
of transmission capabilities transmission capabilities

Figure 4-5: Procedural steps developed as related GIS or Communication analysis

4.4 Example application

This section demonstrates a practical example (withilarities to the one
provided in the NTCIP guide [36]) of a spatial amighl tool that can improve the
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process of the telecommunications infrastructurgessament in the process of signal
system upgrade. The system under analysis is geagra verification of framework and
methodology developed.

Description of hypothetical communication system

The hypothetical system assumes traffic controtesysunder operation of DOT
with developed distributed communication infrastawe. The system includes signalized
intersections currently operated by type 170 cdlensa The existing communication
infrastructure fulfills the requirements of the geat system. The control system is about
to be upgraded with newer controllers, type 20#0s Tipgrade is assumed to have higher
transmission bit rate requirements due to increhs®mmunication overhead introduced
by higher operational capabilities of 2070 conexl

All the signalized intersections are connectechain€2F system controlled by the
central computer located in the Traffic Managen@anter (TMC). Operation is divided
into communication between TMC computer and mastetrollers, and between master
and local controllers. This communication accont@gs using Application layer services
that convey the requests to access and modify vabfienaster and local controller
objects. The actual message consists of set of alataents or objects and a specific
application layer protocol.

The critical operation is communication between amd in master (primary
device) and local controllers (secondary devicéilis Type of operation is multicasting
(one-to-many) polling. Primary device is the iritiaof a session and determines the use
of a communication channel at any given time. Tlaster controller sends “time hack”
to controllers and polls for available data framenf all field units connected to the
communications drop. The master controls the lacatrollers through broadcast of
different data frame (if local controller is notkmee or Flash). Local controller transmits
status, database, and system detector informadioch,receives system commands and
data transmission. The assumed system operatamfalowing:

» System commands that local receives on once partenbasis are:
o Coordination pattern,
Command for Coordinated, Free, standby or Flashemod
Time and date,
Request for local status,
Special function command (added in the upgradetisys

O O O O

» Local controller is polled by commands once evesgetond with time hack and
query for database/status data:
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o Cumulative volume and occupancy for each detectathé last sample
period,

Average speed for each speed detector in thedagtls period,
Green and yellow status for all phases and overlaps

Walk and pedestrian clearance status for all phases
Vehicle and pedestrian detector status,

Phase termination status,

Local time,

Coordination status,

Conflict flash status,

Local flash status,

Automatic flash status,

Local Free,

Preempt activity and calls,

Status of user-defined alarms;

O O OO OO 0o o o o o oo

» Controller stores data until polled and must responithin 20 ms;
» System operates in overlap full duplex mode;

Routable connection in the network is between TM@ master controllers.
Partial NTCIP-based layered structure is as folhmuwi
» Application level - SNMP protocol (without usingas);
» Transport level — UDP/IP;
» Subnetwork level — Point-to-point;
» Plant level — two pairs per channel dial-up telecamication line (V-Series
modems).

Non-routable connection is for sending dynamic cisjérom master to local
controllers. Partial NTCIP-based layered structsre
» Application level — STMP protocol;
» Transport level — T2/NULL,;
» Subnetwork level — Point-to-multipoint;
» Plant level — two pairs per channel twisted paBKFnodems).

Data circuit-terminating equipment in the non-rdagapart of network is analog
modem, connected to controller over RS232 cable.mbdem converts controller digital
output to analog format voice frequencies. As rexfliby modem specifications, the port
may be configured as Half or Full Duplex asynchigmjoover a physical switch for
controller port 3B. Each controller has assignedques IP address, according to
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Transmission Control Protocol/Internet Protocol PTIP) standard “dot notation”. This
IP address is used to identify each particular rodiet in the system. The address must
be assigned from the same subnet as the other mkettevices. If the controller is
connected to an IP router, the address must be faalithat router. In addition, controller
might have the ability to choose NTCIP standardiaegroprietary protocol, but in this
example we assume NTCIP is used.

