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Abstract of the Thesis presented to the Technical University of Crete as a partial fulfillment
of the requirements for the degree of Doctor of Philosophy.
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December/2013
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networks; Multiple-concentric gating; Time-delayed gating control

In recent decades, mitigating the traffic congestion in urban road networks has been a crucial
issue for both the research and the practical operations, which calls for the development and
implementation of improved traffic signal control methods and techniques. In particular, the
development of efficient and practicable real-time signal control strategies under saturated
traffic conditions is a major challenge, as widely used strategies like SCOOT and SCATS are
deemed less efficient under saturated traffic conditions.

A practical tool, frequently employed against over-saturation of significant or sensitive links,
arterials or urban network parts, is gating. The idea is to hold traffic back (via prolonged red
phases at traffic signals) upstream of the links to be protected from over-saturation, whereby
the level or duration of gating may depend on real-time measurements from the protected
links. The method is usually employed in an ad hoc way (based on engineering judgment and
manual fine-tuning) regarding the specific gating policy and quantitative details, which may
lead to insufficient or unnecessarily strong gating actions.

Recently, the reproducible relationship between flow and density occurring at the network
level under certain conditions (e.g. homogeneous spatial distribution of the congestion)
known as macroscopic or network fundamental diagram (MFD or NFD), has gained
increased popularity. Although the NFD notion is still under investigation in various aspects,
it can be exploited as a fruitful basis for derivation of urban signal control approaches.

In this thesis, the notion of NFD for urban networks is exploited to improve mobility in
saturated traffic conditions via application of gating measures, based on an appropriate



simple feedback control structure. Different gating control strategies (i.e. single perimeter
gating control by exploiting complete and reduced NFD, multiple-concentric gating control,
perimeter traffic control via remote feedback gating) have been proposed and tested on
realistic simulation scenarios of two urban networks (i.e. Chania, Greece and San Francisco,
USA) successfully. In the investigated examples, feedback gating is demonstrated to lead to
substantial improvements of travel delays, network throughput and travel time reliability.



PYOMIZH OQTEINHX XHMATOAOTHXHX AXTIKOY
AIKTOY X2E ITPAI'MATIKO XPONO YIIO KOPEXMENEX
XYNOHKEX KYKAO®OPIAX

Mehdi Keyvan-Ekbatani

Aexéppplog/2013

Emprénov: Kadnynte Mdpkoc [oarayewpyiov

A&Eaig KAe1d1a: Aotiki] kKukAopoplaky cuueopnon, EAeyyoc omteivig onpatodotnongs, Ospuehmoeg
dudrypappa tov ductvov (NFD), Apaid pétpnon oe mpaypatikd ypovo, Eheyyouevn gicodoc, Eleyyog
He avatpo@odotnon, Etepoyev) actikd diktva, EAeyyog 166600 TOALATADY OUOKEVTPOV
nepétpov, ELeyyoc €16650v e ypdvovg voTépnong

211 televtoieg OEKOETIEG, 1 OVAYKN HETPLOGHOV TNG KLKAOQOPLOKNG CLUPOPNONG OTO
OOTIKA 001KA dikTva £XEL Yivel éva Kpiolo BEpa TOCO Yoo TV €pgvuva 0G0 KOl TNV TPOKTIKN
EPAPLOYT, TO 0moio KOAEl Yo TNV ovAmTLEN KO TV EQOPUOYN PBeATiopévey pebddwv kot
TEYVIKAOV EAEYXOV QMOTEWVNG oNuotodotnong. Ewwdtepa, 1 avantuén KoavomomTikdv Kot
EPAPUOCIUOV GTPOTNYIKAOV EAEYYOL POTEWVNG ONUATOSOTNONG GE TPAYUATIKO YPOVO VIO
KOPEGUEVEG CLVONKEG fvar (o LeYAAN TPOKAN G, KOOMG VPEMS S100E00UEVES GTPATIYIKES
mov ypnoiponoovvtal £wg topa O0ntmg to SCOOT kot to SCATS Beswpodvior Aydtepo
OTOTEAECUOTIKEG VIO KOPECUEVEG GUVONKEG.

‘Eva mpaxtikd epyalelo, cvuyxvd €QOPUOCIHO KOTG TOV VAEPKOPEGHOD OCNUOAVIIKOV 1)
evaicnTOv cuvoéouw®V, aPTNPIOV N TEPLOYDV TOL OCTIKOD OIKTOOV, £ivol 1 EAEYYOUEVT
gicodoc (gating). H 18¢éa givar va kpatnbei 1 kukAoopio (LECH TAPATETAUEVOV KOKKIVOV
QACE®MY OTOLG QMOTEWVOVC ONUOTOOOTEG) OVAVTN TOV GCLUVOECU®Y TOV  TPEMEL V.
TPOGTATEVTOVV OO LIEPKOPEGHD, EVAD TO EMIMEDO 1N 1 OBPKELD TNG EAEYYOUEVNG E1GOI0V
umopel va e£0ptdTol amd TIG LETPNOELS GE TPOYUATIKO XPOVO amd TOVG TPOGTATEVOUEVOLS
ovvdéopovg. H pébodoc avtr epopudletar ocuvibwg yuoo eEgidikevpévo Kot Oyt yevikd
npoPAnuata (e PBdon v egumelpion Kot TEPOUOTIGHOVS) OVAAOYO LE TN GLYKEKPLUEVN
TOMTIKY] €AEYYOV €16000V KOl TIC TOGOTIKEG AEMTOUEPELES, TAL OMOi0. OUMG UTOpel va
00N YNoOoLV o€ avemapKeic N LVIEPPOAIKES OPACELS EAEYYOUEVIC E1IGOOOV.

[Ipdopata,  avomapaydpevn oy€on HETAED TNG PONG KOl TNG TUKVOTNTAS EVOG SIKTLOV VIO
opopéveg ouvvOfkeg (T, OUOYEVAG YWOPIKN KATAVOUN TNG OLUPOPNONG) YVOOTO ®G
HaKpooKoTiKO Oepeiiddeg dwdypappa (MFD) v Oepelmoeg didypappo tov diktoov (NFD),
&xel amoteréoel avtikeipevo épevvag. ITapoéro mov 1 €vvola ko 1010tTeg Tov NFD €glvan

Xi



aKopo vd depehivnon g mpog dapopeg TTvyés, o NFD pmopel va allomonbel wg pa
yoviun BAacn vy TV Topoy®yr] TPOCEYYICEMV TOL EAEYXOV PMOTEWVNG ONUATOOOTNONG OF
aoTIKd diKTVOo.

Ymv mapovoa oatpiPr], n évvola Tov NFD yia aotikd diktua ypnoyLonoteital e okomod )
BeAdtimon g KIvnNTIKOTNTAG GE KOPEGUEVES KUKAOPOPLOKEG GLVONKES LECH TNG EPAPLOYNG
™G ereyYopevNg 10600V, pe Paon pio KatdAAnAn amdn doun eAEyyov avadpaonc. Aldpopeg
OTPATNYIKES EAEYYOL €1GOO0V (OTMG EAEYYOG E1GOO0V GE [0 TEPIUETPO AELOTOIDVTOG TANPES
kot pewopévo NFD,  éleyyoc €1668600 TOAAOTADV OUOKEVIPOV TEPIUETPOV, TEPIUETPIKOG
EAEYY0G 10000V PEGH OMOUOKPUOUEVOV TUAMY 0VASPACTG) TPOTEIVOVTOL Kol OlEPELVOVTOL
0 PEOMOTIKGO GEVAPLOL TPOGOLOIMoNG 000 aoTiKdV dktowv (Xoavid, EAAGSa, kot Xav
®pavoioko, HITA) emtuoymdg. Zta mapadetyporo mov peAeTHOnNKav, n eEAeyYOUEVT €1G000C LE
avaTPOPOJOTNON 00N YEL OE OVOLUOTIKEG PEATIOCELS OTIC KOOLOTEPNOEIS KATA TNV OldpKeEL
7oL Ta10iov Kol avENGT TG CLVOAKNG PONG GTO OIKTLO.
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Chapter 1

If we knew what it was we were doing,
it would not be called research, would it?

Albert Einstein

1. Introduction

This first chapter introduces the reader to the problem under study. Section 1.1 presents the
problem statement of this work and Section 1.2 the thesis goals. In Section 1.3 an outline of
the document is provided. Finally, in Section 1.4 publications related to the research of this

thesis are presented.

1.1. Problem Statement

Traffic congestion in urban road networks is a persisting or even increasing problem of
modern society. Congestion can be reduced either by increasing road capacity (supply), or by
reducing traffic demand. On the supply side, the provision of new infrastructure is usually not
a feasible solution, hence it is necessary to focus on a better utilization of the existing
infrastructure (e.g. via traffic management), to mitigate congestion and improve urban
mobility. The field of urban traffic control (UTC) has been studied and developed in a variety
of ways during the past decades. In fact, the traffic flow conditions in large-scale urban
networks depend critically on the applied signal control strategies. However, as the debate
regarding urban mobility and the wish for a sustainable transport system indicate, the
negative effects of congested transport networks, such as excessive delays, environmental
impact and reduced safety, persist or even increase; hence, introducing improved traffic
signal control methods and techniques continues to be a vital issue.
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1.2 Objectives and Contributions

In particular, the development of practicable and efficient real-time signal control strategies
for urban road networks under saturated traffic conditions is a major challenge with
significant scientific and practical relevance. The scientific relevance stems from the recently
increased interest in the specific problem as well as recent, potentially valuable, models and
insights that may contribute to improved signal control methods. The practical relevance
stems from the congestion, degradation and gridlock problems encountered increasingly in
modern urban road networks that could benefit highly from improved signal control under
saturated traffic conditions.

Traffic signal control for urban road networks has been an area of intensive research efforts
for several decades, and various algorithms and tools have been developed, proposed or
implemented to increase the network traffic flow efficiency. However, most of these
strategies face limitations when it comes to saturated traffic conditions that are frequently
observed in modern metropolitan areas. Despite the continuous advances in the field of
traffic control under saturated conditions, novel and promising developments of simple
concepts in this area remains a significant objective, because some reported approaches that
are based on various meta-heuristic optimization algorithms, can hardly be used in a real-time
environment. In fact, a recent FHWA report (as cited in [36]) opined: “No current generally

available tool is adequate for optimizing [signal] timing in congested conditions”.

A practical traffic management tool, frequently employed against over-saturation of
significant or sensitive links, arteries or urban network parts, is gating or perimeter control.
The idea is to hold traffic back (via prolonged red phases at traffic signals) at the perimeter of
the zone (i.e. the protected network) or upstream of the links to be protected from over-
saturation, whereby the level or duration of gating may be pre-fixed or may depend on real-
time measurements from the protected links. The method is usually employed in an ad hoc
way (based on engineering judgment and manual fine-tuning) regarding the specific gating
policy and quantitative details, which may readily lead to insufficient or unnecessarily strong

gating actions.

1.2. Objectives and Contributions

In view of the aforementioned difficulties, this thesis proposes and investigates a generic
feedback-based gating concept which exploits the recently developed notion of network

fundamental diagram (NFD) to improve mobility in saturated traffic conditions.
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1.3 Thesis Outline

To this end, the following topics are addressed, which reflect the thesis’ main contributions:

A control-design model exploiting the NFD and an appropriate feedback-based gating
regulator was developed for the first time in the frame of the present thesis research.
A thorough study on NFDs derived with subsets of links in the network has been
carried out.

It is demonstrated that an efficient feedback-based gating is possible with much less
real-time measurements. This is a significant achievement that opens the way for real
implementations of the method due to the substantially reduced cost implied.

Given that in large metropolitan urban networks the congestion spreads mostly
heterogeneously over the network, in which case a homogenous gating strategy may
not be the optimal solution, in a cooperation with Prof. Nikolas Geroliminis and his
PhD student Mehmet Yildirimoglu at Ecole Polytechnique Fédérale de Lausanne
(EPFL), Switzerland, a multiple concentric boundary gating strategy is introduced
which implements the aforementioned feedback-based gating strategy, along with
considering the heterogeneity of a large-scale urban network.

Different methods for the flow splitting at the gated junction are proposed and applied
in the microscopic simulation environment.

When the gated link is not directly at the protected network (PN) perimeter, a travel
time is needed for gated vehicles to approach the PN. Thus, a robust feedback
controller, by considering this imposed time-delay on the system, is designed.

In the case of gating remote from PN, it is shown that the feedback gating works

properly with much longer time-steps.

1.3. Thesis Outline

The first introductory (current) chapter presents the motivation and the thesis goals and

contributions. The outline of the rest of the document is as following:

Chapter 2 delivers a preliminary discussion of congestion, its causes and resulting
infrastructure degradation, followed by an overview of studies on urban traffic control
(UTC) strategies and existing literature regarding various control algorithms. Later
on, a historical overview of macroscopic fundamental diagram (MFD) and some

recent studies on two-dimensional urban road networks and its application to UTC are
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1.3 Thesis Outline

presented. In this chapter, the general gating scheme and a background of this concept
is also discussed. In addition, some preliminaries of traffic signal operation are
presented. Finally, the investigated studies in this thesis are introduced.

In Chapter 3, at the beginning, AIMSUN simulator is briefly introduced. Moreover,
different simulation scenarios implemented as test-bed in this thesis are presented.
Chapter 4 starts with an introduction on Single-Input-Single-Output (SISO) Systems
and feedback controllers. Moreover, the system modeling for feedback design and the
controller design of the single and multiple perimeter control are presented. Next,
feedback controller design in presence of time-delay is proposed. Finally, the gating
action at the gated links is discussed in details.

Chapter 5 demonstrates the results of different control scenarios in this thesis. The
simulation results of single perimeter control (by exploiting complete and reduced
operational NFD), multiple boundaries gating control and gating remote from the PN
are presented, separately. At the end, the results of gating control with bigger control
steps in the case of remote gating junctions are illustrated and discussed.

Finally, Chapter 6 concludes this thesis and comments on further research.

1.4. Publications Related to Thesis

The work presented in this thesis resulted in several scientific publications listed as

follows:

Journals

Keyvan-Ekbatani, M., Kouvelas, A, Papamichail, 1. & Papageorgiou, M., 2012.
Exploiting the Fundamental Diagram of Urban Networks for Feedback-Based Gating,
Transportation Research Part B 46 (10), 1393-1403.

Keyvan-Ekbatani, M., Papageorgiou, M., Papamichail, I., 2013. Urban Congestion
Gating Control based on Reduced Operational Network Fundamental Diagrams.
Transportation Research Part C 33, 74-87.

Keyvan-Ekbatani, M., Yildirimoglu, M., Geroliminis, N., Papageorgiou, M., 2013.
Traffic Signal Perimeter Control with Multiple Boundaries for Large Urban Networks

(in preparation)
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1.4 Publications Related to Thesis

Keyvan-Ekbatani, M., Papageorgiou, M., 2013. Controller Design for Gating Control

in Presence of Time-Delay in Urban Road Networks (in preparation).

Conferences

Keyvan-Ekbatani, M., Kouvelas, A, Papamichail, 1. & Papageorgiou, M., 2012.
Congestion Control in Urban Networks via Feedback Gating, Procedia- Social and
Behavioral Sciences, 48, 1599-1610.

