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This dissertation proposes an integrated control framework to deal with traffic
congestion at freeway interchanges. In the neighborhood of freeway interchanges
there are six potential problems that could cause severe congestion, namely lane-
blockage, link-blockage, green time starvation, on-ramp queue spillback to the
upstream arterial, off-ramp queue spillback to the upstream freewayrdsgared
freeway mainline queue spillback to the upstream interchange. The congesti
problem around freeway interchanges cannot be solved separately either on the
freeways or on the arterials side. To eliminate this congestion, we shouldebédanc
delays of freeways and arterials and improve the overall system panicermstead

of individual subsystem performance.

This dissertation proposes an integrated framework which handles interchange
congestion according to its severity level with different models. These nuaatels
generate effective control strategies to achieve near optimahsysrformance by
balancing the freeway and arterial delays. The following key contributiers made

in this dissertation:



Formulated the lane-blockage problem between the movements of an arterial
intersection approach as an linear program with the proposed sub-cell concept,
and proposed an arterial signal optimization model under oversaturated traffic
conditions;

Formulated the traffic dynamics of a freeway segment with cell-tnasgm
concept, while considering the exit queue effects on its neighboring through
lane traffic with the proposed capacity model, which is able to take the lateral
friction into account;

Developed an integrated control model for multiple freeway interchanges,
which can capture the off-ramp spillback, freeway mainline spillback, and
arterial lane and link blockage simultaneously;

Explored the effectiveness of different solution algorithms (GA, SA, and SA-
GA) for the proposed integrated control models, and conducted a statistical
goodness check for the proposed algorithms, which has demonstrated the
advantages of the proposed model;

. Conducted intensive numerical experiments for the proposed control models,
and compared the performance of the optimized signal timings from the
proposed models with those from Transyt-7F by CORSIM simulations. These
comparisons have demonstrated the advantages of the proposed models,

especially under oversaturated traffic conditions.
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Chapter-1: Introduction

1.1. Background

The gridlock of urban transportation networks during peak hours has been frequently
reported (Stringer 2006), and significantly disrupted urban transportati@msysgridlock
usually starts around an interchange or intersection. Signalized interstaamtymtersections
serve a critical function in urban transportation system. There apet&Rrtial problems arising
around an oversaturated interchange, which are link blockage, lane blockage, gregarstarva
off-ramp spillback, on-ramp spillback, and freeway mainline spillback. Amueg tthe first
three occur on the arterial, while the last three occur on the freewayolldvarig sections will

discuss them in detail.

1.1.1Arterial problems

Left-turn traffic
blocks Through
traffic

Through vehicle

. Signal 1
Left turn vehicle
N —

o™
f‘l o/ o
[ ] L g

i o U | L O oo Corm -

Through traffic
blocks Left-turn

Link blockage:
downstream
spillback

Figure 1-1 The blockage and starvation at oversaturated intersections



At many congested intersections, there exist the following two diffetenkage patterns
(link spillback blockage and lane or movement blockage) and green starvatiomsoldleh

are illustrated in Figure 1-1. Each is discussed in more detail below.

Link blockage

Link spillback blockage occurs when the queue from the downstream intersect®n spil
back and thus blocks the upstream link traffic (see Figure 1-1). When link béockegrs, the
traffic on the upstream signal cannot move even during green phases.al$isdalledDe
Facto Red in the literature. In a busy urban transportation network, traffic could spil bac

further to several intersections upstream.

Lane blockage

Lane blockage (or movement blockage) may exist between different moveméras in t
same approach if the queue exceeds its associated pocket. Figure 1-lesldswdypes of lane
blockage (left-turn traffic blocking the through flows, and the through trialificking the left-
turn vehicles). Lane blockage is usually caused by improper signal timimgit@dipocket

space.

Green starvation
The green time starvation refers to the phenomenon in which a traffic straasimgised
more than enough green time, as illustrated by the westbound left-tuimdfegignal 2 in

Figure 1-1. Green starvation could and should be avoided by propertyiagljine signal timing.



1.1.2Freeway problems
The arterial congestion could propagate to a freeway system duringstaxhgeak hours
by blocking the connected off-ramp, which is termed off-ramp spillbackelbtf-ramp queue
further develops and blocks all freeway lanes, it becomes mainline spillbdicisated in
Figure 1-2. The congested freeway traffic could block its on-ramp traffichwnay further
spillback to its upstream arterial and thus propagate congestion to the assaxteial. Those

phenomena have been observed by us on the Capital Beltway in Washington, D.C.

—

Freeway ‘
g 3 =
L= =,
T Co e Ced e Lol

-
CEd e =] %
_'
A HE
Exiting queue %% I

Exiting vehicle
Through vehicle

L]
1 [T
L]

]

I I O |

Arterial

Figure 1-2 Problems for an oversaturated signalized interchange

1

Off-ramp spillback

When the exit volume from the freeway increases, the exit queue eventuadlypapkbs
to its immediate freeway mainline. Off-ramp spillback diminishesviray through capacity and
thus causes freeway congestion. Off-ramp spillback has also been repodsddrghers
(Cassidy et al. 2002; Jia et al. 2004; Lovell 1997).

3



On-ramp spillback

The on-ramp metering system normally benefits freeway mainlirfetogf controlling
the volume entering from an on-ramp (Papageorgiou and Kotsialos 2002). Howthennf
ramp demand exceeds the metering rate, the on ramp queue could block the upstieahandrter

diminish its through capacity, thereby increasing arterial delay.

Freeway mainline spillback

In some extreme scenarios, the off-ramp queue could develop further and block all
freeway lanes. Freeway mainline queue will form if there is no suffitheough capacity. The
freeway mainline queue could block the upstream on-ramp traffic and propaggéstammto

the upstream interchange.

To sum up, all the aforementioned problems could cause gridlock in a transportation
network. Those problems could occur separately or concurrently in some scdnariosent
practice, the freeway and arterial systems are controlled and managedesgpdnder that
separate operation framework, the off-ramp and on-ramp spillback problem8ieud th
handle. To address those issues and improve overall system performance,ritie ésse

analyze a freeway and its adjacent arterial in an integrated way.