The controller software can support valid bit ratésl200, 2400, 4800, 9600,
19200, 38400, and 57600 bps, although this is dbpenon the controller Computer
Processing Unit (CPU) and the modem being used fit] example if 2070-6A module
is used it can support 1200 bps and if 2070-6B reoduused it can support 9600 bps.
Model 400, the standard modem for use with 170rotlats, only supports 1200 bps
communications. Modulation used to connect modenthe cabinets to central control
computers is Frequency Shift Keying (FSK) for spdmdow 9600 bps. For higher
speeds, Phase Shift Keying (PSK) and Quadraturelidrd@ Modulation (QAM) are
used.

Spatial analysis combined with telecommunication aadysis

As emphasized before, spatial-temporal migratian gias to be available as an
input to this infrastructure analysis. Spatial cammisation infrastructure analysis
localizes the area where immediate analysis of comcation infrastructure is needed.
Localized infrastructure analysis has in mind tbees selected for having the highest
priority for upgrade in the migration plan. Exampatial migration plan for signal
control equipment is presented on the Figure 44€igl:. The data presented in this
figure is obtained from publicly accessible Didtriof Columbia GIS web site
(http://dcatlas.dcgis.dc.gov/catalp@nd is used just for illustrating migration plér
signal control equipment on a larger area. In thefe 4-6: Hypothetical migration plan
for traffic signal control system in the area, taority of upgrade for each zone is
assigned as number from one to five, with zonesnigawne as those having the highest
priority for upgrade and vice versa. Any furtheraysis should initially focus on the
network parts providing communication service te signalized intersections having the
highest upgrade priority.
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Snapshot of migration plan for signal system upgrade - AY 2015

Legend
*  Signalizedinters ection

Upgrade Priority

.

-

s

. -

-

Figure 4-6: Hypothetical migration plan for traffic signal control system in the area

In the first step, we identify the locations of tbemmunication points. These
locations are represented in GIS as a point ldygute 4-Figure 4-). Then we identify
communication devices at those points. In this cy are defined as in the description
of this hypothetical system. In the third step, identify the existing communication
requirements, which result in 800 bps for the presgstem features. The future system
features result in the communication rate of 906, ljue to the upgrade to controllers
having standard with higher data exchange. Nextjdeatify the location of existing
communication infrastructure, which is a polylimgyér on the Figure 4-Figure 4-. Both
layers presented on this figure are under commogrgghical framework.
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Figure 4-7: Representation of initial configurationof point and polyline layers

The features of communication points and infrastmecare included as attributes
of GIS layers. The main information that these fayeontain is the information on
throughput requirements. Attributes assigned toctiv@roller layer features consist Xf
coordinate, Y coordinate, Signal_Nump2one_|ID, Upgrade_PriorityMin_Throughput
_ExistingandMin_Throughput _New. X coordinaéedY coordinateare related to GPS
coordinates of the intersection controll&ignal_Numbeis referring to internal DOT
identification number for the traffic signal conter. Zone _IDandUpgrade_Priorityare
attributes originating from migration plan, showirane for upgrade and upgrade priority
level for the particular signalized intersectiorMin_Throughput_ Existing and
Min_Throughput_Nevare attributes providing information on the thrbpgt required by
the existing or introduced signal control equipmeAttributes of communication
infrastructure layer ar®bject_ID, Shape_Length, Media_TygeExisting_Throughput
Object_ID is DOT identification number for telecommunicatioretwork segment.
Shape_Lengthis providing additional spatial related informatioMedia_Type is
providing information related to transmission mediuExisting_Throughputis the
throughput that specific communication network seghhas.

At this point, engineer needs to determine comnaii@n point’s location in
relation to upgrade priority. This is done usldggrade_Priorityattribute of the layer of
communication points. Those points that hb\pgrade_Priorityvalue of one are the first
to be included in the analysis. GIS Selection ligkatte tool selects the points with the
value of this attribute equal one, through StrusduQuery Language (SQL) relation. In
the next step, the analyst obtains the informabiorielecommunication infrastructure for
the selected communication points. All the previomformation related to the
telecommunication infrastructure features are ufedthe calculation of throughput
required for each communication point. These valaes assigned to attributes
Min_Throughput_ExistingndMin_Throughput_Newf the communication point layer.
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Further spatial analysis identifies linear segmeslsted to communication points
under investigation. These segments are defined gmodped by the location of
routing/switching points, i.e. the smallest netws&gment that can be separately
investigated. All the network segments are copeet since we assume that fiber optic
infrastructure usually do not have throughput peoid when used for signal control
applications. In addition, the throughput capapildf each separate communication
network segment is provided. Value is assignedttdoate Existing_Throughpuand in
this example all the communication network segméatge transmission capability of
9600 bps.