Keyvan-Ekbatani, M., Papageorgiou, M. & Papamichail, 1., 2013. Feedback Gating
Based on Sparse-Measurement Urban Network Fundamental Diagrams,
Transportation Research Board 92nd Annual Meeting Washington D.C, USA.
Keyvan-Ekbatani, M., Yildirimoglu, M., Geroliminis, N., Papageorgiou, M., 2013.
Traffic Signal Perimeter Control with Multiple Boundaries for Large Urban
Networks, IEEE ITSC 2013, Den Haag, the Netherlands.

Keyvan-Ekbatani, M., Papageorgiou, M., Papamichail, I., 2013. Perimeter Traffic
Control via Remote Feedback Gating, 16th Meeting of the EURO Working Group on

Transportation, Porto, Portugal.

Workshops

Keyvan-Ekbatani, M., Kouvelas, A, Papamichail, I. & Papageorgiou, M., Congestion
control in urban networks under saturated conditions via feedback gating. 4th
NEARCTIS Workshop, IFSTTAR, Lyon, France, June 10, 2011.

Keyvan-Ekbatani, M., Papageorgiou, M., Papamichail, I., Real-time Urban Traffic
Control under Saturated Conditions, NEARCTIS final event, Trinity College, Jun.
2013, Dublin, Ireland.
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Chapter 2

One faces the future with one’s past.

Pearl S. Buck

2. Background and Considerations

This chapter begins with an introduction of Urban Traffic Control (UTC). Then, the notion of
Network Fundamental Diagram (NFD) and its existing literature is discussed in section 2.2.
In Section 2.3, the control strategies which exploit the notion of NFD for UTC are presented.
Right after, the definition of gating and its general scheme is introduced in section 2.4. In
section 2.5, application of feedback controller for gating control strategy is discussed briefly.
In section 2.6, some preliminaries of traffic signal operation are presented. Finally, the

studied gating strategies in this thesis are introduced in section 2.7.

2.1. Urban Traffic Control (UTC)

Traffic congestion is a growing problem in most urban areas across the world. In recent
years, the problem has often been tackled by management of existing capacity rather than the
traditional concept of more road building. This requires efficient traffic management tools
and has led to widespread implementation of advanced traffic control systems. The objective
of UTC has traditionally been to implement signal timings that minimize the total vehicular
delay in the network.UTC systems constitute a scientific field with long-lasting and extensive
research and development activities. Many methodologies have been proposed so far, but
there is still space for new developments, particularly for saturated traffic conditions. SCOOT
(Split Cycle Offset Optimization Technique) [30], which is an adaptive system that responds

automatically to fluctuations in traffic flow, is the most common UTC system used in the
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2.2 Network Fundamental Diagram (NFD)

UK. In fact, widely used strategies like SCOOT and SCATS [39], although applicable to
large-scale networks, are deemed less efficient under saturated traffic conditions. On the
other hand, more advanced traffic-responsive strategies like OPAC [23], PRODYN [18], and
RHODES [44] use optimization algorithms with exponential increase of complexity, which
do not permit a straightforward central network-wide application. Thus, most available
strategies face limitations when it comes to saturated traffic conditions that are frequently
observed in modern metropolitan areas. [9] proposed a dynamic method to control an
oversaturated traffic signal network by utilizing a bang-bang like model for the oversaturated
intersections. A noteworthy and practicable attempt to address saturated traffic conditions
was the more recently developed signal control strategy TUC [15], see also [3]. Aboudolas et
al. [3] formulated the problem of network-wide signal control as a quadratic-programming
problem that aims at minimizing and balancing the link queues so as to minimize the risk of
queue spillback. Furthermore, a number of research approaches have been proposed, that
employ various computationally expensive numerical solution algorithms, including genetic
algorithms ([4]; [38]), multi-extended linear complementary programming [14], mixed-
integer linear programming ([37]; [6]) and ant colony optimisation [51]; however, in view of
the high computational requirements, the network-wide implementation of these

optimization-based approaches might face some difficulties in terms of real-time feasibility.

2.2. Network Fundamental Diagram (NFD)

In the past 40 years, various theories were proposed to describe vehicular traffic on an
aggregated level [26]. Recently, it was found that the notion of a fundamental diagram (e.g.
in the form of a flow-density curve, see Figure 2-1) can be applied (under certain conditions)
to two-dimensional urban road networks as well. In the two-dimensional fundamental
diagram (i.e. summation of weighted flow versus average density), as the accumulation or
density (k) is increasing (the network operates with free flow condition, shown by green), the
traffic flow increases up to the yellow region where capacity of the network is reached (see
Figure 2-1). Exceeding the range with critical density (i.e. yellow zone), the network starts
degrading and enters the over-saturated region indicated by the red rectangle. The aim of the
traffic experts is to maintain the overall traffic state, by applying various traffic management
tools (e.g. traffic signal optimization, gating, route guidance and etc.) in the yellow range and

to avoid spillover and gridlock creation (shown by dark red in which the flow is close to zero
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2.2 Network Fundamental Diagram (NFD)
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Figure 2-1 Network Fundamental Diagram (network total weighted flow vs. average
density)

in Figure 2-1). In this thesis, gating control is implemented as an efficient traffic management

tool to keep the traffic state in the yellow region.

In fact, a fundamental-diagram-like shape of measurement points was first presented in [21];
re-initiated later by Mahmassani et al. [42] and Daganzo [11], but also observed in a field
evaluation study by Dinopoulou et al. [16], see Fig. 6 therein. The concept is sometimes
called MFD (macroscopic fundamental diagram), but since the ordinary fundamental diagram
(for highways) is also macroscopic, we prefer to call it NFD (network fundamental diagram)
for better distinction. Recent studies on this notion can be found in [24] for simulation-based
experiments; [26] for real-data based investigations; [12], [19] and [29] for analytical

treatments.

The principle requirement for the well-defined NFD is the homogeneity of the area-wide
traffic conditions, which is not universally expected in the real world. Buisson and Ladier [8]
further investigated the NFD shape in heterogeneous environments. Based on the analyses,
carried out using a real data-set from Toulouse in France, they figured out that network types
and unusual events, such as incidents, have a strong impact on the NFD shape. In order to
further clarify the necessary condition for well-defined NFD, Mazloumian et al. [43] have
identified that the spatial distribution of link densities is the key factor for defining the NFD
shape. The findings suggest that NFD can be applied for unevenly congested network if the
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2.2 Network Fundamental Diagram (NFD)

network can be partitioned in homogeneous zones. Based on these finding, Ji and
Geroliminis [32] investigated the methodology of the network partitioning into compact
shape zones, where well-defined NFD was expected and perimeter control can be applied
based on the NFD concept.

Although the exact NFD curve may depend on the origin-destination demand [31], it may be
quite stable from day to day, particularly if the traffic load is homogeneously distributed in
network links [27]. In simulated environments, where different signal control strategies are
tested, this homogeneity condition may call for activation of a dynamic traffic assignment
device to reduce possible transient phenomena, such as a hysteresis between network filling
and emptying data ([3]; [27]). Mahmassani and Peeta [41] compared network performance
under user equilibrium (UE) and system optimal (SO) dynamic assignments. They
investigated a hysteresis pattern, in the average network density and average network speed
relationship by using simulation data for a network that included both freeways and urban
street arterials. They found that for the same value of the average network density, the
average network speed is lower during the recovery period compared to the loading period.
Recent studies ([53], [25]) found that if traffic is distributed heterogeneously in a network, for
the same value of average network density, the average network flow is higher during the

loading period compared to the recovery period.

A network fundamental diagram may be an ideal NFD, if based on exact knowledge of the
displayed quantities (this is practically only possible in analytic or simulation-based studies)
for all links ze z, where Zis the set of all network links; or an operational NFD, if based on
available (more or less accurate) measurements and estimates at a subset M of all links, i.e. M
c 7 ; an operational NFD is called complete, if the measurements cover all network links, i.e.

if M=27.

The operational NFD’s y-axis reflects the Total Travelled Distance (TTD in veh-km per h),
while the x-axis reflects the Total Time Spent (TTS in veh:h per h) by all vehicles in the PN.

TTD and TTS are obtained from the loop measurements via the following equations:

TTS(k):%%:%NZ(k):N(k) (2-1)
TTD(k):%%:%qz(k)-Lz (2-2)
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2.2 Network Fundamental Diagram (NFD)

where z is the link where a measurement is collected; M is the set of measurement links, here
M=2;k=0,1,2,..is adiscrete time index reflecting corresponding cycles; T is the cycle
time; g, is the measured flow in the link z during cycle k; L, is the length of link z; and
Nz(k) is the estimated number of vehicles in link z during cycle k, which is derived from

measured occupancy measurements via the following equation

N, (k)=L, -168/1-02(k—1) (2-3)

where o, is the measured time-occupancy (in %) in link z during cycle k; 1, is the number

of lanes of link z; and A is the average vehicle length. Eqg. (2-3) is reasonably accurate,
particularly if the detector is located around the middle of the link [46]. According to the
derivations in eq. (2-1) and (2-2), TTS equals the number of vehicles in all PN links equipped

with detectors; while TTD is a length-weighted sum of the corresponding network link flows.

2.3. Exploiting the NFD for UTC

The NFD concept for urban road networks has been an issue of intensive investigations
recently; indeed, the conditions under which it appears, the stability of its shape under
different O-D patterns or at different peak periods or days-of-the-week, the impact of
different signal control strategies, the possible hysteresis between the network filling and
emptying phases, are still under the loop of ongoing analytical or empirical investigations and
research. Nevertheless, based on what is known or observed in data, it is not too early for the

NFD concept to be considered as a basis for the derivation of traffic control strategies.

Daganzo [11] used the NFD concept to propose a control rule that maximizes the network
outflow; however, as discussed later, that rule cannot be directly employed for practical use
in urban networks. Based on the NFD, Zhang et al. [61] developed a Bang-Bang control
strategy to optimize the accumulated vehicular number. Other works ([28]; [55]) pursued a
model-predictive control (MPC) approach. However, MPC calls for sufficiently accurate
model and external disturbance predictions, which may be a serious impediment for
practicable control. In fact, Geroliminis et al. [28] tested the MPC concept only on the basis
of the same simple model used within the optimal control problem; while Strating [55] used
detailed microscopic simulation, but reported a failure to produce sensible control results. Lia

et al. [35] introduced a fixed-time signal timing perimeter control by exploiting the NFD,
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2.4 Gating Control

albeit without adaptation to the prevailing real-time traffic conditions. Aboudolas and
Geroliminis [2] applied a feedback approach for application to multiple sub-networks with
separate individual NFDs in a heterogeneous urban network. However, the boundaries of sub-
networks are static and congestion propagation might violate the homogeneity of regions.
Zheng et al. [62] introduced a three-dimensional NFD relating the accumulation of cars and
buses with the total circulating flow in the network. They addressed that this finding may be
applied for a perimeter flow control concept which maximizes the network capacity of
vehicles or the passenger capacity in bi-modal urban networks. However, the concept of 3D-
NFD might not be applicable in the case of real data. The interactions between the different
bus lines and the surface traffic, increased dwell times due to various reasons (e.g. high
number of passengers in some bus-stops) and generally additional imposed delay on the
system may be such that a well-shaped NFD would not be possible to derive. Aboudolas et
al. [1] proposed a proportional controller for a perimeter control strategy by exploiting the
3D-NFD concept. This control strategy might be beneficial by combining the 3D-NFD with
idea of reduced NFD (i.e. few real-time measurements) which will be discussed in Chapter 5,
thoroughly.

2.4. Gating Control

A practical tool, frequently employed against over-saturation of significant or sensitive links,
arteries or urban network parts, is gating ([60]; [7]; [40]). The idea is to hold traffic back (via
prolonged red phases at traffic signals) upstream of the links to be protected from over-
saturation, whereby the level or duration of gating may depend on real-time measurements
from the protected links. The method is usually employed in an ad hoc way (based on
engineering judgment and manual fine-tuning) regarding the specific gating policy and
quantitative details, which may readily lead to insufficient or unnecessarily strong gating

actions.

The objective of this thesis is to mitigate urban traffic congestion via gating, by exploiting the
notion of the network fundamental diagram (NFD) for an urban network part that needs to be

protected from the detrimental effects of over-saturation.
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2.4 Gating Control
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Figure 2-2 General scheme of the protected network and gating

2.4.1. General Scheme

To gate the traffic flow (usually during the peak periods) in an urban network, the area to be
protected from possible congestion and the locations where gating queues will be created,
must be defined. The general scheme of gating, including the protected network (PN), is
sketched in Figure 2-2 To implement gating, the usual traffic lights settings must be modified
at (one or more) upstream junctions, which may be located more or less closely to the
problematic area. In Figure 2-2, the double line indicates the gating location, upstream of

which vehicle queues may grow temporarily faster than without gating; g, is the gated flow, a
part of which (g, ) may not be bound for the protected network (PN); while g, is the part of
the gated flow that enters the protected network; q, represents other (non-gated or internal)
inflows to the PN (disturbances); finally g, and N stand for the PN exit flow (both internal

and external) and the number of vehicles included in the PN, respectively.

If N is allowed to grow beyond certain limits (i.e. the yellow zone (capacity) in Figure 2-1)

the PN exit flow q,, decreases (entering the red zone in NFD shown in Figure 2-1) due to

link queue spillovers and gridlock. To avoid this PN degradation, gating should reduce the

PN inflow ¢, appropriately, so as to maximize the PN throughput (by maintaining the traffic

state in the capacity level shown by yellow in Figure 2-1). This may incur some temporary
vehicle delays in the queues of the gated junctions, which, however, may be eventually offset

(at least for the g, portion of the gated flow) thanks to the higher PN exit flow enabled by
gating; on the other hand, the flow g, will experience gating delays without any direct
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2.5 Applying Feedback Controller for Gating Purpose

reward; these delays will be generally smaller if the gating junction is closer (or attached) to

PN, due to accordingly smaller (or zero) flows q,. Overall, gating will be beneficial if the
saved delays in the PN are higher than the unnecessary delays incurred to the g, portion of

the gated flow. In some situations, e.g. when major problems in PN causes congestion to
spread rapidly to adjoining areas, the use of gating could provide even higher benefits to the

overall network.

2.5. Applying Feedback Controller for Gating Purpose

Field implementations call for simple and efficient systems that would expedite their
application. Thus, in this PhD thesis, a simple feedback controller has been applied for the
gating strategy by exploiting the notion of NFD and has been tested in different scenarios
(will be discussed in Chapter 3) for various studies (see section 2.7), successfully. As

demonstrated in Figure 2-3, the real-time measurement is fed into the controller and by

defining a pre-specified reference value TTS (i.e. a value inside the range of the critical

range of NFD, see the yellow zone in Figure 2-1) for the controller, the TTS or N in PN is

kept close to the TTS . More specifically, the feedback controller tries to regulate the number
of vehicles in PN close to the reference value, according to the real-time traffic state in PN

(TTS), by ordering flow q, at the gated links. Further details regarding the implemented

model, controller type and the designing procedure of the controller will be discussed in
chapter 4.