However, there are limited studies (Cremer and Schoof 1989; Papageorgiou A99&; Ti
al. 2002; van den Berg et al. 2003; Wu and Chang 1999) which attempt to integrate control both
freeways and arterials. Hence, in the course of developing an effectigeatetd control
strategy, many critical theoretical and operational issues should be elx@oree of those

issues include:

» How to model the link- and lane-blockage for an oversaturated arterial intensecti

4



» How to model freeway traffic, capture on-ramp, off-ramp, and freeway mainli
spillback under oversaturated condition, and naturally downgrade to normal status for
undersaturated conditions;

» How to choose a proper control model to balance the computation complexity and system
requirements;

» How to balance the delay between freeways and arterials to achievena gpsteal
solution;

» How to solve the proposed model efficiently and sufficiently quickly, and;

» How to achieve robust control even in the presence of traffic measuremeatasrd

disturbances.

1.2. Research objectives

The primary objective of this dissertation is to develop an integrated: tcafiirol
system for freeways and arterials, which can assist trafécatipn practitioners to increase the
traffic system’s performance and reduce travel delay. Specyfith# proposed system should

be able to:

» Generate optimal or near optimal arterial signal timings for attetersections under
both oversaturated and under-saturated traffic conditions;

» Produce integrated control strategies for arterial signals and iateyelsignals with or
without presence of off-ramp spillback, on-ramp spillback, or freeway maimitieask;

» Balance freeway and arterial delays to achieve a system optimal featwated
conditions.

To accomplish the above objectives, this proposed system should be able to:



» Capture the complex arterial traffic interactions under oversaturatwtitions, i.e.,
account for link and lane blockage in the same modeling framework;

» Represent the traffic evolution around an oversaturated interchange undenmff-ra
spillback, on-ramp spillback, or freeway mainline spillback circumstances;

» Generate optimized solutions efficiently and robustly for a realistiongork, and;

» Switch between different control models smoothly and automatically based oaffice t

pattern.

1.3. Dissertation organization

Based on the proposed research objectives, this dissertation has organized tiye prima
research tasks into nine chapters. Those chapters are outlined andatieirsrakre illustrated in

Figure 1-3.

The remaining chapters of this dissertation are organized as follows:

» Chapter 2 presents a comprehensive literature review of existing studiesoois var
control models for freeways and arterials. This literature review aimsgiore the core
concepts of existing models and identify their advantages and limitatiomsg\bkition, and
their potential enhancements.

» Chapter 3 provides the framework of the proposed integrated control system. This
chapter presents the key research issues first based on the aforemensitamedestures
followed by a system operation flowchart, lists the system key inputs, anthdegbe functions
of each principal module in detail. After that, it presents the key modeling.i$3naly, the last

section concludes this chapter.



Chapter 1introduction Chapter 3: System framework
¢ e Identify research issues

. : System operation flowchart
Chapter 2: Literature revie j * Syste P .
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v Chapter 6: Numerical case studies
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Figure 1-3 Dissertation Organization

» Chapter 5 proposes an integrated single-interchange control model, which eptimiz
the interchange signals and their immediate upstream and downstream sigtigl&/ith the
presence of on-ramp and off-ramp queue spillback. The proposed model analyizddiakeer
with the model proposed in Chapter 4, and represents the on-ramp and off-ramp quegk spillba
dynamic with a set of new formulations. The proposed model is solved with a sivi#aaged

algorithm.



» Chapter 6 presents sensitivity analysis results for models in Chagmer @hapter 5.
This chapter compares model performance with an independent microscopitismpdakage,
TSIS/CORSIM. The experiments include the comparison between the proposed sagieal
optimization model and Transyt-7F, the integrated control model for sittgkehange and
Transyt-7F model, and the arterial signal optimization model and ggrated interchange
control model.

» Chapter 7 deals with the freeway mainline spillback problem. This chapter pg@ose
freeway queue spillback module under the Cell Transmission framework, whickstiabl
multi-interchange integrated control model to represent the freewayimeaguieue spillback
dynamics. The proposed model can be solved with a GA-based algorithm.

» Chapter 8 attempts to improve the efficiency of the GA algorithm legiating it
with two other optimization algorithms: simulated annealing (SA) and samedius perturbation
stochastic approximation (SPSA). This chapter focuses on developing twithahg which are:
pure SA and SA-GA, and comparing their performance in arterial sigtialipation model.
The arterial segment connected to the interchange of 1-495/MD97 servediakltbige for
numerical comparison.

» Chapter 9 summarizes the contributions of this dissertation and provides

recommendations for future research.



Chapter-2: Literature Review

2.1. Introduction

This chapter summarizes major literature findings from recent decadesiousvaspects
of traffic corridor management during recurrent traffic congestionms &b not only highlight
the critical issues but also identify potential research directions foegeanch field. We start
with interchange control models (Section 2.2), and then discuss integrateldrcooritrol
models (Section 2.3). As an important component of the integrated control model, dra@ff-r
gueue will affect through traffic behavior when spillback. We discuss ibgrexstudies
considering lateral friction to drivers’ behavior in Section 2.4. This Chapteiralkides a
discussion in the solution algorithms for signal optimization models in Section 2.5akKkeothis
review more comprehensive, this chapter also reviews freeway rampngeted arterial signal
control models, which are the two major components of the freeways and artezgiated

control model.

2.2. Interchange Control Models

Interchange control refers to joint control of the interchange signdls@ramp meters
in the same model to maximize the system performance. The literatisernasesearch on
interchange operations (Chlewicki 2003; Dorothy et al. 1998; Messer and1B&5; Messer et
al. 1977; Munjal 1971; Radwan and Hatton 1990). PASSER Il (Venglar et al. 1998) is a
computer model specifically designed to analyze the operation of an isolatedantge.
However, these models are limited to under-saturated conditions, and do not considep off-ram

gueue spillback, on-ramp queue spillback, or the link queue blockage problem.