In the next step, we create a new layer. This lagea combination of two
separate spatial datasets — communication poittcammunication infrastructure lines
and their attributes. New layer is polyline havihg summary of attributes values from
the point's layer. In essence, the features of dataset falling within spatial extend of
another dataset are combined and summed. Attrilaltes are summarized using SUM
operation. In reality, the coordinates of commutarapoints and polyline representing
communication infrastructure might not overlap. Tdption of selecting points that are
closest to the polyline can overcome this issues Way, all the points are assigned to
specific closest polyline and their attributes smenmarized creating attributes of a new
layer. Attributes of different layers and theiratbns are presented on the following
Figure 4-Figure 4-. This layer is where we condt calculation of difference in
existing and required future throughput of netwsegment.

Communication points layer attribute table Communication infrastructure layer attribute table
X Y Signal | Zome | Upgrade | Min Bandwidth | Min Bandwidth Object | Shape | Type Existing
coordinate | coordinate | Number D Priority Existing New D Length a Bandwidth
38053'56" | 77°26'10" 627008 3 il 800 200 11 2300 Twisted pair 2600
3805402 77026'56" 3215 3 1 R00 200 12 1450 Twistad pair 9600
38954'13" TIR2723" 3225 o 1 800 900 13 1785 Twisted pair 2600
38°54'30" | 77°28'09" 208033 3 1 800 900 14 8072 Twisted pair 9600
3ges5438" 77028'35" 3260 3 1 800 900 15 7399 Twisted pair 2600
38°54'05" 77°2047" 1110 3 1 800 200 16 2800 Twisted pair 2600
Object | Zone | Upgrade | Existing Sum Available

D D priority | Bandwidth | Bandwidth | Bandwidth

11 3 1 9600 9000 600

12 3 1 9600 6300 3300

14 3 1 2600 3600 6000

14 3 1 2600 9500 -300

15 3 1 2600 5400 4200

16 3 1 2600 2700 6900

Join output layer attribute table
Figure 4-8: Content of final overlap layer originaing from the overlap analysis related to communicaon points
and communication infrastructure layer

Values of attributesvlin_Throughput_Newvand Existing_Throughputave been
used for calculation and creation of joined outpayer attributes. After the “Join”
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operation and removing of unnecessary layer atggunew layer has attributes
Object_ID, Zone_ ID, Upgrade_Priority, Sum_Min_Bandum_Throughput and
Available_Throughput Sum_Min_Throughputis the summation of the attribute
Min_Throughput values from the points closest to a specific linfucture.
Sum_Throughpus the actual throughput required by all the deviteat are sending the
data to the center over that communication netvgatimentAvailable Throughpuis

the difference betweeBum_Throughpuand Existing_Throughputvalues for specific
linear network segmenfvailable_Throughpuis used at the end as a representative
value showing network element transmission capadsli

Analysis results and improvement recommendations

Figure 4-10 is a graph, obtained from GIS graphieplesentation tool, showing
the values ofvailable_Throughpuafter the final calculation using spatial analysige
can observe thaAvailable Throughputof network element withObject ID 14 has
negative value. Consequently, this means thattiwork segment has no enough extra
throughput left after the system upgrade.

{bps)
b

L Lol
= =
= =)
=) 1=}

Available_Bandwidth
)
g

Object_ID

Figure 4-10: Available throughput of communicationlinks

For the spatial representation of assessed critied/ork infrastructure, we use
GIS tool Selection by attribute (Figure 4-Figure. £&QL query ofAvailable_Throughput
attributeof < 0 bps indentifies the information on the critio@twork segmentn theory,
communication link could hypothetically allow noeyhead throughput available, thus
allowing the value of O bps dhvailable_Throughputin practice, we need overhead
throughput because of the requirement for roung ¢communication time reduction,
signal attenuation, signal-to-noise ratio, andneyeinduced by a device to properly
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format and send a response. These are all then®eagt available overhead throughput
less or equal to O bps is unacceptable in praciigplications.