2.6. Basics in Traffic Signal Operations

Signalized intersections play a critical role in the safe and efficient movement of vehicular
and pedestrian traffic. The objective of traffic signal timing is to assign the right-of-way to
alternating traffic movements in such a manner to minimize the average delay to any group of
vehicles or pedestrians and reduce the probability of crash producing conflicts. This section
describes the controller settings that define the operation of the signal when it is part of a

signal system. The settings addressed include cycle length, offset, and phase sequence [52].
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Figure 2-3 Feedback-based gating scheme

2.6.1. Phase

A phase is the part of the cycle assigned to a fixed set of traffic movements. As demonstrated
in Figure 2-3, an intersection may have simply two phases or more. Phase and stage are the
American and the British term utilized in traffic engineering, respectively.

2.6.2. Cycle Length

Cycle length is defined as the total time to complete one sequence of signalization to all
movements at an intersection (see Figure 2-4). For an intersection with coordinated-actuated
control, the cycle length is most easily measured as the time between two successive
terminations of a given coordinated phase. For an intersection with pre-timed control, the
cycle length is measured as the time between two successive starts (or terminations) of any
given phase. Signals that are part of a signal system typically have the same system cycle
length. However, some lower-volume signalized intersections may operate at a cycle length
that is one-half the system value. The optimum cycle length for a given signal system will
depend on its traffic volume, speed, intersection capacity, intersection phase sequence, and
segment length. Analytic techniques that consider all of these factors typically reveal that the
optimal cycle length for minor arterial streets and grid networks is in the range of 60 to 120 s.
This range increases to 90 to 150 s for major arterial streets.

2.6.3. Offset

The offset for a signalized intersection is defined as the time difference between the
intersection reference point and that of the system master. The intersection reference point is
typically specified to occur at the planned start (or end) of the green interval for the first

coordinated phase.
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Figure 2-4 Two-phase (left) and three-phase (right) signal operation

The objective in selecting an offset for an under-saturated intersection is to provide a timely
green indication for the platoon associated with the progressed movement. If there are queued
vehicles in the lanes serving the progressed movement at the onset of green, then the offset
should be set such that the green interval starts before the progressed movement arrives by an

amount that is sufficient for the initial queue to clear before the platoon arrives.

The objective in selecting an offset for an over-saturated intersection is to minimize the
adverse effect of bay overflow and spillback. In fact, other signal timing and capacity
improvements are more effective than offset at achieving this goal. Regardless, an offset that
facilitates throughput (i.e., progression away from the over-saturated intersection) should be

sought when over-saturations are present.

2.6.4. Under-Saturated vs. Over-Saturated Conditions

The determination of which saturation category best describes a given traffic period is based
on whether a queue is present at the end of the phase (i.e., an overflow queue). A signal phase
that has a recurring overflow queue during the traffic period is referred to as oversaturated;
otherwise, it is referred to as under-saturated. Similarly, an intersection that has a recurring
overflow queue for all signal phases during the traffic period is referred to as over-saturated,

otherwise, it is referred to as under-saturated.
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2.7 Different Gating strategies Studied in this Dissertation

2.6.5. Yellow Change and Red Clearance Interval

The yellow change interval is intended to alert a driver to the impending presentation of a red
indication. This interval should have a duration in the range of 3t0 6 s.

The red clearance interval is optional. If not used, its value is 0 s. Non-zero values are used to
allow a brief period of time to elapse following the yellow indication and during which the
signal heads associated with the ending phase and all conflicting phases display a red

indication.

2.7. Different Gating strategies Studied in this Dissertation

As addressed earlier, this thesis exploits the notion of the NFD for efficient feedback-based
gating strategies (or gating scenarios). The proposed gating scenarios are studied in the

following order in this thesis:

e Study 1: Single boundary gating control by exploiting complete operational NFD of
PN (i.e. all measurements in PN).

e Study 2: Single perimeter gating control by applying reduced operational NFD of PN
(i.e. few measurements in PN).

e Study 3: Multiple concentric boundaries gating control; the simulation-based results of
this gating scenario are compared with the single-boundary gating results. Moreover a
new flow distribution algorithm is implemented at the gated links.

e Study 4: Gating control remote form the PN (introducing feedback controller by
considering time-delay term).

e Study 5: Remote gating control of PN (by increasing control step without considering

time-delay term in the action of the controller).

The simulation scenarios which each of the aforementioned gating strategies are studies
on, the methodological details and the results of these studies are presented in

Chapters 3, 4 and 5, respectively.
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Chapter 3

The question is not what you look at, but what you see.

Henry David Thoreau, writer

3. Study Environment

In this chapter, the microscopic simulator AIMSUN used for the simulation experiments is
presented in section 3.1. Right after, a short description of the studied urban road network of
the city of Chania, in Greece and San Francisco, USA, is provided. Finally, the simulation
scenarios implemented in this thesis along with the modeling characteristics and the

simulation features applied are introduced.

3.1. Microscopic Simulator AIMSUN

This section provides a short introduction to the commercial microscopic traffic simulator
AIMSUN (TSS, 2008). AIMSUN is an extensible environment that offers, in a single
application, all the tools needed by transportation professionals. The reader is referenced
to [56] for details. In general, microscopic modeling of traffic flow considers the movement

of individual vehicles in dependence of the movement of adjacent vehicles.

Most micro-simulation models use various algorithms and driver behavior models to simulate
the movement of individual vehicles within a network. Each vehicle that enters the network is
assigned a vehicle type (auto, truck, bus, etc.) and corresponding vehicle performance
characteristics (acceleration, deceleration, speed, and turning characteristics). It is also
assigned one of ten driver characteristics (ranging from aggressive to cautious), giving each

vehicle a unique and realistic performance profile that it maintains while traveling through
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3.1 Microscopic Simulator AIMSUN

the network. The position and speed of each vehicle on the network is updated once per
simulation step based on its own performance and driver characteristics, the actions of
vehicles around it, roadway properties, and traffic control devices. Thus, the interaction of
vehicle to vehicle, vehicle to road, and vehicle to control devices are modeled accurately for
each simulation. Default vehicle and driver characteristics can also be modified to better

reflect actual traffic conditions for a given scenario.

Once a vehicle is assigned performance and driver characteristics, its movement through the
network is determined by three primary algorithms: (a) car following algorithm, (b) lane
changing algorithm and (c) gap acceptance algorithm. There are other algorithms which
influence vehicle behavior too, such as those which govern queue discharge and traffic signal
control, but these three are perhaps the most important and are common to all traffic

simulation models.

AIMSUN (Advanced Interactive Micro-Simulation for Urban and non-urban Networks) is a
full function microscopic simulation tool with a broad range of simulation capabilities. It can
simulate surface street networks, motorways, interchanges, weaving sections, pre-timed and
actuated signals, stop controlled intersections, and roundabouts. It also includes features
about full trip distribution capabilities, dynamic traffic assignment, real-time vehicle
guidance, and 3-D animations. AIMSUN is used in conjunction with the traffic network
graphical editor (TEDI) and is part of the Generic Environment for Traffic Analysis and

Modeling (GETRAM) open simulation environment.

Vehicle attributes such as length, width, maximum speed, and normal and maximum
acceleration are assigned when a vehicle enters the network. Users can select from a wide
variety of vehicle types, and within each type there will be some variation in these parameters
based on statistical distributions. Within the vehicle stream there is variation of driver
performance characteristics, such as desired minimum headway, turning speed and speed
acceptance (obedience to the speed limit). AIMSUN establishes mean driver performance
values and varies driver behavior for each vehicle about the mean (within specified minimum

and maximum values).
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Figure 3-1 Schema of AIMSUN API module

3.1.1. Introduction to AIMSUN API

The AIMSUN API (Application Programming Interface) module extends the functions of
AIMSUN environment including user defined applications which can exchange information
and/or modify its state dynamically, with the AIMSUN module.

The AIMSUN API module is placed, in the functional point of view, between the AIMSUN
simulation model and the external application (e.g. Traffic control strategies) defined by the
user (see Figure 3-1). Considering that, there are two types of communication processes: on
one side there is a communication process between the AIMSUN and the AIMSUN API
module and on the other side between the AIMSUN API module and the external application.
The communication process between AIMSUN API module and the AIMSUN simulation
model is provided by the AIMSUN environment, but the communication between the
AIMSUN API module and the External Application has to be implemented by the user,
depending on the requirements of the external application.

In this thesis, as demonstrated in Figure 3-1, the API is applied for implementation of the
control algorithm and emulation of real-time control system where AIMSUN delivers

emulated measurements to the API and receives real-time decisions accordingly.
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3.2 Implemented Urban Networks in this Thesis

Figure 3-2 Satellite view of Chania urban network and the territory modeled in
AIMSUN (shown by green and green + orange)

3.2. Implemented Urban Networks in this Thesis

The proposed gating control strategies in this PhD dissertation (introduced in Chapter 2) are

studied on the following networks modeled in AIMSUN:

e A grater part of the Chania, Greece, urban road network (i.e. within the green line
shown in Figure 3-2.

e An extended version of the above network which includes also the links shown by the
orange line in Figure 3-2.

e The congested part of the downtown San Francisco, USA, indicated by the green line
in Figure 3-3.

3.3. Urban Network of Chania, Greece

Chania, located at the north-western part of Crete, Greece, is the capital of the prefecture of
Chania and covers 12.5km? Chania is the second biggest prefecture of Crete in size,
population and development. It has a population of over 60.000 residents and is built over the
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3.3 Urban Network of Chania, Greece

ruins of the ancient city of Kydonia. Figure 3-2 exhibits a satellite view of the trial Chania
urban road network which consists of 27 and 29 signalized junctions for the green-colored
and (green + orange)-colored networks, respectively. Many links in that network consist of
only one lane, which means that unexpected events (accidents, double-parking, etc.) may
block the link and therefore deteriorate the traffic conditions, even if their duration is only a

few minutes.

Moreover, congestion problems are not limited in the streets with the unexpected events but
they are propagated to many other streets and may sometimes lead to partial gridlock
situations. Thus, the implemented control strategy should be able to deal with those problems.
During the morning and evening hours there is a frequent bus service in almost every part of
the network. Pedestrian movements are not a problem in the network and there is no reason
for a special treatment. Public transport priority is not a subject in Chania, so it is not

implemented in the experiments.

Congestion problems are encountered every day especially in the central and the northern
part of the network for about one to two hours in the morning and evening. In most traffic
arterials of the city there is heavy congestion 19:00-21:30 on Tuesday, Thursday and Friday
evening, because of the shopping center. Another reason for the congestion is the high
frequency of buses, which embark and disembark people at stops frequently blocking one
direction of the street. Other reasons are the lower capacity due to illegal parking on the main

streets and the high usage of vehicles by the residents of the city.

Heavy congestion problems are emerging on the entire network during the rainy days when
there is an excessive inner and outer demand, usually a demand that cannot be sustained by
the network’s infrastructure. Heavy congestion problems are emerging, also, during the
tourist summer season. The heavily loaded urban network of the city is further loaded by
additional private cars and motorbikes, rented cars and bikes, tourist buses, and by the
increased movement of taxis. The aforementioned problems are encountered every day
except Sunday and some rare occasions such as off-days. The city of Chania suffers from
traffic congestion, lack of parking supply and traffic-generated pollution of the natural and

built environment.
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3.4 Urban Network of San Francisco, USA

L-O0QICkeart

Figure 3-3 Satellite view of San Francisco urban network and the territory
modeled in AIMSUN (shown by green)

3.4. Urban Network of San Francisco, USA

San Francisco, officially the city and county of San Francisco, is the leading financial and
cultural center of Northern California and the San Francisco Bay Area. In Figure 3-3, a
satellite view of the downtown of San Francisco and the under study district, marked by

green line is shown.

The only consolidated city-county in California, San Francisco, encompasses a land area of
about 46.9 square miles (121 km?) on the northern end of the San Francisco Peninsula, giving
it a density of about 17,620 people per square mile (6,803 people per km?). It is the most
densely settled large city in the state of California and the second-most densely populated
major city in the United States after New York City. San Francisco is the fourth most
populous city in California, after Los Angeles, San Diego and San Jose, and the 14th most
populous city in the United States with an estimated population of 825,863 in 2012. The city
is also the financial and cultural hub of the larger San Jose-San Francisco-Oakland

metropolitan area, with a population of 8.4 million.
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3.5 Applied AIMSUN Scenarios
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Figure 3-4 Chania urban network modelled in AIMSUN with gating position at the
border of PN

The city suffers from congestion during the peak period, despite of implementation of various

control strategies, due to the high number of trip attractions and productions in the

downtown. Thus, employing this network (modeled in a simulator) sounds appealing for

investigating novel traffic control strategies like gating.

3.5. Applied AIMSUN Scenarios

Four different simulation scenarios are used for investigating the different gating strategies

introduced in Chapter 2:

Scenario 1: The region indicated by green in Figure 3-2, is modeled in AIMSUN (see
Figure 3-4). The central business district (CBD) of the Chania urban road network,
where the congestion usually starts during the peak period, is considered as the
protected network. Eight gating links are specified exactly at the border of the
protected network, according to Figure 3-4. The PN is separated from the rest of the
network by the red border in Figure 3-4. The total network includes 27 signalized
junctions (indicated in Figure 3-4 by dark pink squares); while the protected network
(PN) includes 19 signalized junctions, consists of 165 links and is separated from the
rest of the network by the red border in Figure 3-4. Eight gated junctions are indicated
with corresponding big arrows. In the middle of every link inside the red border line,
a loop detector has been installed, and the related measurements are collected at every
cycle (in this case 90 s). The gating links have been chosen to provide sufficient space

for vehicle queuing, so that further upstream junctions are not significantly
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3.5 Applied AIMSUN Scenarios

obstructed. As indicated with small circled links in Figure 3-4, multiple origins and
destinations are introduced at the network boundaries, but also at internal network
locations, including the PN area. These origins and destinations (O-D) account for
various corresponding in- and outflows, including on-street and off-street parking
arrivals and departures, that may partially affect the PN area. The introduced O-D
flows are realistic (based on real measurements) but not exact (particularly with

regard to the used O-D rates).