For congested interchanges, Kovvali et al. (2002) introduce a GA-based model to
optimize the diamond interchange signal timing for both under-saturated and uratesht
traffic conditions while considering link queue spillback. Engelbrecht and 862083)
evaluate eight controller features, which can potentially improve diamomdhateye operations
under certain conditions, by CORSIM simulation combined with hardware-iretpe-4nd find
that the separate intersection diamond control model has the potential to providdfitierd
control than the three-phase or four-phase sequences that are typicallyr usaohdbnd
interchange control in Texas. Tian et al. (2004) consider the on-ramp spilllodt&rprby
integrating on-ramp metering and interchange signals optimizd-ang and Elefteriadou (2006)
propose an adaptive algorithm based on a forward dynamic programming metlaidyiedis
promising results for fluctuating demand for congested conditions. L&ég20@6) investigate
the performance of the three-phase and four-phase with two-overlap phestiegjes for
diamond interchanges under congested conditions using CORSIM combined with handware
the-loop technology, and conclude that the performance of each phasing statamgested
traffic conditions is dependent on the traffic pattern and ramp spacing. L{20@9) proposed a
model to prevent off-ramp queue spillback using the traditional Cell-Transmisgicontrolling
the adjacent arterial signals. The CORSIM simulation results indicatéis model is
promising. Zhang et al. (2009) propose a local synchronization control scheme t@ maeags
at critical locations based on the traditional Cell-Transmission. This matidatpts to distribute
gueues over a wider area through coordination, which involves on-ramp priority control, off

ramp priority control, and internal metering.
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Despite all the progress on interchange signal optimization, no existohgl scunsiders
the aforementioned issues jointly, especially the off-ramp queue spilltfack #hose models

intend to improve the freeway performance rather than that of the ovestalirsy

2.3. Integrated Corridor Control Models

Integrated corridor control models control freeway and its parallelaséointly in
order to improve system-wide performance. These models optimize the oftinaangion rates,
on-ramp metering rates, and arterial signal timings to achieve opystahsperformance. Early
studies in this category focus mainly on modeling and simulation analyses (R&il; Van
Aerde and Yagar 1988). Few analytical studies attempt to deal with integoatiols for

freeways and arterials, which are summarized below.

Cremer and Schoof (1989) first formulate an integrated control model toyjoanttrol
four types of traffic controls, including off-ramp traffic diversion, on-ramgiering, mainline
speed limit, and arterial signal. This model represents freeway togftiontinuous flow model
and arterial traffic by the platoon dispersion model of Transyt. A mixed mtegdinear
optimal control model is formulated to minimize the total delay time forrnkiesecorridor
system, and solved with a heuristic decomposition method. Van Den Berg et al. (2004¢ propos
model predictive control (MPC) approach for freeways and arterials based ocwethha
macroscopic traffic flow models. This study minimizes the total systawvel time and solved
with a predictive control framework. The proposed model represents freewayidgrwith
METANET (a continuous flow model), and arterial dynamics, on-ramps and offfsramth a

enhanced Kashani model (Kashani and Saridis 1983).
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A dynamic system-optimal control model (Chang et al. 1993) minimizesttddravel
time for a commuting corridor, including a freeway and its paralletiats. However, this
model assumes that travel times and queue lengths are known, which is unrPalpEigeorgiou
(1995) develops a linear optimal control based on the store-and-forward modelcamicé
applied to both motorways and signal-controlled urban roads with some approximatiandw
Chang (1999) present a set of linear programming (LP) models to optimizel strategies for
commuting corridors under non-recurrent congestion situations, which is solvduehyistic

solution algorithm duo the number of LPs may be very large.

To sum up, the integrated corridor control models jointly optimize the arterialssigna
off-ramp diversion rate, and on-ramp metering rate under various traffiitioms in terms of
overall system performance. Compared with interchange control, these modeiswidee
control boundary and usually include several interchanges and one or more pagaibds afthe
formulations turn out to be large-scale and nonlinear, and thus very difficult to stive w
traditional algorithms. However, these models emphasize the performanuesbalifreeways
and arterial without considering lane-blockage, off-ramp spillback, andnop-sgillback

problems, which makes their results unreliable under oversaturated conditions.

2.4. Car-following models with lateral friction

On a congested freeway, the behavior of drivers traveling wibimgexit queue in the
neighboring lane can be affected by the exit queue in the follawm@spects. Firstly, the lane-
changing from the exit queue to the through lanes makes thersgdin the moving lane more
cautious, thus reducing the moving lane traffic speed; secondly, slfeer unsafe driving at

high speed with a long vehicle queue due to some complex psychologicladinism. Those two
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factors could reduce the capacity of the through lanes. Howéware is very little useful
literature on this topic.

One of the key assumptions of traditional car following models is that vehieles ar
influenced only directly by the leading vehicle, which means no laterabfrits considered.
These models assume ideal conditions, including each vehicle positigdhedcenter of the lane,
sufficient lane width, clear road markings, and good visibility. However, the dnvironment
is far from ideal in reality. The driver behavior of a following car canfteeted by other factors

which have been reported in the literature.

Case et al. (1953) find that drivers intend to avoid objects near their path located on t
roadside, and change their behavior for different curb height, should width, and lane width.
Taragin (1955) reports that drivers intentionally keep away from traffireeaghboring lanes as
volume increases. On a four-lane highway, vehicles in the shoulder lane travelcctbser t
shoulder, and those in the median lane travel closer to the median on average. May (1959)
introduces four types of friction in traffic flow, as internal, medial, nraigiand intersectional.
May also defines interval friction as the friction between vehicles mowitigei same direction,
which can be influenced by the number and width of lanes, horizontal and verticaleadignm
and uniformity and smoothness. However, May provides no mathematical formulation for this
effect. Michales and Cozan (1963) investigate the speed and lateral aeatationship of a
vehicle, and report that a channel constructed with plastic cones can be used toratiittrol t
speed. The factors affecting the speed of traffic include the channel walthealongitudinal
distances of between consecutive cones. Gunay (2003) employs the terminodehsdad-
driving discipline to represent the tendency to drive within a lane by keeping teritne as

closely as possible, and proposes five possible methods to quantify it.
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Despite all the efforts in this respect, there is no existing mathenatckd! which can
consider the effect on driving behavior of the lateral friction, especialgffiect of an exit
gueue on drivers in the adjacent freeways lanes. Without considering theftateoal, the
through traffic capacity with off-ramp queue spillback could be overesdn#ius

compromising the credibility of the final optimized results.

2.5, Solution Algorithms for Signal Optimization Problem

To improve signal timings for oversaturated intersections, considering mutijpl=eat
intersections simultaneously is usually required due to link spillback from deanstr
intersections. Models in this group are usually called system-wide corddalsn(Spall and
Chin 1997). They adjust all signal timings of a network to improve overall systéonrpance
in response to instantaneous changes of traffic conditions. Different heugstithans have

been adapted to solve those models. Among those algorithms, GAs are among the mast popula

The basic GA has been applied to various models (Ceylan and Bell 2004a; Ma and
Abdulhai 2002; Rahmani et al. 2011). For a signal optimization problem, Hadi and Wallace
(1993) combine GA and hill-climbing algorithm of Transyt-7F to optimize alkiheal design
elements. In their model, the main purpose of the GA is to optimize the signal sedueyce
propose two alternatives. The first executes GA and hill-climbing contlyrrand uses GA to
optimize phase sequences and cycle lengths. The other runs the GA and hilieclimbi
sequentially. The GA first optimizes the cycle length, phase sequence, a&tdarftsthen hill-
climbing is used to adjust the resulting signal timing. A fraction-based| slgnading scheme

has been suggested by Park et al (1999) and employed in various signal optimizatels (Li
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2011; Park et al. 2000; Stevanovic et al. 2007; Stevanovic et al. 2008). Other applications of

GA's include the signal optimization models of Lo et al. (2001; 2004).