setect By Attributes | [N i

Layer: @ Join_Output 5 ;l
[T Only show selactable layers in this st
Method:  [Create 2 new selection -]
“Sum_Zone_|" 7L
“Sum_Upgrad”
“Sum_Min_Ba"
“Sum_| Mln 1%
“Sum Eand
"Avaiable " >
=]l un]
> | o= ] 2]
Ce| =] [oe]
x| o] ta]
Ll Get Unique Values iGo To: |
S| = - WHERE
"Avaiable_Bandwidth]' <=0
Geaf|\nbﬂf_'," Hep | Lead. | save.. |
[ ok | sy | cose |

Figure 4-11: Selection by Available_Throughput attibute

Finally, the analyst can identify the specific netlw element that does not have
required throughput to support communications afystem upgrade (Figure 4-Figure 4-
). The linear structure requiring expansion of srarssion capabilities is marked on the
map in blue and its features are recognized.

Figure 4-12: Final representation of the critical retwork segment after equipment upgrade

Furthermore, the information on potential throughguoblem leads to the
recommendations for improvement. Improvements imroonication infrastructure for
signal control system could be introduced on anyN®fCIP layers. Finding solutions
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starts with redefining system settings or improvemand replacement of different
system components, iteratively inside the layetadtctire of NTCIP. The recommended
first approach is to try modifying upper layersriheok for improvement in modifying
elements in lower NTCIP layers.

For example, the improvement could be obtainedutjinantroduction of IP over
Ethernet with replacement of second-by-second rmgpléirchitecture with the one based
upon Simple Network Management Protocol (SNMP) gisiap commands. SNMP is the
application level protocol, based on manager/agdations. Manager is the host station
that runs SNMP client program. Agent is the rotitet runs SNMP server program. The
server checks environment and if it notices somethinusual it can send a warning
message (SNMP trap) to the manager. Manager chanksagent by requesting
information that reflects the behavior of agentbjeot defined by agent. Manager forces
an agent to perform a task by resetting valueberagent database. An agent contributes
to the management process by warning the managgr ahusual situation. Essentially,
using SNMP trap commands, field device is asynabusly initiating communication
only when it has something to send, thus signitigareducing throughput requirements.

In addition, the change could be usage of synchusnostead of asynchronous
modems since they do not introduce overhead hitaaddition, change from FSK to
PSK/QAM could increase throughput without increase signaling frequency. In
addition, the replacement of analog with digitaldams is also one of the possible
solutions. Finally, the changes in the requiremainfrequency communication (e.g.,
gather detector data on the clock time basis —yavemute or signal cycle) could lead to
the reduction of throughput requirements of theraggd system. As a final resort for
this example, would be the investment into SyncbusnOptical Network (SONET) fiber
optics cable for replacement of existing copper lesab Fiber optics throughput
capabilities can resolve all issues related tocttramunication in one ITS and they are
usually utilized as an ultimate solution. Any oéttlecisions for improvement bases on
the previously developed Communication plan upgraguejects and its planned
expansion.

4.5 Conclusion and further research

This research guides the need for assessment aofgoimation infrastructure
during the upgrade of traffic signal control systeResearch presented develops a
framework and methodology for the analysis of tehemunication infrastructure using
geospatial tools. This leads to the integratiomahmunication analysis with geospatial
capabilities to develop a coordinated tool for iempéntation in the process of signal-
control equipment upgrade. The process of infraitre analysis has twofold basis:
requirement analysis of communication system aleit implementing GIS as a tool
that highly improves the process. Selection of Gl8ue to its ability to integrate data
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and processes related to spatial entities. GlSiligadl to improve the decision-making
process by employing intuitive human reasoningpatcs.

Framework and methodological steps for infrastmecnalysis presented base on
aforementioned twofold basis. Example provided aitos prove the established
framework and developed methodology through thétalmf GIS to manipulate spatial
data and extract additional value from it. In aiddif the example itself, as the whole
research process presented here, is taking a pavEpeadjusted for transportation
engineers, providing deeper understanding of ttetee elements. One of the points of
this research is providing knowledge and guidaocesimilar implementation cases. The
final product is a tool that can be potentiallylinéid in the process of identifying existing
infrastructure gaps and development of recommengstior DOT’'s Communication
Plan.