When running the simulation with an O/D Matrix, a route choice system distributes
the vehicles over the different paths from each origin to each destination. The
distribution per path can depend on the cost of each link that composes the path. The
cost of each link depends on the cost function associated to it. The default cost
function in AIMSUN is travel time (selected also in this dissertation), but other cost
functions for specific situations like tolls or, for instance, cost functions that take into
account other factors like the psychological weight of low speeds can be selected. A
time step of 30s is chosen as the route choice period in this study. This means that the
route choice distribution is updated every 30s while AIMSUN is running. In this
work, the tool’s embedded real-time dynamic traffic assignment (routing) option is
activated, as this is deemed to lead to a more realistic distribution of the demand
within the network. AIMSUN is embedded with several different route choice
models. Logit type models are among the most popular route choice models. Based on
discrete choice theory, Logit models assign a probability to each alternative path
between each origin-destination. In this study, C-Logit model [5] is chosen which is
able to take the network topology into account and allows for alternative routes with
little overlapping. In particular, if gating measures create long queues and delays at
the gated links, alternative routes (if available) may be selected by the drivers towards
their respective destinations; clearly, this reflects the medium-term routing behavior
of drivers to any introduced gating measures. Note also that this diversion may
jeopardize to some extent the intended gating impact if drivers divert and enter the PN
via non-gated links; therefore, the choice of gating links should also consider the
availability and potential attractiveness of alternative routes that bypass the gating

location. For study 1, this simulation scenario is implemented.
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3.5 Applied AIMSUN Scenarios

Scenario 2: This scenario is a modified version of Scenario 1. More specifically, in
this scenario two types of streets have been specified for the PN in AIMSUN. The
main (typically signal-controlled) streets feature a maximum speed of 50 km/h while
the secondary (typically non-controlled) streets have a maximum speed of 25 km/h
within AIMSUN. This accounts, among others, for a more realistic dynamic routing
of vehicles. Note that this street distinction is not present in scenario 1. In addition,
the O-D demand in the present scenario was reduced, compared to the scenario 1, to
account for the aggravated congestion resulting due to the introduced street classes; in
fact, the resulting highest level of congestion (without gating) is lower in this scenario
compared to the previous one. It should be noted that the utilized 4-hour O-D demand
scenarios in scenarios create simulated traffic conditions that are roughly similar to
the real traffic conditions, but without any claim or attempt for quantitatively accurate
reproduction of the real conditions. This scenario is used as the test-bed for study 2. It
should be noted that in both scenario 1 and scenario 2, one PN is defined and is

prevented from oversaturation by a single-boundary gating strategy.

Scenario 3: A part of the downtown San Francisco urban road network (shown
previously in Figure 3-3 by green line) is modeled in the AIMSUN microscopic
simulation environment, according to Figure 3-5. In a large-scale urban network like
Figure 3-5, due the significant existing heterogeneous traffic condition, considering a
single-boundary gating strategy (as for scenario 1 and scenario 2) may not lead to an
optimal gating action. Thus, partitioning the network and defining multiple PNs might
improve the gating performance over a single-boundary gating strategy. To
investigate the gating strategy introduced in study 3 (see section 2.7), this simulation
scenario is applied. In this scenario, two concentric PNs (PN; shown by red bold line
in Figure 3-6 and PN, shown by dark pink line in Figure 3-5) are specified as the
regions which should be protected by gating control. The region where the congestion
usually starts during the peak period is considered as the first protected network. PN;
consists of 119 links and 34 signalized junctions while 9 gated junctions are indicated
by big black arrows. The dark pink line, together with left and right edges of the red
bold rectangle (at the border of the entire network), in Figure 3-5 indicate the bigger
PN (PN_). PN, includes 317 links and 15 outer gating positions (all 11 intersections
on the pink border and 4th, 5th, 6th and 7th intersection on the red border) out of the
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3.5 Applied AIMSUN Scenarios

Figure 3-5 San Francisco urban network modeled in AIMSUN

82 controlled junctions. The approach presented in this part of the study includes two
feedback controllers; the first one is associated with PN; and regulates the inflows
through 9 intersections on the red border; the second one is related to PN2 and
controls the entering flows of 11 intersections on the pink border (PN2\PN;). An
emulated mid-block loop detector is installed in every link inside the PN, and the
relevant measurements are collected every 60 s, which is the shortest cycle of the
traffic lights inside the whole network. The gating positions are chosen so as to
provide enough queuing space and have minimum impact on the traffic flow of

further upstream junctions.

For a realistic distribution of the demand in the network, the tool’s embedded real-
time dynamic traffic assignment (DTA) option is activated during the AIMSUN
simulation runs. A route choice period of 300s is considered for the simulations in this
work. The utilized 5-hour O-D demand scenario creates simulated traffic conditions
that are comparable to the real traffic conditions, without claiming any quantitatively

accurate reproduction of the real conditions.
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®

Figure 3-6 Extended Chania urban network modelled in AIMSUN with gating
position further upstream of PN

e Scenario 4: In this scenario, the simulated Chania urban network is extended at the
southern part of the network (see the orange lines in Figure 3-2), as shown in
Figure 3-6. The region where the major peak-period congestion is typically
encountered is again considered as the PN (specified by red bold line in Figure 3-6).
Seven gated links are indicated by arrows in Figure 3-6, three of them located at the
border of the protected network (i.e. gated junctions 4, 6 and 7); and the four other
located further upstream of the PN (i.e. junctions 1, 2, 3 and 5). It should be noted that
this scenario includes all simulation features defined in scenario 2. The introduced O-
D flows are realistic (based on real measurements) but not identical with O-D flows in

scenario 1 and scenario 2. This scenario is used as a test-bed for study 4 and study 5.
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Chapter 4

It is the theory that decides what can be observed.

Albert Einstein

4. Modeling/Controller Design

Gating may be enabled via very simple, but highly efficient and robust feedback regulators
that are well-known in Control Engineering. The regulators are strictly based on real-time
measurements, without any need for online model or demand predictions. On the other hand,
for a proper choice of the feedback structure (among several offered in classical feedback
theory), it is essential to know the basic dynamics of the process under control, and this task

is indeed rendered quite simple and easy when using the notion of the NFD.

In this chapter, a brief introduction to automatic system control, Single-Input-Single-Output
(SI1SO) Systems, modeling and a procedure to design a proper Pl feedback regulator for
gating purpose are presented. Moreover, the gating action at the gated junctions is explained
in details.

4.1. Introduction

Control systems are an integral part of everyday life in today’s society. They control our
appliances, our entertainment centers, our cars, and our office environments; they control our
industrial processes and our transportation systems; they control our exploration of land, sea,
air, and space.

In most modern engineering systems, there is a need to control the evolution with time of one

or more of the system variables. Controllers are required to ensure satisfactory transient and
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Figure 4-1 Basic elements of an automatic control system
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steady-state behavior for these engineering systems. To guarantee satisfactory performance in
the presence of disturbances and model uncertainty, most controllers in use today employ
some form of negative feedback. A sensor is needed to measure the controlled variable and
compare its behavior to a reference signal. Control action is based on an error signal defined
as the difference between the reference and the actual values.

The controller that manipulates the error signal to determine the desired control action has
classically been an analog system, which includes electrical, fluid, pneumatic, or mechanical
components. These systems all have analog inputs and outputs (i.e. their input and output
signals are defined over a continuous time interval and have values that are defined over a
continuous range of amplitudes). In the past few decades, analog controllers have often been
replaced by digital controllers whose inputs and outputs are defined at discrete time instances.
In most engineering applications, it is necessary to control a physical system or plant (e.g.
traffic system) so that it behaves according to given design specifications. Typically, the plant
is analog, the control is piecewise constant, and the control action is updated periodically
(e.g. every traffic cycle etc.). This arrangement results in an overall system that is
conveniently described by a discrete-time model. A discrete-time system processes a given
input sequence x[k] to generate an output sequence y[k] (where k is integer) with more
desirable properties.

Automatic Control comprises those theoretical methods and practical procedures that enable
the development of technical systems capable of accomplishing autonomously certain pre-

specified tasks. Figure 4-1 illustrates the basic elements of an automatic control system. The
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process (e.g. traffic flow in an urban network) includes all technical or physical phenomena

that should be influenced according to specific goals.

Input values (e.g. the traffic lights, the variable message signs, etc.) may be selected from an
admissible control region. The disturbance values cannot be manipulated but may possibly be
directly measurable via appropriate devices (e.g. traffic demand), or may be estimated or
predicted via appropriate algorithms (e.g. traffic demand, origin-destination pattern, etc.). The
process outputs are the quantities chosen to represent the behavioral aspects of interest (e.g.
the outputs of urban traffic may be the total travel time, the queue lengths, etc.). The data
processing block in Figure 4-1 comprises the estimation and/or prediction tasks, based on

real-time measurements of internal process quantities or disturbances.

The task of the control strategy is to specify in real time the process inputs, based on
available measurements/estimations/predictions, so as to achieve the pre-specified goals

regarding the process outputs, despite the influence of various disturbances.

The control system, shown in Figure 4-1, is characterized by a closed-loop structure; whereby
the calculation of inputs is effectuated on the basis of measurements of process-internal
quantities, which, by their turn, are influenced by the inputs.

4.2. Regulators

Automatic Control theory offers a number of methods and theoretical results for designing a
regulator in a systematic and efficient way. A necessary condition for application of the
Automatic Control theory to a particular process control problem is the availability of a
mathematical model capable of describing the basic process behavior [17]. In fact, the model
to be used for regulator design (the design model), may be quite simple if it includes the
major aspects of the process behavior and if the designed regulator is sufficiently robust.
Most regulators resulting from application of Automatic Control methods are very simple, as
they consist of one single equation, but their efficiency and reliability are usually much
higher than those of human regulators. It is important to note, that when designing a
regulator, the mathematical process model is only used off-line, i.e. the online application

does not include any model equations.

In control engineering, a SISO system is a simple control system with one input and one
output. SISO systems are typically less complex than Multiple-Input-Multiple-Output
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systems (MIMO). MIMO systems have too many interactions for most of us to trace through
them quickly, thoroughly and effectively in our heads. The design methods for linear MIMO
regulators are more difficult and advanced. Such methods are the Linear-Quadratic (LQ)
optimization, pole assignment methods, decentralized control, hierarchical control, etc.
Particular attention should be paid to the robustness properties of the designed regulators, via
recently developed powerful methods and tools. Further methods for particular classes of
regulators are available within Automatic Control theory, like, for example, nonlinear
regulators (for nonlinear processes) and adaptive regulators, whereby the regulator
parameters are adjusted automatically in real-time by suitable mechanisms, in order to

account for process uncertainties or for time-varying process behavior,

Frequency domain techniques for analysis and controller design dominate SISO control
system theory. Bode plot, Nyquist stability criterion, Nichols plot, and root locus are the
usual tools for SISO system analysis [17]. To name just two more popular, controllers can be
designed through the polynomial design, root locus design methods. Often SISO controllers
will be Proportional-Integral (PI), Proportional-Integral-Derivative (PID) or lead-lag. In a
SISO control system (e.g. P1 feedback control), the control goal is to maintain the process

value close to a pre-specified value (i.e. reference or set value).

4.3. Feedback Control

The development of feedback control methodologies has had a tremendous impact in many
different fields of the engineering. Besides, nowadays the availability of control system
components at a lower cost has favored the increase of the applications of the feedback
principle (for example in consumer electronics products). As addressed earlier, feedback
control is actually essential to keep the process variable close to the desired value in spite of

disturbances and variations of the process dynamics.

The typical feedback control system is presented in Figure 4-2. Actuator is the device that can
influence the controlled variable of the process [20]. In this thesis, traffic lights and TTS in
PN are the actuator and the control variable, respectively. The control variable (TTS) is
indirectly influenced by the traffic lights. In other words, traffic lights influence the inflow to
PN and consequently the TTS (estimated number of vehicles in PN) is also affected by the

traffic lights. The sensor (i.e. detectors in traffic control) measures the control variable, where
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Figure 4-2 Typical components of a feedback control loop

in the case of urban traffic control, since TTS is not measureable (estimated from eq. 2-1) the

occupancy is measured by the detectors.

Obviously, the overall control system performance depends on the proper choice of each
component. From the purposes of controller design, the actuator and sensor dynamics are
often neglected (although the saturation limits of the actuator have to be taken into account).
The block diagram of a feedback control loop is displayed in Figure 4-3, where P is the
process, C is the controller, r is the reference signal (or set-value), e = r —y, is the control
error, y, is y+n, u is the manipulated (control) variable, y is the process (controlled) variable,

d is a load disturbance signal and n is a measurement noise signal.

4.4. On-Off or Bang-Bang Controller

One of the most adopted (and one of the simplest) controllers is undoubtedly the On-Off
controller, where the control variable can assume just two values, Umax and umin, depending on

the control error sign. Formally, the control law is defined as follows:

d
r e u
_=(“} > C > > P >V
P

Figure 4-3 Schematic block diagram of a feedback control loop
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U If €20

u= (4-1)
u. if e<0

min

i.e., the control variable is set to its maximum value when the control error is positive and to
its minimum value when the control error is negative. Generally, uyir = 0 (off) is selected and
the controller is usually implemented by means of a relay. The main disadvantage of the On—
Off controller is that a persistent oscillation of the process variable (around the set-point

value) occurs.

Actually, in practical cases, the On-Off controller characteristic is modified by inserting a
dead zone (this results in a three-state controller) or hysteresis in order to cope with
measurement noise and to limit the wear and tear of the actuating device. The typical
controller functions are shown in Figure 4-4. Because of its remarkable simplicity (there are
no parameters to adjust), the On—Off controller is indeed suitable for adoption when no tight

performance is required, since it is very cost-effective in these cases.

4.5. System Modeling for Feedback Gating Control Design
The developed model and feedback controller are summarized in Figure 4-5. The model input
is the gated flow g, (see Figure 2-2); the model output is the PN’s TTS; while the main

external disturbance is the uncontrolled PN inflow q,. The model is first developed in a

continuous-time environment for convenience. To start with, we have in the general case

G ()=, (t-7) (4-2)

L 1L L 1{ | 14

HIH ax

”Hm‘.‘.’ e I"L‘h’l‘.‘f

i

min —_— u u

a) min b) mir C)

Figure 4-4 Typical On-Off controller characteristics. a) ideal; b) modified with a
dead zone; ¢) modified with hysteresis
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4.5 System Modeling for Feedback Gating Control Design

where g is the portion of gated flow (q, ) that enters the PN; t is the time argument; 7 is the

travel time needed for gated vehicles to approach the PN (when the gating link is not directly

at the PN boundary). The conservation equation for vehicles in the PN (see Figure 2-2) reads:
N (t) = G, (1) + 0 () = G (). (4-3)

As in the discrete-time case eq. (2-1), we have also for the ideal values TTS (t)=N(t)

(where N is the real number of vehicles within PN), but TTS in Figure 4-5 denotes the
operational value, which differs from the ideal value in two respects: firstly, detectors may
not be available in each and every PN link, hence the operational TTS will be smaller by
some factor A<1; secondly, the occupancy measurement and, most importantly, the
estimation eq. (2-3) may not be exact, hence we introduce a measurement/estimation error &,

; which finally yields

TTS(t)=A-N(t)+¢&/(t) (4-4)
From this operational TTS (t) we may derive, using the operational NFD, the corresponding

(operational) TTD, i.e.
TTD(t) = F[TTS(t)]+&,(t) (4-5)

where F(.) is a nonlinear best-fit function of the operational NFD’s measurement points, and
&,denotes the corresponding fitting error (due to NFD scatter). Since TTD in eqg. (4-5) and
Figure 4-5 is the operational quantity, the ideal TTD,, (considering all PN links, not just the

ones equipped with detectors) will be bigger, i.e.

TTD, (t)-B=TTD(t) (4-6)
R de — I
TTS G Time g i N i‘ TTS
—=225 Controller F—>| A | Delay ——>0—> | ¥ A >0 >
; _
A qout

=
h\_]
~
S
Oy
-~

Process

Figure 4-5 Block diagram of the system and the feedback controller
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4.5 System Modeling for Feedback Gating Control Design

where B <1 is the flow-analogous factor of A earlier.

To proceed, we will now introduce the modeling assumption that the PN outflow g, is

proportional to TTD,,, i.e.