Simulated Annealing (SA) is another popular heuristic optimization algorittshw
was introduced by Kirkpatrik et al. (1984). SA belongs to a class of algorithms named
probabilistic hill-climbing algorithms. It is a general purpose optatiimn method reflecting an
analogy between the solutions of an optimization problem and the energy stasésnya
cooled physical solid. SA is capable of obtaining solutions near global optima. Thegmsol
do not depend on the initial solutions as do other algorithms such as hill climbing. Hadi and
Wallace (1994) first applied the fast simulated annealing (Szu and HBE#8&Y algorithm to

signal optimization.

While GA’s are very popular for oversaturated signal optimization, they dudfarthe
following problems. One problem frequently found in GA optimization is premature
convergence, which is typically the result of the extreme reliance on crassbgelominance
of crossover can result in stagnation as the population becomes more homogeneous and the
mutation rate is too low to search other solution domain. A second well-known problem of GA’s
is their poor hill-climbing performance. After finding a near-optimal sofyta GA often has
difficulty converging to the optimal solution. A third complaint about GA’s is tlaege
memory requirement. Since a GA should maintain a large population of solutions,rtuces

memory as the problem dimensions increase.

2.6. Freeway Traffic Access Control Strategies

The freeway control strategies in the literature can ssified into two major categories:

access control and link control. The access control includes various on-ramp coragiestya
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which limit on-ramp volume to keep the downstream freeway volume under itstgaphae
link control affects freeway drivers’ behavior by suggesting or enforanghle travel speeds
through Variable Message Signs (VMS), or providing travel time informat®This study
mainly deals with access control, so the following section will focus on on-ratgring

strategies.

The basic idea of most on-ramp metering methods is to maintain free flow cedvay
mainline bottleneck (Papageorgiou and Kotsialos 2002) by limiting on-ramp volunse, t
increasing freeway mainline speed and improving safety. The on-ratepgngestrategies
generally result in a more efficient use of the existing freewagstriicture and benefit mainline
traffic(Arnold 1998). The existing ramp metering methods can be claksifie three categories:
pre-timed metering, which derives ramp metering rates based on thechlstwdrage volumes
without considering real-time measurements; automatic meterind, whéps freeway traffic
measurements close to their pre-specified values by adjustipgmatering rates; and adaptive

ramp metering, which determines the ramp metering rates based on qogestte function(s).

2.6.1Pre-timed Metering Strategies

Pre-timed metering strategies are the simplest on-ramp mesgératggies, which usually
provide different timings based on the average demand pattern. Wattleworth (18&3pisthe
pioneering studies in this category. It considers the physical upper- afmblowls of each
ramp’s metering rate, and maximizes the total entry flow under the amtstof freeway
mainline capacity. Similar studies (Chen et al. 1974a; Chen et al. 1974b; &chmchiTan 1977
Tabac 1972; Wang 1972; Wang and May 1973; Yuan and Kreer) formulate linear or quadratic

programming problems with different objective functions to optimize ramp mgteaies.
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Papageorgiou (1980) proposes a Linear Programming (LP) on-ramp metering
optimization model, which considers the travel time from upstream to the dovimstyea
assuming a constant travel time. The proposed model is solved with a decomposibactappr
Lovell and Daganzo (2000) improve time-dependent control strategies forfsaaalhy
networks with bottlenecks and unigue origin-destination path, which required¢ipesdent

bottleneck capacities and is solved with a greedy heuristic algorithm.

Pre-timed ramp metering strategies optimize ramp meteringuaties average traffic
pattern. However, the actual traffic demand varies from average piattgaently. Therefore,
pre-timed ramp metering strategies may lead to non-optimal results,ssunbexutilizing the
freeway mainline capacity or allowing mainline queue formation, even lthitney provide

optimal on-ramp metering rate for average traffic patterns.

2.6.2 Automatic metering strategies

With the help of real-time traffic sensor data, the automatic metstiatggies optimize
on-ramp metering rates according to actual traffic conditions.iEgiatitomatic ramp metering
strategies can be classified into the following two categories: (oc&olated) on-ramp
metering models, which determine the ramp metering rate based@okbly adjacent freeway
mainline traffic conditions; and coordinated on-ramp metering models, which deeide t

metering rates with upstream and downstream on-ramp conditions.

Local automatic on-ramp metering strategy

The local ramp-metering strategy determines the meteriagoéely based on the local
traffic information. Existing models of this type can be further diassinto volume-based

models and occupancy-based models.
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Volume-based models
Volume-based strategies compute on-ramp metering rate based on upsteveay fr

volume and downstream through capacity. The models in this category include timeldema
capacity model (Masher et al. 1975), zone control model (Stephanedes 1994; Xin et)al. 2004

and congested pattern control model (ANCONA)(Kerner 2005).

Thedemand-capacity model is proposed by Masher et al. (1975). This model attempts to
fully utilize the downstream freeway mainline capacity,f), which sends maximum on-ramp
rate provided that the downstream freeway mainline volume is under itstgaphe demand-
capacity model reduces the on-ramp metering rate to the minimgymto avoid congestion if
the downstream occupancy exceeds its preset threshold. This model is netldadpsut an
open-loop disturbance-rejection model which is quite sensitive to disturbancesnéleentrol
model (Stephanedes 1994) is another volume-based model which has been employed by
Minnesota Department of Transportation for many years. It divides timimeareeway into
several zones and each zone has no more than one on-ramp. This model is further exttemded to
stratified ramp control model of Xin et al.(2004) , which considers the on-ramp deiaehd
gueue lengths. Thaeongested pattern control model (ANCONA) proposed by Kerner (2005)
keeps on-ramp bottleneck at the minimum possible level without propagating upstngsam. T

method is based on three-phase traffic theory.