Finally, having the role of initial research ingHield, this paper opens a field for
numerous possibilities for advances and developnmettie area of telecommunication
infrastructure analysis and assessment relatecnsgortation infrastructure. One of the
first expansions of this research could go towéel drea of wireless communications
utilized for traffic signal control systems.
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5. SUMMARY OF FINDINGS, CONCLUSIONS AND
RECOMMENDATIONS

This thesis is trying to address the need for ecddmninderstanding and decision-
making for improved operation and planning of t@aignal control subsystems. This
need is recognized as an essential for improviegagerational capabilities of traffic
control system in general. The approach guidings thesearch is that better
comprehension of subsystem capabilities and remeinés would lead to better
utilization of existing equipment and improved dgmn upon the next generation of
signal control system. For addressing some asp#cthis issue, this thesis deploys
several techniques for modeling and assessin@fdictsignal controllers and supporting
communication infrastructure capabilities and regmuients.

5.1 Findings

Chapter 2 of this thesis presents the developmémetri Net model for the
representation and analysis of the RBC structune.fdcus to modeling RBC structure is
originating from its importance as a core of anyderm Advanced Transportation
Controller. Developed model is in accordance wilhrent practices in NEMA based 8-
phase signal controllers. The modeling and analgsi€ess is aiming towards better
understanding of RBC and ATC. The true value of thmodel is that it provides a
mechanism for documenting and communicating cdetrééatures to other researchers
and developers.

In chapter 3, this thesis focuses on the need mbramced understanding of
operational capabilities of Advanced Transportattmmtroller’'s firmware. It is observed
that controller firmware is not under direct stamtization and a number of features are
under influence of third-party software developéefis often leads to unknown or
improperly used controller features since traffigi@eers in DOTs do not have sufficient
information on them. The need for enhanced undwmisig is addressed through
combination of Petri Nets modeling and Softwarghe-loop simulation. Trough
integrated multi-scale operation, these tools lEaénhanced understanding, analytical
representation, and assurance in intended cornystés operation. Generating additional
information on controller capabilities, methodologyesented should lead to a better
utilization of existing control capabilities, thusaching user and system optimum in
wider range of parameters.

Chapter 4 guides this research towards assessrehaioge in requirements of
communication infrastructure during the upgraderaffic signal control system. Since
communication infrastructure is considered as natiegl part of traffic signal control
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system it needs to be upgraded along with the djegod signal control equipment. The
desire originates from the need for improved denishaking process, along with
reduction of investments and work duplication am@@T staff. Research presented in
this chapter develops a framework and methodologytHfe analysis of communication
infrastructure based on Geographical Informationst&@ys. Hypothetical example
provided aims to prove the developed framework methodology through the ability of
geospatial tools to manipulate spatial data andaeitadditional value from it. In
addition, the research presented, utilizes a natacenprehension of space and
transportation engineers’ perspective to the ispumviding deeper understanding of the
related elements and providing knowledge and guaieafor similar implementation
cases.

5.2 Recommendations for further research

The RBC Stochastic Timed Colored Petri Net modedstablishing groundwork
for further development of new features in the ngemeration controllers. This model
along with the methodology presented in chapteyBccsuccessfully stimulate and guide
further development of user-specific controller igenal features. Methodology from
chapter 3 has potential for implementation in tmalgsis of various other market
controller firmware features, thus leading to im@d knowledge base for their
evaluation. In addition, integration of Petri Netodeling and Software-in-the-loop
simulation could be implemented in defining andeleping customized control features.
In the area of communication infrastructure relai®aignal control systems, there is a
potential for further research toward the area ioélss communications used for signal
control. Presented methodologies and techniquekl dmi useful in modifying current
approaches for addressing issues and assessmesthesf subsystems and specific
implementation cases in signal control and tra#igineering, in general. Finally,
presented research has potential in developingcalums for academic institutions and
transportation agencies that are interested inagohgctraffic signal control specialists.
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