G (1) =T TTD (1) (@)

where /" is a sort of network exit rate, 0< /" <1, and L is the average PN link length.
Replacing eq. (4-6) in eq. (4-7), we complete the process model derivation according to

Figure 4-5. The overall model (from g, to TTS) is obtained by replacing eq. (4-2), eq. (4-4)-

(4-7) into (4-3) and turns out to be a time-delayed nonlinear first-order system. Its portion

from q,, to TTS (i.e. without the time delay) reads

d

r
E(TTS(t)) = (qm +8 -5 F [TTS (t)]j- A+e(t)

Where & may be derived from the previous errors g and &,.

This model may be linearized around an optimal steady state that is within the
aforementioned maximum throughput region (see the yellow region in Figure 2-1) of the
NFD. The introduction of a desired steady state is quite usual in Control Engineering to
enable the derivation of a linearized model and subsequent linear feedback control design. In
fact, it is the goal of the feedback regulator, to be eventually derived, to maintain the system
state around this steady state; thus, if successful, the steady-state and the linearized system
dynamics assumptions are actually imposed via the intended control action. Denoting steady-
state variables with bars, we have

qin + q_d = qout (4-8)
_ I —=
qout = ETTD (4_9)

while g, and ¢,are set equal to zero. With the notation AXx=Xx—-X used analogously for all

variables, the linearization yields

d 'F’
—(ATTS)=| Ag._ +Aq, —
dt( S) [ Gin + A0y BL

ATTSJ A+e (4-10)
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where F'is the slope of the NFD at the optimal set-pointT'fS ,i.e. TTS =TTS. This set-point
should be selected within the optimal TTS-range (i.e. yellow region in Figure 2-1) of the
NFD, for the Chania PN, for maximum efficiency. Note that F’may be virtually equal to

zero if the set-point is optimal; nevertheless, we will assume F'>0 here, in order to enable

proper linearized modeling. This assumption has no impact on the employed regulator (4-25),

whose operation is only governed by the regulation error TTS-TTS.

The continuous-time state eq. (4-10) of the protected network (using the conservation
equation and the NFD) may be directly translated in discrete time by use of standard

formulas [54] as follows (the & is dropped and added again in the eq. (4-24))

assuming C =7"F'/BL, we have ATTS(t)+C-A-ATTS(t)=(Aq, (t)+Aqg,)-A (4-11)
Applying the Laplace transform and assuming zero initial conditions
(s+C-A)ATTS(s)=(Aq, (s)+Ag,(s))- A. (4-12)
Because of the superposition property we have

ATTS, _ o (g A . ATTS, .

(s)= , _ 4-13
Aq, n (5) s+C-A Aq, (%) s+C-A (+13)

ATTS = ATTS, +ATTS, (4-14)

The discrete transfer function of a continuous system proceeded by zero order holder (ZOH)
is

S

G(z):(l—z‘l)-z{w} (4-15)

then we have

Gm(z)=ed(z)=Z‘lz{(HéA)s} it a=C-A (4-16)

from the table of transforms

{ 1 } z(1-e)

YA = —; therefore (4-17)
s(s+a)] a(z-1)(z-e ")

6 (2)-6,(2) - ot 20ETT) et (4-18)

z .C'A(Z—l)(z—e_C'A'T)_C(Z_e—C-A-T)’

40| Page



4.6 Pl Feedback Controller Design

p=eM =G, (2)=G, (Z):l_Tﬂ'ﬁ (4-19)
S p L i
ATTS(z)= c Z—,quin(Z)+ c z—,qud(Z) (4-20)
a1 i
=5 o [A (@) a0, (2)] (4-21)
2-ATTS (2) - - ATTS (2) =22  Aq, (2)+ A, (2) ] (4-22)

By applying the inverse z-transfer Z { f (t—nT)} = z"F(z)

ATTS (k+1)— - ATTS (K) =1_T'U[Aqd (K)+ gy ()] (4-23)
By rearranging
ATTS (k+1) = u-ATTS (k) +¢ [ Aqy, (k) + Ag (k) ]+ £ (k) (4-24)

where (z(l—u)BL/Flf’. It is trivial to include in these models the time delay, by

replacing g,, from eq. (4-2).The derived simple model includes a number of parameters that

have clear physical meaning; nevertheless, the precise value of some of these parameters may
be difficult to obtain in practice, particularly if the PN is a sizeable network (as in the Chania
and San Francisco example). However, the main reason for developing the gating model is to
deduce the basic structure of the underlying dynamics, which is essential for a proper choice

of the regulator structure.

4.6. Pl Feedback Controller Design

Field implementations call for simple and efficient systems that would expedite their
application. The gating control problem is to regulate the TTS (number of vehicles) in the PN,

S0 as to maintain it around a selected set-point TTS , via appropriate manipulation of the

gated flow g, in real time; thus, we have a Single-Input-Single-Output (SISO) control

problem with g, as the control input and TTS as the control output. To avoid congestion-

caused degradation (i.e. a TTD decrease), the targeted set-point TTS should be selected

within the range of critical values, where TTD, and hence the PN throughput, are maximized.
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To this end, given the derived model structure in the previous section, the following standard

proportional-integral-type (P1) feedback controller is well suitable
0y (K) =y (k=1)= K, [TTS (k) -TTS (k1) ]+ K [ TTS ~TTS (k) | (4-25)

where K and K, are the (non-negative) proportional and integral gains, respectively. Good

regulator gain values may be found with appropriate Control Engineering methods or manual

fine-tuning; model parameter estimation (e.g. of x and {"in eq. (4-24)), by use of real g,

versus TTS measurements, may be useful in this endeavor; in any case, feedback regulators

are quite robust to moderate parameter value changes.

If gating is applied at multiple links, the flow calculated by the (unique) regulator (4-25) must
be split among the gated links according to some pre-specified policy. As long as the
feedback-ordered total inflow is roughly followed via the gating traffic signal actions, the
performance of the control (in terms of delay reduction) is not expected to depend
significantly on the inflow splitting policy, except perhaps for special cases of network
topology or demand patterns. What the splitting significantly affects, is the resulting queuing
and delays at the individual gated links. For example, one may envisage the application of
delay-balancing or queue-balancing splitting policies as in [50]. This thesis is mainly
concerned with the overall gating control design and its application on different scenarios
(see section 3.5); while splitting and queue management issues, which may include a variety
of policies or wishes by the responsible traffic authorities and may incur corresponding
requirements on detector equipment and overall cost, are left for more detailed future
investigations. Thus, the splitting of the total ordered inflow in this thesis is simply conducted
in proportion to the respective saturation flows of the gated links which is discussed in

section 4.7 in details.

The flow calculated by the regulator (4-25) must be constrained by pre-specified minimum
and maximum values to account for physical or operational constraints. For the lower bound,

4., » ONe may choose the flow corresponding to the minimum-green settings of the gated

links (as in thesis), or higher, e.g. if some gated links need to be protected from over-spilling.
The upper bound has two components, a constant and a variable one, similarly to ALINEA
ramp metering [58], and it is decided in real time which of the two is to be applied at each
control step; the constant upper bound may be specified according to the maximum-green
settings of the gated links (as in this thesis), or lower, e.g. if some downstream links need to

42 |Page



4.6 Pl Feedback Controller Design

be protected from over-spilling; the variable upper bound aims at activating the regulator
more promptly under certain circumstances, see [58] for further details on the reasoning and
method. It should be noted that, in this thesis, upper and lower flow bounds are actually
specified also for every individual gated link. If the regulator flow distribution is found to
violate some of these individual bounds, then the surplus flows are re-distributed among the

rest of the gated links.

The necessary and sufficient condition on the (non-negative) regulator parameters K, and
K, for closed-loop stability of the linearized system eq. (4-24) under regulator eq. (4-25) can
be easily established by use of the Jury-Blanchard criterion [54] to be K, >0 and
2K, + K, <2(u+1)/¢ ; this means that the system can be stabilized even if the P-term in eq.
(4-25) is dropped, i.e. for K, =0. On the other hand, the rigorous proof of stability for the
nonlinear system is more cumbersome and is left for a more control-oriented investigation;

roughly speaking, if TTS is higher than the set-point TTS , then the last term on the right of
the regulator eq. (4-25) will continuously reduce the ordered flow g, , such that TTS

approaches its set-point; however, this action reaches its limit when q, reaches its lower
bound q,,, mentioned earlier; then, if the sum q,,, +q, of controlled and uncontrolled

inflows happens to be higher than the TTS-dependent outflow q,,, the network cannot

recover from over-saturation as eg. (4-3) indicates. This circumstance sets according limits to

the level of the inflow q,, that is left uncontrolled, in conjunction with the lower admissible

bound g, for the controlled inflow.

It is interesting at this point to consider the optimal rule of [11] for saturated network control.
Translated in the present notation and context, that rule suggests: At each k, set q,, (k) =0 if
TTS(k) >TTS; else set a:, (k) as high as possible, subject to the constraint TTS(k +1) <TTS.

The first part of this rule may be readily implemented in practice, using of course a positive

lower bound g, for q,(k) instead of zero for obvious reasons; but the literal
implementation of the second part of the rule would call for an exact model and uncontrolled
inflow g, information to guarantee that TTS(k +1) will not exceed TTS , which is not

practicable. One way to render the rule practicable, is to apply an upper bound to g, (k) when
TTS(k) <TTS, i.e., overall,
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FTTS(K) > TTS
%(k)z{gmm e (k) (4-26)

This is a bang-bang regulator (like the one deployed in electric irons) which is equivalent to

the regulator eq. (4-25) in terms of set-point and real-time data requirements. Such a bang-
bang regulator would incur a stationary oscillation of TTS(k) around TTS, but, given the

relatively wide range of throughput-maximizing TTS values (in practice and also in
simulation, see simulation results NFDs, Figure 5-1, Figure 5-7, Figure 5-14 and Figure 5-20
in chapter 5), the oscillation may not really affect the resulting efficiency. However, the
implied frequent switching of the gated link green phase between a minimum and a

maximum value may not be desirable with the drivers and the road authorities. In contrast to
eq. (4-26), the regulator eq. (4-25) offers a smooth control behavior and TTS(k) =TTS under

stationary conditions, as can be easily deduced from eq. (4-25).

Gating could be activated only within specific time windows (e.g. at the peak periods) or if
some real-time measurement-based conditions are satisfied. After distributing the regulator-
ordered flow to the gated links, the individual sub-flows must be converted to appropriate
green times by modifying the usual traffic signal settings in the corresponding junctions. In
this thesis, this was done simply by modifying the duration of the signal stages where gated
inflows are involved; while more elaborated procedures involving changes of the stage
structure, e.g. so as to reduce delays for PN exiting flows, are considered which will be

discussed in section 4.7.

It should be noted that, under any signal implementation policy and conditions, the total
implemented PN inflow may be different than the flow ordered by the regulator for a number
of reasons, including limited accuracy of signal specification, low demand, over-spilling
downstream link or flow constraints; however, the regulator is largely robust to these
potential occurrences thanks to its feedback structure, as it will be demonstrated in the next

section.

4.6.1. Regulator’s Gain Values (Without Time Delay)

The gating control strategy, implemented in study 1, study 2 and study 3, is applied at the
border of PN. Thus, the ordered flow by the regulator enters the PN promptly and there is not

a significant delay between the action and the influence of the controller. This means that the
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time-delay term 7 in eq. (4-2) (see Figure 4-5 also), is considered zero, hence the K, and
K, values may be specified for the controlled system eq. (4-24), eq. (4-25) to exhibit a time-

optimal dead-beat regulator behavior, i.e. so as to reach the set-point within one single step,
see also [48] for a similar feedback control design by use of the system’s z-transforms. By

rearranging eg. (4-25) and adding TTS and subtracting
G (K) =y (k=1) =K, [ TTS =TTS (k=1) |+ K, | TTS =TTS (k) |+ K, | TTS ~TTS (k) | (4-27)
Shifting the time

G (K +1) =, (k) ==K, -ATTS (k) + K, -ATTS (k +1) + K, -ATTS (k +1) (4-28)
by applying the z-transform

Ag, (Ko +K))-z-K,

ATTS 7-1

—_—
C controller

20, — Oy, = —K, -ATTS +(K, +K,)-2-ATTS = (4-29)

By closing the loop with C (controller) from (4-29) and G (process transfer function) from
(4-13)

GC

" 1rac <0
[(Kp+K,)-2=K, ](1-x)
_ 4-31
(z—l)(z—,u)C+[(KP+K,)-2—KP](1—;1) (4-31)
To have dead-beat H = Gc _1 (4-32)
1+GC 2

In discrete-time control theory, dead-beat control problem consists of finding what input
signal must be applied to system in order to bring the output to the steady state in the smallest
number of time steps. For an N-th order linear system, it can be shown that this minimum
number of steps will be at most N (depending on the initial condition), provided that the
system is null controllable (that it can be brought to state zero by some input).

The solution is to apply feedback so that all poles of the closed-loop transfer function are at
the origin of the z-plane. A closed-loop transfer function which has all poles of the transfer
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function at the origin is sometime called a dead-beat transfer function. For non-linear systems

dead-beat control is an open research problem.
The dead-beat response has the following characteristics:

1. Zero steady state error
2. Minimum rise time

3. Minimum setting time
4

Less than 2% overshoot/undershoot

According to eq. (4-32), a dead-beat behavior is established for set-point step-changes with

K, =u/¢ and K, = (- u)/¢; and for disturbance g, step-changes with the same K, but
K,=1/¢ . Thus, a least-squares parameter estimation is first conducted (discussed in the
following sub-section in details) for ,and & in eq. (4-24), using time-series of (q;,, TTS)-
measurements within and around the critical TTS-range. Once the parameters yand ¢ have

been specified, the regulator parameters for (set-point) dead-beat behavior can be calculated.

4.6.1.1. Model Identification

To derive the proper model for the control purpose, model identification procedure is carried
out. In control engineering, the field of system identification uses statistical methods to build
mathematical models of dynamical systems from measured data. System identification also
includes the optimal design of experiments for efficiently generating informative data for

fitting such models as well as model reduction.

In the general case, from the eq. (4-24) we have
ATTS (k+1) = u-ATTS (k) +¢ - Aq,, (k) +y-Ad (k) (4-33)

Where d = q, is the disturbance inflow. Values for TTS (k) and q,, (k), k=1,..., K, may be
assumed to be available, since they are needed for the operation of the feedback regulators.

Since the desired set-point TTS is also given, we may obtain corresponding values for

ATTS (k)=TTS (k)—T'fS , k=1,..., K, on the other hand, the exact corresponding steady-state

values G, and d are not known. A reasonable assumption is to calculate these values as

average, i.e.
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Tin =%iqin(k) (4-34)
J:%id(k) (4-35)

Using T, from eq. (4-34) and from the available q,, (k), we may derive values for Aq, (k),
k=1,..., K. However, there are no measurements available for the uncontrolled inflows d (k).
Hence, as an approximation, we may use a constant term in place of y-Ad (k) in eq. (4-33)
(see eq. 4-36); this constant term could be taken equal to the average of y-Ad (k) ; which, in

view of eq. (4-35), turns out to be zero (see eq. (4-37) and (4-38) for details).

y-Ad (K %EK: (4-36)
Ad(K)=d (k) -0 —%z (4-37)

%ZAd(k)=%2d( ——Zd = (4-38)

In conclusion, the least-squares parameter estimation procedure is carried out to specify

appropriate values for ,and £ for the system
ATTS (k+1)= - ATTS (k) +¢ - Aq,, (K) (4-39)
based on available data for TTS (k) and q,, (k) as explained above.