Occupancy-based strategy
Occupancy-based strategy determines the ramp metering rate based cupheocof

downstream freeway mainline and uses feedback regulation to maintain a piieespec

occupancy. ALINEA (Papageorgiou et al. 1991), Neural control algorithm (Xin 20@4;
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Zhang and Ritchie 1997), and Iterative Learning Approach (Hou et al. 2008) anglexamthis

category.

The ALINEA algorithm (Papageorgiou et al. 1991) is a closed-loop rampinggter
strategy using the classical feedback theory. It adjusts the meta@sgn response to even
slight differences of the target occupancy and measured occupancy. icaaimhigh volume
in the freeway mainline without causing congestion. The local artificial heet&ork method
(Zhang and Ritchie 1997) is derived from the fundamental diagram, which modeisihe r
metering problem as a nonlinear feedback control problem with artificighlneetxvorks, which
are composed of one or several multilayer feed-forward neural netwk#etative learning
approach (Hou et al. 2008) formulates the density-based ramp metering catiteipas an
output tracking and disturbance rejection problem, and employs the iteratina¢econtrol

combined with error feedback to achieve system robustness.

Both the ALINEA and Neural control algorithms are effective, robust, axdbfe for
moderate congestion. They are easy to implement since the only paramectieestarget
occupancy. However, neither considers on-ramp queue spillback directly, anddubd have

difficulty in balancing freeway and on-ramp congestion.

Coordinated automatic metering strategies

The coordinated metering strategies determine the metering ratefooe-ramp based
on not only adjacent traffic conditions but also system-wide traffic conditionsedBan the way
to consider local and system-wide traffic conditions, the coordinated mesénabggies can be
divided into three groupspoperative ramp-metering, which adjusts the resulted metering rate

from the local traffic condition according to the system-wide conditicorspetitive ramp-
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metering, which first computes two sets of metering rates based on local and systertnaffid
condition separately, and then chooses the lower one one as the final irgsgitd; ramp-
metering, which determines all the ramp metering rates by system-wide traffidiomsdi
simultaneously. Extensive summaries of those strategies are availdihé literature
(Bogenberger and May 1999; Jacobson et al. 1989a; Nihan and Berg 1991; ZhaagGdt)al
Although these strategies are limited in many aspects, some fieldegptsiand many
simulation studies have confirmed that they can reduce delay successfginf@oger and

May 1999).

Cooperative ramp-metering

The cooperative ramp metering algorithms first determine on-rampinggetate based
on local traffic conditions, and then adjust the rate based on system-wide indortoadivoid
both freeway mainline congestion and on-ramp queue spillback. The helper raenpgnet

algorithm (Lipp et al. 1991) and linked-ramp algorithm (Banks 1993) are eganmpihis group.

Thehelper ramp metering algorithm (Lipp et al. 1991) consists of a local traffic
responsive metering algorithm and a system-wide coordinated controbcEhedsponsive
algorithm selects one of six pre-defined metering rates based on itaopstenline occupancy
for each on-ramp. The coordinated control part of the algorithm will overrideeapsramp
meter if a meter reaches critical status. Tinked-ramp algorithm (Banks 1993) is based on the
demand-capacity concept. This algorithm first set the on-ramp metatentprthe difference of
the pre-specified target flow rate and its upstream freeway flewv\\dten the metering rate of a
ramp is among the lowest three rates pre-specified by the contratiaig, the coordinated
control strategy of linked-ramp algorithm reduces its next upstreamrmeatguing rate to the

same, and propagates this rate reduction procedure upstream.
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Competitive ramp-metering

The competitive algorithm computes two sets of metering rates based oaridcal
system-wide conditions respectively, and applies the more restrictive lmmexample
algorithms include the bottleneck algorithm (Jacobson et al. 1989b) and systeradaptive

ramp metering (SWARM) (Ahn et al. 2007; Paesani et al. 1997).

The bottleneck algorithm uses upstream occupancy data and bottleneck data tmeletermi
both a local and a bottleneck metering rate, and then select the moréivesate. The local
rate is set to be the difference between the measured upstream volume apddibe estimated
from historical data for each ramp. The bottleneck algorithm identibdtenecks based on
historical traffic conditions, determines its volume reduction based orctioservation, and

then distributes the volume reduction to upstream ramps according to pre-speeifjetsw

The SWARM algorithm operates at two levels. The local level determiatsing rate
based on local density. The system-wide control decides the overall reductionupstifeam
ramps of a critical bottleneck, and then applies pre-determined weightsitautiestne volume
to upstream ramps, which can be employed to obtain a new set of ramp metesing tate
SWARM algorithm the bottlenecks are identified based on predicted trafficticorsdiather

than measured traffic conditions.

Integral ramp-metering
Integral ramp metering algorithms directly generate the metesteg from the system-

wide information. The METALINE, fuzzy logic algorithm, and coordinatedicidgl neural

network algorithm belong to this category.
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METALINE (Papageorgiou 1990) is usually viewed as a generalization amasen of
ALINEA, which is theoretically sound, robust, and easy to implement. Howeven dhallenge
to find the proper control parameters matrices and the target occupancy Meztyrlogic
algorithms (Chen et al. 1990; Meldrum and Taylor 1995; Sasaki and Akiyama X886, at al.
1998) convert empirical knowledge about traffic flow ramp control into fuzzy rulesekier,
their system-wide control rules may be quite complex and are not alwaighsorward. It
often is a challenge to calibrate the parameters which usually depend orctmafhitons. The
coordinated artificial neural network algorithm (Wei and Wu 1996) dividesathieatled
freeway into control zones, and represents its system-wide effects tacalaaon-ramp by a

“hidden layer”.

2.6.3Adaptive ramp-metering strategy

Adaptive ramp metering algorithms have an explicit objective function linkdgto t
control strategy. These objective functions include minimizing total ttameland maximizing

system throughput. Some of those algorithms are presented as follows.

Linear programming algorithms are among the earliest adaptive ramp-metering methods
for both practice and research. The Hanshin algorithm (Yoshino et al. 1995) emplmar
programming model to maximize the total number of vehicles entering thensysiée
preventing traffic congestion in any section of the freeway mainline andiag negative
effects on the adjacent arterials. Recognizing the complexity of foroulatid the difficulty in
obtaining real-time OD information, Zhang and Levinson (2004) formulated the opampl
control problem as a linear programming whose input variables are all direasunable by

detectors in real time. Gomes and Horowitz (2006) formulates ramp mgteoisigm as a linear
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programming, which minimizes the total travel time and models the traffi@ndi by the

asymmetric cell transmission model (ACTM).