Field data (or simulation-based data as in this thesis) is often accompanied by noise. Even
though all control parameters (independent variables) remain constant, the resultant outcomes
(dependent variables) vary. A process of quantitatively estimating the trend of the outcomes,

also known as regression or curve fitting, therefore becomes necessary.

The curve fitting process fits equations of approximating curves to the raw field data.
Nevertheless, for a given set of data, the fitting curves of a given type are generally NOT
unique. Thus, a curve with a minimal deviation from all data points is desired. This best-

fitting curve can be obtained by the method of least squares.

Generally, the method of least squares assumes that the best-fit curve of a given type is the

curve that has the minimal sum of the deviations squared (least square error) from a given set
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of data. Suppose that the data points are (X, Y;,2,), (X5, ¥,,2,) s -y (Xy: ¥ar 2, ) Where x and y
are the independent variables and z is the dependent variable. The fitting curve f(x,y) has
the deviation (error) e from each data point, i.e.e, =z, — f(x,y,), &, =2,—f (X, Y,), ---,

e,=2,— (X, Y,). According to the method of least squares, the best fitting curve has the

property that:
n n 2 n 2 Mln

M=¢ +e+.+e2=» e =>[7-f(x.y;))] =2 [z-(R-x+S-y,)] > . (4-40)
i=1 i=1 i=1 ’

To derive R and S (i.e. the model parameters) we have

Z_I;:ziznl:xi[zi—(R-xi+S-yi)]:0 (4-41)

oIl 4

g=2;yi[zi—(R-xi+S-yi)]=0 (4-42)

In this thesis, to estimate . and ¢ for (4-39), we have z=ATTS(k+1), x=ATTS(k),
y=Aq,(k), R=p and S=¢.
In the case of presence of time-delay (7 ) in the system, z=ATTS(k+1), x=ATTS(k)and

y =Aq;, (k—m) where m 2 time-delay, and the parameter estimation problem (for ,and ¢)

should be solved for m=12,...; the best value for IT leads to the desired parameters.
Consequently, x, ¢ and m are derived and implemented for the control design problem

which is presented in 4.6.3.

4.6.2. Multiple Boundaries Feedback-Based Gating

The feedback gating concept introduced in section 4.6 is applied for a multiple concentric-
boundary gating strategy. In large-scale urban networks, due to the heterogeneous spatial
distribution of congestion, different regions may not reach the critical accumulation of the
NFD simultaneously. Consequently, applying homogeneous gating strategy at the boundary
of a large urban network could result in an immature gating action. Thus, in a joint research
work with Prof. Nikolas Geroliminis and Mehmet Yildirimoglu (PhD student) at Urban
Transport Systems Laboratory (LUTS), Ecole Polytechnique Federale de Lausanne (EPFL),
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Switzerland, we propose a two-stage gating strategy which consists of two Pl feedback
controllers. The proposed gating strategy is tested on scenario 3 and investigated in study 3.
The first controller regulates the number of vehicles in the region where the first core of
congestion starts creating (which may be determined based on existing historical traffic data
and partitioning algorithms) at the start of the peak period, by modifying the traffic light
settings in some of the junctions at the perimeter of this small zone. In highly congested
urban networks, the congestion may not be mitigated by activating the gating perimeter
control just at the small protected network (PNj). This may be addressed via a second
perimeter control activated at the border of a larger part of the urban network (PN,). Study 3
also proposes some extensions to the distribution of the ordered controller flow to the
associated traffic signals in case of low demand or occurrence of spillback which will be
discussed in Chapter 5. As mentioned before The investigations are conducted for the urban
road network of San Francisco, USA, in a microscopic simulation environment under realistic

traffic conditions.

If the number of vehicles in PN; or PN, (N5 or Ny) are allowed to grow beyond certain limits,

the PNs’ exit flows q,,,0r q,,,, which may be seen as a portion of the total PN flow,

decreases (according to the NFDs) due to link queue spillovers and gridlock. To avoid this

| A |
d o N

\

Figure 4-6 General scheme of the protected networks and the multiple concentric-
boundary gating strategy at the perimeter of PN, (dashed pink line) and PN; (bold red

line)
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degradation, gating should reduce the PNs’ inflows q;,,and g, , appropriately, so as to

maximize the PN throughput (see Figure 4-6).

The gating control problem is to regulate the TTS;and TTS; (number of vehicles) in the PN;
and PNy, respectively, so as to maintain them around their selected set-points T'ICSl and T'I:S2
(see Figure 4-6), respectively, via appropriate manipulation of the gated flow (q, ) in real
time. By metering the flow at the perimeter of the PNs, queues start creating (Q, ).

To regulate TTS, around the set-points, two PI regulators, the same type as (4-25), are
implemented at the perimeter of each PN

Ugn (K) =0y (K=1) =Ky [ TTS, (K)=TTS, (k=1)]+ K, [ TTS, ~TTS (k)| n=12 (4-43)

where n indicates the corresponding variables of the first and second controllers employed for

controlling PNy and PNy, respectively. K, and K, are the proportional and integral gains,

respectively, which may be derived by the method presented in the previous section; in any
case, feedback regulators are quite robust to moderate parameter value changes; nevertheless

recent automatic fine-tuning tools could prove useful in field implementation [34].

It should be noted that the flows calculated by the regulator eq. (4-43) are constrained
similarly to the bounding procedure described in section 4.6 for regulator (4-25) by pre-

specified minimum and maximum values to account for physical or operational constraints.

4.6.3. Time-Delayed Feedback-Based Gating

Systems, in one sense, are devices that receive an input and produce an output. A system can
be thought to operate on the input to produce the output. The output is related to the input by
a certain relationship known as the system response. The system response usually can be
modeled with a mathematical relationship between the system input and the system output. A
step response in our case is possible in simulation, but virtually impossible in practice due to

disturbances which would alter the step response. The x, ¢ and m which were derived from

the model identification in section 4.6.1.1 are applied for the controller design in this section.

In all of the aforementioned gating strategies, gating is applied at the border of the protected
network (PN). In this section, it is assumed that the gating strategy is applied further

upstream of the PN and a robust feedback controller is designed by considering a time-delay
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term, which corresponds to the travel time needed for gated vehicles to approach the PN

(when the gating link is not directly at the PN perimeter).
According to eg. (4-39), we have a first order time-delayed system as following
ATTS (k+1) = - ATTS (K )+ ¢ - Aqy (k —m)

The z-transform function of the process is

__ ¢ ]
P(Z)—Zm(z_ﬂ) (4-44)

This corresponds to a continuous-time system (excluding the zero-order hold circuit) of

(24

P(s)=pe " —— (4-45)
S+a
Inu 4 ) .
where o =— , P = and T is the sampling time.
T (l—,u)
ATTS =—q-ATTS + p-a-q, (t—mT) (4-46)

By applying the PI regulator (4-25), according to eq. (4-29), the controller z-transform

function is
KP
z2-(K, +K,)-K 27
C(z)= P P=K" (4-47)
z-1 z-1

where K'=K, +K,.

By closing the loop with C (controller) from (4-48) and P (process transfer function) from
(4-44) we have

K aal ; 4
Ccr@ LT ) i)
¢ 1+C(2)-P(2) Z_Kipl §

LK z—Kl .(zm-(z—ﬂ)J

For m =0, the reader is referred to dead-beat control design of section 4.6.1. Considering the

time-delayed case (m>0), a usual control design step, which reduces the complexity
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4.6 Pl Feedback Controller Design

(polynomial) of the closed-loop transfer function (F, ), is to specify the zero of the controller
to be equal to the pole of the process, i.e. to setK,/K'= u; thus, the closed-loop transfer

function (4-48) simplifies to

_ K'¢ ]
FC_z”‘(z—l)+K'§ N

The closed-loop transfer function (4-49) is identical with the one considered in Section 3.3 of
[48], and hence, we can use the design rules of [49] to specify the second degree of freedom
for our PI regulator for m > 0. Specifically, Figure 5 of [49] delivers the value of a parameter

x as a function of T/T, . The correspondence between these quantities and our notation is
m=T,/T and x=K"¢-m. Thus, for any m >0, we can use Figure 5 of [49] to obtain the

corresponding value of x and hence of K'. This value, combined with our above choice

K, /K'= u, deliver the regulator parameter values displayed in Table 4-1.

For sufficiently long time-delays (i.e. m>4), an alternative control design procedure for our

discrete-time regulator is to consider a PI regulator design for the continuous-time system (4-

46). With the approximation In x ~ —(1—;1) , we obtain from (4-46)

ATTS = —1_?”- ATTS + % g, (t-mT). (4-50)

By applying the Laplace transform (as in eq. (4-13)) to the continuous-time system

[
6 (s) = ATTS _ T o T1 (45)
qg S+;,Ll T(l_:u) 87_}_1
T 1-u

By applying the Chien et al. (1952) rules [10] (i.e. developed version of Ziegler and Nichols
(1942) [63]) to this system, we obtain very similar values for K, and K, as in Table 4-1.

Table 4-1 Different values for Kp and K, according to different time-delays (m)

m Kp Ki

0 ulc -/

1 11(30) (1- /(30

2 1 1(30) (1- /(39
3 1 1(60) (1- /(89
>3 ul(2md) (L- w)/(2md)
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4.7 Gating Action at Gated Junctions/Links

This confirms the pertinence of the previously derived rules, by use of a different design

approach, for the cases with m > 3.

4.7. Gating Action at Gated Junctions/Links

According to Figure 4-7, the gating procedure at the gated signalized junctions can be listed

as following

e The controller runs in background the whole period and is fed with real-time
measurements of PN (TTS).

e A switch on/off logic decides for the implementation of the ordered flow (q,) by the
controller.

e During the switch on period, the ordered flow should be distributed among the gated

junctions (q;,...,q,) Where n is the number of gated junctions

e The distributed flows should be converted into green phases (g,,,...,d,,) Where g is
the gated green.

e During the switch off period the fixed-time plan is implemented (J,,...,J,) where @

is the nominal green and @ is the flow which can be served during the nominal green.

4.7.1. Switch On/Off Logic

The switch on/off logic might be implemented only at the global level. Gating could be
activated only within specific time-windows (e.g. at the peak periods) or if some real-time
measurement-based conditions are satisfied. The regulator runs continuously in the
background, but gating is actually activated only when TTS exceeds a threshold, that is
selected slightly lower than (e.g. 85% of) the set point; and is de-activated when TTS falls
below a 2", slightly lower threshold. Moreover, TTS smoothed trend, minimum non-

switching time and presence of queue at the gated links could be also considered.

In this thesis, gating is activated when the TTS in PN exceeds 85% of TTS for more than two

successive cycles and is deactivated when the TTS falls below 80% of TTS for more than 3

successive cycles. As long as no gating is applied (switch off), we assume that the considered
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4.7 Gating Action at Gated Junctions/Links

network operates under the fixed-time signal plan and the flow implemented is the nominal

flow (@) served during the nominal green.

4.7.2. Flow Distribution Among Gated Links

During the switch on period the ordered flow by the regulator should be distributed among
the gated links (if more than one gated junction). The flow distribution problem is an
important issue which might have a significant impact on the overall gating performance.

Various methodologies may be applied to assign flows to different junctions.

4.7.2.1. Flow Distribution: Version 1

One could simply distribute the gated flow according to the saturation flow of the gated links,

as following

S
o= (4-52)

I n
2.8
j=1

G = -q, (4-53)

where ¢, s;, s; and g; are distribution rate for the i gated junction, saturation flow of

gated link i, saturation flow of the junctions (j=1,..., n; n is the total number of gated

junctions) and the distributed gated flow of junction i, respectively. This flow distribution

A g, || Diseion Manitor
. IR EEN 1aling : Traffic Monitoring
—IIS | Controller > Switeh off ala _ : »| Traffic State
Switch off fiy 929 " G System .
Gating = - Sely | in PN (TT5)
X = Converting | g,, ©
R to Signal ol
{ " QA Yy,
1 Phases LYY
&
Apply z,
Fixed-Time .
Signal Al
Real-Time Measurement

Figure 4-7 General gating procedure of a gated junction
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4.7 Gating Action at Gated Junctions/Links

version is applied for study 1, study 2, study 4 and study 5, in this thesis.

A disadvantage of this policy could be ignoring the traffic state (i.e. queuing, lack of demand,
waiting times etc.) at the gated links. This may lead to wasted green phases at junctions with

spillback from downstream or lack of demand during specific time periods.

4.7.2.2. Flow Distribution: Version 2

To avoid the under-utilization of the gated traffic signals, in version 1, a new distribution
policy is proposed which considers the real-time traffic state at the gated junctions. More
specifically, the ordered flow (q,) by the controller is split initially according to the
respective saturation flow (by applying eq. (4-52) and (4-53)). But as discussed earlier,
distributing the flows ordered by the regulators at the gated links without considering the
possible spillback in the downstream links of the gated junctions and the queue length in the
gated links in real-time may lead to wasted green time at the gated traffic lights. In other
words, the controllers may introduce green phases, parts of which may not be used during the
aforementioned situations. To reduce these impacts, in the new version, the number of
vehicles waiting in the queue at the gated links are roughly estimated in every cycle and
compared to the flow ordered by the controller and the actual flow passing the stopline. For

this purpose, three loop detectors are installed in the gated links at distances of I, m(i.e. the
queue length that can be dissolved by the minimum-green (e.g. 7s) in a cycle), I, m (in
middle of the first and the third detector) and I, m (i.e. the maximum queue length dissolved

during maximum-green in a cycle) from the stopline (see Figure 4-8). The estimated queue is

obtained from the following equation:
Q.. (k) =[(1, -0, (k))+(1, -0, (k) +(1, -0, (k))]- 1, /(T -1004)-3600 (4-54)

Where Q, (k) is the estimated queue (in number of vehicles) of the i junction during Kk,
o, (k), 0, (k)and o, (k) are the measured time-occupancies (in %) in the gated link for the
first, second and third detector of i junction during k, respectively, and 4, is the number of

lanes of the gated link. If the estimated queue is too short (i.e. less than the number of
vehicles served by the minimum-green), e.g. due to low demand at the gated junctions, the

assigned flow to these junctions will turn into the minimum flow (i.e. the flow served during
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4.7 Gating Action at Gated Junctions/Links

minimum green) for the next cycle; while the rest of ordered flow will be distributed among

the rest of the gated junctions.

As pointed out before, spillback from downstream may at times reach the gated links, and, as
a result, the ordered flow by the controller may not be fully utilized. To avoid this problem,
junctions with spillbacks are identified in real-time by monitoring the estimated queue, actual
flow passing the stop bar at the gated link and the calculated flow by the regulator each cycle.

If the relative difference between the ordered and actual flows is more than a threshold, say

20%, and Q, >q, in junction i, then the flow distribution algorithm will be alerted that the

junction has over-spilling problem in the downstream link. Consequently, the calculated flow
for that specific junction is reduced by some pre-fixed percentage, e.g. 20%. and this
reduction is distributed among the other junctions. This version of flow distribution is

investigated in study 3 and tested on simulation scenario 3.

One of the disadvantages of this and other more sophisticated flow distribution versions may
be the increased number of detectors in the network which might not be always economically

feasible.

4.7.3. Converting the Distributed Flows into Green Phases

To execute the gating strategy at the gated junctions, the distributed ordered flow should be

translated into green phases. This is done by

[ Detector
L]

N Y
p— —" = —
s = | P
kL

u

Figure 4-8 Detectors’ location at the gated links
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gy =2 (4-55)

where C and g,; are the traffic light cycle length, and gated green time, respectively.

The fixed-time signal plan of the considered urban network is modified at the gating
junctions when real-time gating actions are present, by modifying accordingly the involved
signal stage (phase) durations. Specifically, the gating strategy determines the duration of one
(gated) signal stage (within pre-specified bounds) in real-time; any (positive or negative)
deviation of this stage duration from its fixed-time value is assigned to other stages of the

same junction.

For a better understanding of what explained before, Figure 4-9 is demonstrated. It exhibits
the fixed-time signal plan of the traffic light 3 at the perimeter of PN (shown in
Figure 3-4).The interphases are shown by dark green along with the corresponding
movements shown by arrows which remain constant during the control period. Interphases 2
and 7 are all-red stages in which all movements at the junction receive red light. During
gating action, the movement into the PN should be metered which belongs to stage 5. Thus,
the gated signal stage (phase) is stage 5 and any positive or negative deviation of stage 5
during the gating activation, is assigned to stage 8. By this, the cycle length is kept constant
during the gating period. Generally, the stage re-arranging should be such that

Qi < gg,i < Omaxi where Omaxi = O gated,i +Gnon—gated,i ~Onmini and o is the stage duration. In case

of existence of more than 2 stages, the positive or negative deviation of the gated stage either
can be assigned to the stage which involves the movement of exiting flow from the PN or can

be assigned proportionally to the other stages based on 9, (nominal green phases).

If a gated link (whose outflow enters the PN) receives its right-of-way in the same stage as an
opposed-direction link (whose outflow exits the PN, e.g. in stage 5 in Figure 4-9), an
appropriate re-staging has been introduced to avoid unwanted and unnecessary delays at PN-
exiting links during the gating activation. More specifically, an extra Os stage is defined in the
signal plan of that junction. This additional stage will be active during the gating period (in
the signal cycle) in order to serve the green phase dedicated to the outflow exiting the PN.

This phase separation is carried out as following
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All red

All red

Figure 4-9 Signal plan of the junction 3 in Figure 3-4

O gated,i = Yg,i

Oyi < 0 =\ Ouddedi = Ji — Qi (4-56)
O non-gated;i = Imaxi T Imini — T
O gated,i = Yg,i

0 < 0gi =\ Cadded = 0 (4-57)
O non-gated,i — Imaxi T Gmini — Yy

Note that, except study 1, all the studies (i.e. study 2 to study 5) include the latter re-staging

concept.
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Chapter 5

Discovery consists of seeing what everybody has seen,
and thinking what nobody has thought.

Albert Szent-Gyorgyi

5. Simulation-Based Results

The microscopic simulator AIMSUN is stochastic, thus different simulation runs
(replications) with different random seeds may lead to different results. For this reason, it is
common to use a number (10 in this thesis) of replications for each investigated scenario and
then calculate the average value of the 10 runs for each evaluation criterion in order to
compare different control scenarios with non-gated scenarios. Mainly, three performance
indexes are used here (as provided by AIMSUN): the average vehicle delay per km and the
mean speed, both for the entire implemented urban network (not only the PN); and the total
number of vehicles that exit the overall network during the whole scenario. Moreover, study 3
introduces a new performance index which may be interpreted as average TTS/TTD (s/km) or
average unit travel time that considers the waiting time in the virtual queue (i.e. vehicles
waiting out of the network) in the calculation of the TTS.

In this chapter, at the beginning, simulation scenarios (presented in chapter 3) applied for
different studies are introduced briefly. Right after, the simulation results of the proposed
feedback-based gating strategies in different studies, tested on different simulation scenarios,
are presented.

5.1. Simulation Scenarios Applied for Different Studies

For each of the studies introduced in Chapter 2, a specific simulation scenario (presented in
Chapter 3) is implemented. The proposed gating strategies in this thesis are studied on the

following simulation scenarios:
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5.2 Study 1: Single Perimeter Feedback-Based Gating

e Study 1: Single boundary gating control by exploiting complete operational NFD —
Scenario 1

e Study 2: Single perimeter gating control by applying reduced operational NFD —
Scenario 2

e Study 3: Multiple concentric boundaries gating control — Scenario 3

e Study 4: Gating control remote form the PN — Scenario 4

Study 5: Remote gating control of PN with bigger control steps— Scenario 4

5.2. Study 1: Single Perimeter Feedback-Based Gating

In this study, the proposed single perimeter gating control is tested on Chania urban network
(Figure 3-4), by exploiting the complete NFD of the PN.

5.2.1. Complete Operational NFD of PN

Figure 5-1(a) displays the (operational) NFD for the Chania PN (assuming that all links are
detector-equipped, i.e. M =27) for the first 2 hours of the employed scenario, i.e. the period
during which the network is filled, and the congestion is created; 10 different replications
(each with different seed in AIMSUN) were carried out. To build a comprehensive NFD that
includes free-flow conditions, the specified demand starts from very low values and increases
gradually to levels that lead to heavy congestion in PN (as under typical real traffic
conditions at the peak periods); eventually, the demand is gradually reduced until the network
is virtually emptied at the end of the simulation (see Figure 5-1(b)). Figure 5-1(a)
demonstrates that a fundamental diagram (inverse-U) shape is indeed occurring during the 2-
h network filling period, with quite moderate scatter even across different replications;
Figure 5-1(b) indicates that the inverse-U shape appears also during the decreasing demand
period of 2 h, albeit with a visible hysteresis compared to the filling 2-h period. The
hysteresis is limited and is due to different link load patterns that prevail in the emptying
period compared to the filling period. Whatever the exact NFD (and despite some limited
scatter), it can be seen in Figure 5-1 that the maximum TTD values in the diagram occur in a
TTS region of 600 to 800 vehh per h. If TTS (i.e. N) is allowed to increase beyond this limit,
then TTD (and hence the PN throughput) decreases; this leads to an unstable escalation, as
long as the PN inflows continue to be higher, that degrades increasingly the PN throughput
and efficiency, leading them to accordingly low levels (or even to zero in the extreme total-
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Figure 5-1(a) NFD of the PN for the first 2 hours for 10 replications; (b) NFD of PN for
the 4 hours simulation for 10 replications

gridlock case). To avoid this unstable degradation and, in fact, maximize the PN throughput
and efficiency, the PN’s TTS should be maintained in the mentioned optimal range, and this

is exactly the goal pursued in this work.

5.2.2. Non-Gating Scenario

Signal control for the non-gating case corresponds to the usual fixed-time settings used in the
real Chania network. Table 5-1 displays the aforementioned evaluation indexes for every
replication; as well as the average, maximum and minimum values of each index. Since
AIMSUN is a stochastic tool, link over-spilling and partial gridlocks may be more or less
pronounced in individual replications. In some replications (e.g. R2 and R6 in Table 5-1), the
created congestion in the peak period leads to more serious gridlocks in the PN, consequently
the delay is higher and the mean speed is lower than average, while the (lower) number of
exited vehicles in these replications indicates that the network is not yet empty at the end of

the simulation.

Table 5-1 Non-gating performance indexes for each replication
R1 R2 R3 R.4 R5 R.6 R7 R8 R9 R10 Ave. Max Min
Delay (s) 513 722 362 360 431 674 467 372 350 424 467 722 350
Speed (km/h) 662 505 891 888 781 555 725 884 906 783 758 906 505
Vehiclesout 14545 12997 14575 14593 14771 11092 14684 14719 14338 14844 14115 14844 11092
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Figure 5-2 (a) PN’s TTS vs. time in non-gating case; (b) actual PN inflow vs. time for
the non-gating case; (c) PN’s TTD vs. time for the non-gating case; (d) PN’s TTSvs.
time for the gating case; (e) ordered and actual PN inflow vs. time for the gating case;
(F) PN’s TTD vs. time for the gated case

To enable an illustrative comparison of the non-gating versus gating cases, the respective
detailed results of Replication 1 are displayed in Figure 5-2, namely the PN’s TTS
(Figure 5-2(a) and (d)), the PN inflow (from 8 gated links) g, (Figure 5-2(b) and (e)), and the
PN’s TTD (Figure 5-2(c) and (f)). Concentrating on the left column of Figure 5-2 (parts (a),
(b), (c)), the 1* hour is characterized by a gradual increase of all three displayed quantities, as
it is typical for increasing demand in under-saturated traffic conditions. At time t=1 h, the
abrupt increase of g, leads to according increases of TTS and TTD, the latter reaching soon
capacity values according to Figure 5-1(a), while the former is traversing the aforementioned
critical region of [600, 800]. However, as g, continues to be high, TTS continues to increase
to very high values (i.e. the PN becomes increasingly crowded with vehicles); as a
consequence, link over-spilling and gridlock lead to a sensible TTD reduction to low levels,
that are persisting until t =3 h, when the network starts de-congesting due to low demand.
Remarkably, during the congested period t €[1.5h, 3h], the inflow g, is also reduced due to
over-spilling links of PN, i.e. as a result of the congestion that extends beyond the PN; but
this reduction of the inflow comes too late, too little to reverse the already advanced PN

degradation.
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5.2.3. Gating Scenario

The usual off-peak signal plan is modified at the gating junctions when real-time gating
actions are present, by modifying accordingly the involved signal stage durations. Re-
arranging the signal stages is carried out according to section 4.7.3.

In study 1, since the gated junctions are at the perimeter of the PN (see Figure 3-4) the time

delay z is zero, hence the K, and K, values may be specified for the controlled system (4-

24), (4-25) to exhibit a time-optimal dead-beat regulator behavior (see section 4.6.1). A least-

squares parameter estimation is first conducted for , and ¢ in (4-24), using time-series of (
q;,, TTS)-measurements within and around the critical TTS-range of [600, 800] (according to
section 4.6.1.1). Once the parameters , and ¢ have been specified ( x=0.807 and
¢ =0.038), the regulator parameters for (set-point) dead-beat behavior were calculated to be
K,=20 h™ and K, =5 h™ (from Table 4-1, for m=0). Note anyhow that the feedback

controller is quite robust to parameter variations, as it can be verified from the stability and

optimality conditions provided.

The regulator’s maximum and minimum bounds are visible in Figure 5-2(e). The regulator
runs continuously in the background, but gating is actually activated only when TTS exceeds
a threshold, that is selected slightly lower than (in this case 85% of) the set point; and is de-

activated when TTS falls below a 2", slightly lower threshold. At all other times, fixed-time

signal control is applied, as in the non-gating case. A set point of TTS =600veh-h per h is

selected for the gating operation.

By running AIMSUN with the control law (4-25) for the gated traffic signals, the results
displayed in Table 5-2 are obtained for each of the 10 replications. The improvements,
compared to Table 5-1, are significant, and, in fact, even the worse gating replication is
superior to the best non-gating replication. An average speed increase of 40% results for the
whole network (not just the protected part thereof).

Figure 5-2(d), (e), (f) display the detailed results of Replication 1 of the gating case and
illustrate its way of functioning and impact. Traffic conditions are identical as in the non-
gating case up to around t=1.2 h, when gating is switched on (Figure 5-2(e)), as TTS
approaches its set value; the gating regulator orders low inflow values to maintain TTS

around its set point, and, as a consequence, TTD is maintained at high levels, in clear contrast
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to the non-gating case. As mentioned earlier, the gating action creates temporary queues (and
corresponding temporary vehicle delays) at the gated links; however, this proves highly
beneficial for the PN throughput, and, as a consequence, the overall network delay (including
the gating queue regions) is strongly reduced, as Table 5-2 indicates; in fact, even gated
vehicles may have a net gain, as their temporary gating delays may be more than offset by

enabled higher speeds once they enter the PN.

It is visible in Figure 5-2(e) that the q., values ordered by the regulator, differ from the

implemented ones for various reasons mentioned earlier, but this has a minor impact on the
regulator’s efficiency, as expected. At t=2.3 h, TTS is moving to lower values, gating is
switched off, and traffic flow returns to under-saturated conditions; in contrast to the non-
gating case where over-saturated conditions are seen in Figure 5-2 to persist for 1 hour
longer.

As mentioned before, Figure 5-2(e), illustrates the summation of ordered and actual flow in
all eight gated links versus the simulation time period. The red line (actual flow) and the
black line (ordered flow) are not matching all the time (see for instance [1.8h, 2h]) in
Figure 5-2(e). Thus, for a higher resolution and better understanding of the traffic condition
in each and every gated junction, numbered from 1 to 8 in Figure 3-4, Figure 5-3 is plotted.
Figure 5-3 displays the distributed ordered flow and the actual flow versus time in every
gated junction. The gap between the actual and ordered flow seems to be significant in
junctions 1 and 2. In junction 1, at time t=1.8h the demand starts decreasing and the
difference between the actual and ordered flow increases, consequently. On the contrary,
junction 2 faces high demand during the gating period. This can be seen by the high values of
actual flow after the deactivation of gating (i.e. at t=2.2h). According to the visual inspection
during the simulation, the main cause of the gap between the red and black line in this case is

spillback from the downstream junctions. In other words, due to the blocked downstream

Table 5-2 Performance indexes using the proposed gating control strategy

R1 R2 R3 R4 RS R6 R7 R8 R9 R10 Ave. Max Min

Delay (s) 293 287 310 298 317 310 328 314 299 292 304 328 287
Upgrade (%) 428 602 144 172 265 540 298 156 146 311 350 540 144
Speed

(Ifm/h) 10.3 10.6 9.9 104 100 100 9.4 9.9 10.3 10.4 10.1 106 9.4

Upgrade (%) 556 110 111 171 280 802 297 120 137 328 392 110 111
Vehicles out 14721 14521 14623 14516 14508 14569 14783 14632 14441 14515 14582 14783 14441
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Figure 5-3 Ordered and actual flow at the eight gated junctions individually

links, this junction cannot serve as many vehicles as ordered by the regulator during some
cycles (e.g. zero flow at t=1.4, 1.5 and 1.8). For the rest of the gated junctions, the actual and
ordered flows almost match during the gating period. Again, the observed deviations of the
ordered versus the actual flows are within reasonable bounds and do not affect the final

gating outcome thanks to the feedback character of the regulator.

Figure 5-4 displays the simulation results obtained for Replication 1 using the bang-bang
controller (4-26). The resulting delay is 341 s, which is higher than for any replication with
the Pl controller (4-25) (Table 5-2), but lower than for any replication without gating
(Table 5-1). Figure 5-4(a) indicates that the bang-bang controller maintains the corresponding
TTS near the set-point; while Figure 5-4(b) displays the expected bursty behavior of the bang-
bang controller with regard to the controlled inflow.