The Dynamic metering control algorithm (Chen et al. 1997) consists of four operational
elements: state estimation, OD prediction, local meteringa@oumind area-wide metering control.
The basis of this algorithm is formed by the hierarchical structure includotgkfeedback
control algorithm (ALINEA) and a system-wide control model. The system-eadé&ol model
employs a linear-quadratic feedback control model to produce nominal metéeioy e
local controllers, which then compensate the nominal set values based on thical tra

disturbances and prediction errors.

The Linear-quadratic (LQ) feedback control algorithmis one of the most commonly
studied methods within automatic control theory for coordinated ramp meteagg (Q72;
Papageorgiou 1983; Papageorgiou et al. 1990; Payne et al. 1985; Yuan and Kreer 1971Q). The L
feedback strategy linearizes the nonlinear model equations around a certainl@&sijectory
and employs a quadratic penalty function in the objective function to represstdtthand

control deviations from the desired trajectory.

The Rolling time horizon or successive optimization algorithmis another way to solve the
large scale ramp metering optimization problem with real-time aetadormation. Chang et al.
(1994) present an algorithm to capture the dynamic evolution of traffic with a tweesegnear
flow-density model, and employ a successive linear programming algdatbetermine
optimal metering rates. The model has been integrated with INTRA, a microfeapiway

simulation model, for simulation experiments under non-recurrent congestion conditions
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In summary, ramp metering is one of the most direct and efficient waysigétmg
freeway congestion if appropriately implemented. The benefit includeagsdtdreeway
mainline throughput and decreased total travel time. However, this may beeachi¢he cost
of excessive queues at the on-ramp, which may spill back and block neighboring webals art
(Levinson and Zhang 2006). To achieve a better performance for the owrgidrtation

network, the control boundary should be extended to cover both freeways and arterials.

2.7. Arterial Traffic Signal Control Strategies

Signal control has been widely implemented as an effective strategydasaarterial
capacity and mitigate congestion. The earliest work in signal costatiributed to Webster and
Cobbe (1967), who introduce a formula for optimizing the signal timings for an isolated

intersection.

The existing signal optimization models in the literature can be ckbaifio two
categories: undersaturated models and oversaturated models. Despite the jacjéditeoature
related to signal control, most existing studies focus on undersaturateddoatiitions. The
following section will review key models for arterial signal optimiaatfor undersaturated and

oversaturated traffic conditions separately.

2.7.1Undersaturated signal control models

The undersaturated condition of an intersection refers to those traffic conditions unde
which there is no cycle failure where no queues remain at the ends of green ldioases

available signal control models in the literature are for undersaturatddicos.
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Phase-base models

The phase-base models are among the earliest version of signal optimmzadiels,
which are pre-timed (or fixed-time) models for isolated intersestibtodels in this category
optimize the splits, cycle length, and phasing to minimize the total delagpomme the
intersection capacity. SIGSET (Allsop 1971) and SIGCAP(Allsop 1976) at&kmain
examples in this category. SIGSET employs the nonlinear total delayoiuhgtiVebster (1958)
for undersaturated conditions to calculate intersection delay. SIGSET ceridstraints
including discharge capacity for each phase, maximum cycle length and migireemtime.
The resulting model is a nonlinear programming with linear constraint€APGnaximizes the
multiply of the demand pattern under identical constraints of SIGSETc®hcept of
maximizing the multiply is extended to the reserve capacity model (Whoalg2007; Wong and
Yang 1997). A binary-mixed-integer version of the phase-based model whictarsnsi
different staging combinations is proposed by Improta and Cantarella (T9@&4phase-based

strategies are only suitable for undersaturated isolated intersectiahcpgimization.

Bandwidth models

The bandwidth refers to the portion of a signal cycle during which a car (trgqalpre-
assigned speeds) could start at one end of a street and can reach tedothitrout stopping
for a red light (Morgan and Little 1964). A mixed-integer linear programpiogosed by Little
et al. (1981; 1966) is the first version of MAXBAND. In MAXBAND, green spiits
considered as input. Therefore, the problem transforms into finding the offsle¢sarterial
signals to maximize the inbound and outbound bandwidths. This mixed-integer linear
programming is solved by the traditional branch-and-bound algorithm and a maeneffic

solution method is proposed by Chaudhary et al. (1991). This model is further extended to
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optimize left-turn phase sequence (Chang et al. 1988), to optimize the weighted Hafawidt
each directional road section(Gartner et al. 1991), to consider time-vdgnmand (Han 1996),

and to optimize arterial networks (Stamatiadis and Gartner 1996).

Platoon dispersion model (Transyt)

Transyt (Robertson 1969) is the most known and applied signal control softwargeyacka
and it is often a reference signal control strategy for testing improwsraeabled by real-time
strategies (Papageorgiou et al. 2003). Transyt employs the concept obfipdiEgpersion” to
model flow propagation along a link. The core concept of platoon dispersion model can be

expressed as follows (Seddon 1972):

ai=) F(-F)"q, (2-1)
i=t

F = ! 2-2

14 apT, (2-2)

where t is time interval indexj; is the arriving flow at the downstream of the link at timeg t;
is the discharging flow at upstream of the link at time t-1; F is the smoothitog; fadgs the
minimum travel time for the link, measured in units of time st&p& the mean roadway travel
time measured in units of time stepds platoon dispersion factor, which is allowed to vary
between 0.2 to 0.5 depending on the level of friction along the roa@wayhe travel time
factor, which has been fixed as 0.8 by (Robertson 1969). Intensive researchdkranzé Rakha

2006; McCoy et al. 1983) has been done on calibratiagdf3.

All aforementioned models are pre-timed signal optimization models, basely orai

historical average traffic conditions. The traffic-responsive versionarisit, SCOOT(Split,
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Cycle, Offset Optimization Technique), has been proposed by Hunt et al. (1982)aarakedxt
later in several respects. Since such off-line models lack the functicesptand to traffic surge
or fluctuation in real time, some researchers have later worked on develeglitigne adaptive
control systems. Example of such system include: SCAT(Sims and Dobinson 1980),
OPAC(Gartner 1983), PRODYN(Henry et al. 1984), CRONOS(Boilllot et al. 1992),
RHODES(Sen and Head 1997), ARTC (Kim et al. 1993). Those adaptive system gmiéiolss

are beyond the scope of this study, and are not reviewed in this chapter.

2.7.20versaturated signal control models

Oversaturation refers to those traffic conditions under which traffic quersist from
cycle to cycle either due to insufficient green splits or blockage of adjmaéit movement.
Under those conditions, queues along signalized arterials may block upstreaetiiass, thus
exacerbating the already bad conditions. Adaptive signal control stsigiji not work very
well under oversaturated traffic conditions since they general just opérasximal call mode
and it is more useful for highly varying traffic conditions(Lo et al. 2001). Hhnkest research
on oversaturated signal control models goes back to Gazis and Potts(1963), who optimized tw
closely spaced and oversaturated intersections using a graphic methoddy Reastaturated

signal optimization problems have attracted increasing attention.

Queue polygon approach

The queue polygon approach analyzes the vehicle trajectory (or timeesagiaam) of
the end-of-queue vehicle to compute the delays of the entire queue. The tegexdtordividual
vehicles in motion are portrayed by sloping lines in a diagram that hagzartiatitime axis and

a vertical axis representing the distance from a reference point.
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Abu-Lebdeh and Benekohal (1997) develop an algorithm for optimizing the signal timing
for oversaturated arterials with a queue polygon approach, which assumes continuoasmdueue
considers the link blockage problem (De Facto Red ) problem. The resulting modelds solve
with a GA-based algorithm. This model is further extended to include a disutiityidn, which
enables it to evaluate a variety of traffic management scenatosl{@deh and Benekohal
2000; Abu-Lebdeh and Benekohal 2003). Abu-Lebdeh et al. (2007) propose models that capture
traffic output of intersections under congested interrupted flow conditions witltiexpli

consideration of interactions between traffic streams at successivis signa

Chang and Lin (2000) analyze the queue evolution at an isolated intersectiobycycle
cycle with constant arrival and continuous queue. Two objective functions are provitied
models. One is a quadratic form of the delay of each cyclegltirenwhole oversaturated period;
the other is a performance index, which is the combination of the total delay anersatty.p
This model is further extended to optimize an oversaturated signalized netwarig(@d Sun
2004). In the extended model, the traffic propagation between adjacent interseatiaakeied
with the relations proposed by Isaksen and Payne (1973) and the offsets aatechlputhe

model proposed by Choi (1997).

The queue polygon approach can consider the link-blockage problem under the
assumption that there are continuous queues, which means that those models would not work
well for the transition period from undersaturated condition to oversaturated conditions.

Furthermore, this method would have difficulty in analyzing lane-blockage.
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Platoon dispersion model (Transyt)

The original platoon dispersion model is not suitable for oversaturated traffic cosditi
Hadi and Wallace (1995) propose enhancements to Transyt-7F to optimize sigmgplens
under congested conditions. Transyt-7F release 8 (Li and Gan 1999) explaziysnhe link-
spillback and lane-blockage by reducing the corresponding link satuflw. Park et al. (1999)
employ the queue polygon method to compute the queue delay, and tracks the link-blockage by
continuously checking the end-of-queue vehicle. The resulting model is solved witGAhe
which is enhanced in a late study (Park et al. 2000). Along this research liney &eglla(2010)
propose a total delay estimation model based on Transyt traffic model, whichscohaist
uniform component and a random oversaturation component, and solve it with a Quasi-Newt

method.

Store-and-forward based approach

The store-and-forward model of traffic network is proposed by Gazis and Fa6) for

oversaturated intersections. The basic equation of this store-and-fomnvded is:

u;(k) = si9:(k)/c (2-3)
in whichu; (k) is the outflow of linki at time k;g; (k) is the green time for the target stream at
time k; s; is the corresponding saturation flow, and; c is the cycle length of the signdiioBqua
(2-3) describes the traffic flow process without use of discrete variablesnaim idea is using
the average flow of the whole cycle to represent the actual flow duringeée me, i.e., it

assumes there is a continuous outflow from each network link and there is suffioramidde

Through this simplification, this store-and-forward model enables the control toodel

use highly efficient global optimization algorithms with polynomial compjestich as linear
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programming and quadratic programming, which allows coordinated control efrlatgorks in
real time. However, the store-and-forward model is unable to provide manatcc

representation of traffic dynamics.

Cell-Transmission based approach

The Cell Transmission Model (CTM) (Daganzo 1994; Daganzo 1995) is a finite
difference approximation of the traffic flow model (LWR model) by Liglhtand Whitham
(1955) and Richards (1956). Its core concept is to divide the target roadway into hemegye
sections (cells), whose lengths are equal the distance traveled bgla wehiee flow speed
during one unit interval. CTM is capable of replicating kinematic waves, qoauation and
dissipation. Lin and Ahanotu (1995) perform a validation for the CTM with respect to the

formation and dissipation of queues in the content of first-order characteristics.

CTM is employed by researchers to study signal optimization (Lo 1996t &lo 2001,
Lo and Chow 2004) and promising results are reported. Ziliaskopoulos (2000) uses this model to
study the system optimum dynamic traffic assignment problem with slegtenation and linear
link cost functions. The most recent Transyt (Binning et al. 2008) by TRLratesgCTM as an
alternative system performance index to the previous Platoon Dispersion Mode). YoM

using CTM, Transyt can consider the link-blocking and time-varying flowysisa

Despite the promising results from those models, some critical issudg tema
addressed. First, most studies model the dynamic queue evolution either dissédlevel or
at an individual movement-based level, which could result in difficulty in integyratith
complex signal phases. Second, the lane-blockages, which are very common dumstedong

conditions, have not been explicitly and dynamically modeled. Although somectessahave
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attempted to address these issues by developing mesoscopic or microstfmpsinalation-
based signal optimizers (Park et al. 1999; Stevanovic et al. 2007; Yun and Park 200@)ethe
still potential difficulties with these mesoscopic or microscopic sittmianodels. First,
concerns are often raised regarding the computing efficiency amtsefeeded to calibrate
various behavioral parameters for microscopic-simulation methods. Secondlysuingéions

of microscopic simulation are difficult to validate because human behaviol tnaféa is

difficult to observe and measure.

2.8. Conclusions

This chapter summarizes the existing models related to the integrated obfreelvays
and arterials. Those models have been classed into different groups based on #sedititeir
traffic flow models. The findings from the literature indicate awasemy researchers that
pushing the problem from arterials to freeways or vice versa could not solve tlestocamg
problem. The congestion problem around a freeway interchange could not be solved efitber on t
freeways or on the arterials side. To eliminate this congestion, we should lhkadetays of
freeways and arterials and improve the overall system performaneadridtindividual

subsystem performance.

As summarized in the literature review, several models have been proposed control
arterials and freeways jointly with various purposes. Those models considen-syiste
performance instead of individual subsystem performance, and provide integratetifoontr
freeway and arterial systems. However, none of the existing models has @ahthéer
interaction between freeways and arterials, especially off-ramp qudbadpproblem, which

is a reasonable approximation for under-saturated traffic conditions but could notyproper
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represent the traffic dynamics under oversaturated traffic conditioagratéd controls could
not be achieved by just putting freeways and arterials in the same model. Sheunppse of
integrated control is to solve the interface problems between freewaysenmalsatVe have
discussed in detail the potential issues around a congested interchange in Thaplerse
discussions, we have concluded that the interface problems which include on-ramiprang of
gueue spillback could not be solved in either system. Without properly capturing tice traff
dynamics between freeways and arterials, an integrated control moakpoodilice even worse
results than the separate control models. The on-ramp and, especially, drep#pillback
problems have not attracted sufficient research interests. Those res@arphnoyade an

opportunity for this dissertation to make its own contribution.

This dissertation proposes an integrated control model for freeway intersttange
balance the delay of freeways and arterials and achieve a system optimehieve this goal,
this dissertation develops traffic flow models based on the Cell-Transmissioept to capture
the lane-blockage, on-ramp spillback, and off-ramp spillback simultaneously. Withniodsts,
it is expected that the proposed model can optimize the arterial signal temithgs-ramp

metering to obtain a near optimal system-wide solution.
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Chapter-3: System Framework and Primary Tasks

3.1. Introduction

This chapter presents the overall structure of the proposed integrated contrdiomode
managing recurrent congestion of freeway interchange. The interrelagtwsen its principal
components, along with critical control factors and underlying assumptions tatent$te core

of this chapter.

The remaining sections of this chapter are organized as follows: Section 3.29tesent
major research issues and challenges involved in developing such a sysdeatifmy with
recurrent congestion at freeway interchanges, including off-ramp overflosammqueue
spillback, and intersection lane blockage. Section 3.3 presents the control flowchart of t
proposed integrated control system, based on the research scope and intendeidragplicat
Section 3.4 describes the functions for all principal control component and their apedrati

interrelations.

3.2. Key Research Issues

The proposed integrated control system for managing recurrent congasisaio a
maximize the operational efficiency for target freeways andialdeBased on the research
objectives and the required system features stated in Chapter 1, someegegortr issues to be

addressed in developing an integrated control system are listed below:

— How should the lane- and link-blockage traffic patterns and their evolution from

moderate congestion to oversaturated conditions be modeled?
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— How should the complex interrelationships between traffic queue at the pno#m
ramp, and freeway mainline segment under various congestion levels be modeled?

— How should we balance the delay between freeway and arterial so asteachi
system-wide optimal state?

— How should we formulate an integrated control model that can effectively and
reliably account for complex interrelations between freeway ramp &aribhtraffic
flows, and can yield effective solutions for real-time applications?

To resolve the above research issues, the research work has been organized into t

following tasks:

Task 1:Modeling the interrelations between the off-ramp queue and its neiggbori
intersection lane-blockages as well as on-ramp spillback undeusarongestion levels. This is
needed to properly consider the recurrent congestion patterns wsdwerated local traffic
conditions may cause the formation of off-ramp queues, but not dféeoperational capacity of
the mainline segments;

Task 2:Formulating an integrated control model for freeway interchangesdharade-
off between delays on arterials and freeways, and providing @ensygide near optimal control
solution. The proposed model is expected to concurrently optimize tremgmand off-ramp
controls as well as signal timings on the connected local arterials;

Task 3:Developing a generalized interchange control model for recurmrgestion
scenarios in which an off-ramp queue may spillback to the freevaanline and interfere with
the upstream merging traffic flow from upstream ramps. Thesfa¢ this task is to tackle the
severe congestion where both the freeway and local artezialvarsaturated, and the off-ramp

gueue may significantly reduce the freeway through capacity and spiltdaskipstream ramp;
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Task 4:Designing efficient solution algorithms for both the base modelofbramp
control and the extended model for integrated control of freewayclhagnes. The proposed
algorithm shall have the capacity of generating efficient obmarameters in response to the
information deficiencies and dynamic traffic flow interactions undeoua congestion levels;

Task 5:Evaluating the effectiveness of the proposed models with numerpaidieents.
The primary focus of this task is to ensure the applicabilithefproposed control models to the

traffic system that often experiences off-ramp queue spillback during peak hours

3.3. System Control Structure

To ensure that the products from each of the above tasks can be integrated intessseaml
control structure and activated based on the detected congestion level, theconénalll

architecture for the proposed system is organized into the following thrés leve

Level-1: The off-ramp queue spillback to the freeway mainline: The control model
should consider the delay on the freeways in optimizing the signal timings at-thenpfand
intersections in the connected arterials.

Level-2: The on-ramp queue spillback to its upstream intersection: An insufficient
metering rate may cause the on-ramp vehicles to block one or moral ént@ugh lane(s), and
consequently block the through traffic to spill back to its upstream intersedttbrsarterial
through demand exceeds its remaining capacity. The control model should aistivate
oversaturated intersection module to maximize the total throughgtumwhe control boundaries.

Level-3: Thefreeway mainline at the interchange ar ea experiences moving queue

which spills back to itsupstream interchange. In this scenario, both freeways and arterials
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have reached their capacity, and the on-ramp queue has spilled back to its nejgirbenied
through lanes, while the off-ramp queue has propagated to its upstream mgercha

Figure 3-1 illustrates the feedback operating structure of the proposgaiatecontrol
system for freeway interchanges. The system takes traffic demand axiistivgg signal timing
as input, and then executes the simulation model to check whether the queueckpdisoba
ramps and off-ramps. The on-ramp metering and arterial signals (inclbeiogframp signals)
are operated independently if neither experiences any queue spilltekgifeue spillback
only occurs at off-ramps, the system activates the off-ramp integ@taglomodel to maximize
the system performance. Likewise, if only the on-ramp queue spills badkiialar the
proposed system activates only the on-ramp integrated control model to balameewlas and
arterial delays. All models in the proposed integrated system ar