Figure 5-5 displays the simulation results obtained for Replication 1 using the PI controller

(4-25), but now with an increased lower bound of g, =4000 veh/h (in place of 2180 veh/h

used before). The regulator is seen to saturate at the new lower bound (i.e. it applies the
maximum admissible gating action) for most of the active gating period. Figure 5-5 indicates

that the actual inflow deviates slightly, but increasingly with time, from the ordered flow g,

, which is due to spillback from downstream link queues at a couple of gating locations.
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Figure 5-4 Bang-bang gating results: (a) TTS vs. time; (b) ordered and actual PN inflow
vs. time

Overall, the constrained gating action is now not enough to maintain TTS close to its set-point

because g, IS too high. Thus, except for two tiny periods of time at the start and the end,

respectively, of the active gating period, TTS is essentially uncontrolled. Nevertheless, this
constrained gating action is sufficient to enable lower TTS-values than without gating; in fact,
TTS reaches a maximum of slightly above 1000 veh, as opposed to 1600 veh in the
corresponding no-control case. The resulting delay is 330 s, which is higher than for any

replication with lower g, (Table 5-2), but lower than for any replication without gating

(Table 5-1).

5.3. Study 2: Single Perimeter Gating Control by using Reduced NFDs

This section continues and extends the study carried out in section 5.2 by demonstrating that
efficient feedback-based gating is actually possible with much less real-time measurements,
i.e. at a drastically lower implementation cost. This is a significant addition that opens the
way for real implementations of the method due to the substantially reduced cost implied. For

this study, the simulation scenario 2 is implemented.

5.3.1. Reduced Operational NFDs

The complete operational NFD of the Chania PN presented in Section 2 (assuming that all
links are detector-equipped, i.e. M =7), is obtained via a 4-hour AIMSUN simulation with
dynamic traffic assignment based routing, and is displayed in Figure 5-6(a) and (b); ten
different replications (each with different seed in AIMSUN) of the 4-hour scenario were
carried out and are included (with different colors) in Figure 5-6. Figure 5-6(a) displays the
(90 s cycle-based) measurement points for the first 2 hours of the employed demand scenario,
i.e. the period, during which the network is filled, and congestion is created; while in

67 |Page



5.3 Study 2: Single Perimeter Gating Control by using Reduced NFDs

Figure 5-6(b) also the last 2-hour measurements (indicated by +), during which the network is
emptied, are added. To build a comprehensive NFD that includes free-flow conditions, the
specified demand starts from very low values and increases gradually to levels that lead to
heavy congestion in PN (as under typical real traffic conditions at the peak periods);
eventually, the demand is gradually reduced, until the network is virtually emptied at the end
of the simulation (see Figure 5-6(b)). Figure 5-6(a) demonstrates that a fundamental diagram
(asymmetric inverse-U shape) is indeed occurring during the 2-h network filling period, with
moderate scatter even across different replications; Figure 5-6(b) indicates that the inverse-U
shape appears also during the decreasing demand period of 2 h, albeit with a visible
hysteresis compared to the filling 2-h period. The hysteresis has a limited width and is due to
different link load patterns that prevail in the emptying period compared to the filling period.
What is most relevant for gating control and can be clearly seen in Figure 5-6(a) and (b), is
that the maximum TTD values in the diagram occur in a TTS region of 600 to 900 vehh per
h. If TTS (i.e. N) is allowed to increase beyond this limit, then TTD (and hence the PN
throughput) decreases; this leads to an unstable escalation, as long as the PN inflows continue
to be high, that degrades increasingly the PN throughput and efficiency, leading them to

accordingly low levels (or even to zero in the extreme total-gridlock case).

It should be noted that the complete operational NFD calls, by its definition, for traffic
measurements collected from each and every (even secondary, non-signalized) link in the
network, which is unusual in practice (although this may change in future, thanks to probe car
measurement technologies). Real networks may feature traffic detectors at the links
approaching signal-controlled junctions, e.g. to facilitate real-time UTC; in other cases, only
some strategic detectors are installed at few network links, e.g. as a basis for real-time
selection of pre-specified signal plans. Last not least, in the case of urban networks without
any monitoring equipment, the following important questions arise: Is it necessary to equip
all links of a PN with detectors in order to enable efficient feedback gating actions that
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g %o —-setvae | 5 10000( ®) 1 l actual fow
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Figure 5-5 Higher lower bound results: (a) TTS vs. time; (b) ordered and actual PN
inflow vs. time
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exploit the NFD notion according to? If not, how many links should be equipped?
Appropriate answers to these questions have obvious implications for the cost, and hence the
applicability, of feedback-based gating strategies. It is the main focus of this part of the study
to investigate these significant questions and their implications.

As a starting point for addressing these questions, reduced operational NFDs, i.e., based on
fewer measurements from the Chania PN, have been derived (see Figure 5-6(c)-(h)). At a first
step of this investigation, all links approaching signal-controlled junctions inside the PN have
been selected for deriving a correspondingly reduced operational NFD. This leads to a
number of 57 out of 165 links, i.e. 35% of the measurements (see Figure 5-7 for the location
of the detectors in the PN) used for a complete operational NFD (see Figure 5-6(c) and (d)).
We will call this reduced operational diagram NFD(35%) for brevity.

Since 57 links may still be a high number in practice for this size of urban network, we
proceed, in the next steps of our investigation, to further reductions of the percentage of
monitored PN links to 10% (17 links) and to 5% (8 links) of the whole link population in the
PN, where the 5% links is a subset of the 10% links (see Figure 5-7). The specific selection of
equipped links (out of the 57 signal-controlled links) was based on visual inspection of the
protected network during the simulation. More specifically, the selection included, in a first
step, the most critical links, i.e. links where the congestion starts spreading at the peak period,;
in a second step, the signal-controlled PN links which are deemed most representative for the
traffic conditions in the PN were added to complete the targeted percentage of equipped
links. The obtained reduced NFDs are displayed in Figure 5-6(e) and (f) and Figure 5-6(Q)
and (h) for 10% and 5% of measurement-equipped links, respectively. Interestingly, a similar
attempt to derive representative NFDs by use of a sub-set of network link measurements was
undertaken independently by [45]; albeit without actually exploiting the resulting reduced

NFDs for gating control as in this work.

Clearly, the range of the obtained TTS and TTD values across the four diagrams
(Figure 5-6(a)-(h)) is different, because of the corresponding differences in the number of
measurements that are summed up in eq. (2-1) and (2-2). We will call the (reduced) quantities
of a NFD(x%), TTS(x%) and TTD(x%) for brevity. The displayed NFDs for different
percentages of measurements (100%, 35%, 10% and 5%), indicate that the respective
maximum TTD occurs in a TTS region of 600 to 900, 350 to 450, 150 to 200, 90 to 130 vehh
per h, respectively.
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Figure 5-6(a) NFD of the PN for the first 2 hours for 10 replications; (b) NFD of PN for
the 4 hours simulation for 10 replications (100% measurements); (¢) NFD of the PN for
the first 2 hours for 10 replications; (d) NFD of PN for the 4 hours simulation for 10
replications (35% measurements); (e) NFD of the PN for the first 2 hours for 10
replications; (f) NFD of PN for the 4 hours simulation for 10 replications (10%
measurements); (g) NFD of the PN for the first 2 hours for 10 replications; (h) NFD of
PN for the 4 hours simulation for 10 replications (5% measurements)

At this point, it is important to highlight a potential dilemma that stems from the following
facts: (a) The targeted goal is to maximize the TTD of the protected network as a whole, not
merely the TTD occurring at a subset of PN links; but (b) we wish to achieve this goal on the
basis of measurements collected from a subset of PN links, i.e. based on the knowledge of the
accordingly reduced NFD. To address this dilemma, we need to investigate if, at the time the
reduced TTS (with less measurements) is within its critical value range, the corresponding
TTS(100%) is within its own critical value range as well. This investigation confirmed that in
all cases and replications, the critical TTS ranges are indeed reached approximately
simultaneously, specifically within the time interval of [1.4h, 1.5h]. Note that this outcome is
in agreement with a sufficient condition for the existence of an NFD, namely the space-
homogeneity of congestion in network links (see [26]). In fact, if this homogeneity condition
holds true, then any subset of network links is representative for the congestion status in the

whole network.
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Figure 5-7Links considered for deriving reduced operational NFD: The thick blue lines
indicate the links used for the case of 5% measurements; the thick blue and pink
medium-width lines show the links considered for the case of 10% measurements; and
the thin red lines plus the aforementioned colors reflect the case with 35%
measurements

The finding of the above investigation is important for the practical deployment of NFD-
motivated feedback gating strategies, because it suggests that throughput-maximizing gating
can actually be applied on the basis of a small percentage of detector-equipped links, i.e. with
far less cost than what would be necessary for obtaining the complete operational NFD of the
protected network. More specifically, the investigation indicates that targeting a reduced TTS
(with less measurements) to be in its optimal region, is practically equivalent to targeting the
complete TTS(100%) to be in its own optimal region, which is known (by the NFD notion) to
lead to a maximum PN throughput. The testing of this practically significant outcome via
actual application of feedback gating actions under different instrumentation scenarios will be

considered in the next sections.

5.3.2. Non-Gating Scenario

The applied signal control in the non-gating case corresponds to the usual fixed-time signal
settings used in the real Chania network during the peak period. Table 5-3(a) displays the
evaluation indexes for every replication. The last four columns display the average,

maximum, minimum and standard deviation (S. D.) for each index. The standard deviation
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Table 5-3 (a) Non-gating performance indexes for each replication; (b) Performance
indexes using the proposed gating control strategy with different measurement
percentages (*: in 1000)

(a) Index R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 Ave. Max Min S.D.

Delay (st/km) 427 327 271 321 279 289 458 253 352 438 342 458 253 75
Speed (km/h) 7.2 89 104 91 102 99 68 110 84 70 89 110 68 15
Veh. out* 156 157 157 159 157 158 157 159 158 160 158 16.0 156 0.1

Non-gated

(b) Delay (s’/km) 244 239 223 242 234 249 257 236 241 239 241 257 223 85
Speed (km/h) 113 115 121 114 117 111 109 116 114 115 115 121 109 03
Veh. out* 157 157 156 160 156 159 158 16.0 158 159 158 160 156 -

100%

Delay (s’/km) 248 219 215 238 217 241 230 226 229 249 231 249 215 118
Speed (km/h) 111 120 124 115 122 114 118 120 118 111 117 124 111 042
Veh. out* 158 158 157 159 157 158 157 159 157 159 158 159 157 -

35%

Delay (stkm) 241 229 239 251 236 246 258 237 235 262 243 262 229 100
Speed (km/h) 114 118 115 111 116 112 108 115 116 107 113 118 107 0.34
Veh. out* 159 156 158 16.0 157 158 157 158 159 16.0 158 16.0 156 -

%Measurement

10%

Delay (st/km) 249 220 238 262 238 251 241 238 254 232 242 262 220 119
Speed (km/h) 112 123 115 107 115 111 114 115 119 118 115 123 10.7 044
Veh. out* 158 157 157 160 158 160 158 158 159 160 159 160 157 -

5%

was included as an indicator reflecting the reliability of the traffic conditions across the
different replications. In fact, the reliability of the traffic conditions, i.e. their similarity from
day to day, is deemed to be a significant network quality criterion because it enables the road
users to plan their trips and activities in an accordingly reliable way. Although different
AIMSUN replications are not necessarily equivalent to different days in a real network, a
possible reduction of the standard deviation in the gated case could be interpreted as an
ability of the control action to reduce the aforementioned stochastic or chaotic traffic

characteristics, hence to potentially increase the reliability, of the network traffic process.

To enable an illustrative comparison of the non-gating versus gating cases, the detailed
results of one specific replication (R2) (for the 100% measurement case) are displayed in
Figure 5-8, namely the PN’s TTS (Figure 5-8(a) and (d)), the PN inflow (from the 8 gated
links) q., (Figure 5-8(b) and (e)), and the PN’s TTD (Figure 5-8(c) and (f)). Note that g,,and
q, (Figure 2-2) are identical in the present application, as gating is applied directly at the PN

boundary. Concentrating for now on the left column of Figure 5-8 (parts (a), (b), (c)), the
first hour is characterized by a gradual increase of all three displayed quantities, as it is
typical with increasing demand in under-saturated traffic conditions. At time t=1 h, the

observed stronger increase of ¢, leads to an according surge of TTS and TTD, the latter
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reaching soon capacity values according to Figure 5-6(a) (for the 100% measurement case),

while the former is traversing the aforementioned critical region of [600, 900].

However, as the inflow q,, continues to be high, TTS continues to increase to very high

values (i.e. the PN becomes increasingly crowded with vehicles); as a consequence, link
over-spilling and gridlock phenomena appear in the PN and lead to a sensible TTD reduction
to lower levels, that are persisting until about t=2.8 h, when the network returns to the
critical and eventually the under-saturated ranges, thanks to the decreasing demand. It should
be noted that, during the congested period t<[1.5 h, 2.8 h] (when TTS values are higher than

900 veh), the inflow g, is also reduced at some PN entrance links due to over-spilling links

of PN, i.e. as a result of the congestion that extends beyond the PN; but this “natural” gating
IS too late, too little to counter the occurred PN degradation caused by its overcrowding with
vehicles.

5.3.3. Gating Scenario

In this section, we present the results of feedback gating applied to the same Chania network
scenario as the mere fixed signal control above. It is recalled that a similar investigation
conducted in section 5.2 demonstrated the usefulness of feedback gating when using 100% of
PN link measurements; while the focus of the present investigation is on demonstrating the
gating control action and comparing its impact on the network performance indexes, when
using decreasing percentages of real-time measurements, i.e. on the basis of accordingly

reduced implementation requirements and cost.

As pointed out in section 4.7, the usual peak-hour fixed-time signal plan of the Chania urban
road network is modified at the gating junctions when real-time gating actions are present, by
modifying accordingly the involved signal stage durations (see section 4.7.3 for more
details). Note that the new re-staging procedure introduced in section 4.7.3, for separating the
gated right-of-way from the opposite-direction right-of-way in the same stage is implemented
in this study.

The various reduced-measurement gating cases call for accordingly reduced set-pointsT'fS to
feed the regulator (4-25). In fact, the set-points for the investigated cases of 100%, 35%, 10%

and 5% measurements may be taken from the corresponding NFDs displayed on Figure 5-
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Figure 5-8 (a) PN’s TTS vs. time in non-gating case; (b) actual PN inflow vs. time for
the non-gating case; (c) PN’s TTD vs. time for the non-gating case; (d) PN’s TTS vs.
time for the gating case; (e) ordered and actual PN inflow vs. time for the gating case;
(F) PN’s TTD vs. time for the gated case (100% measurements)

6(a)-(h). Specifically, the utilized respectiveT'fS values are 750, 350, 170 and 105 veh-h per
h.

The regulator parameters K, and K, were given the same values as in previous section for
the 100% measurement case, i.e. K, =20h™ and K, =5 h™. For the reduced measurement
cases, these values were increased proportionally to the corresponding decrease of the set-
pointT'fS ,to counterbalance the lower values of the TTS-measurements while calculating the
inflows g, (k) with the regulator (4-25). Thus, to obtain the regulator gain values in the case
of 35% measurements, given the approximate drop by half in the set-point (i.e.
T'fS(lOO%)/T'fS(BS%) ~2), theK, and K, values of the 100% case were multiplied by 2
(leading to K, =40h™ and K, =10h™). In the same way, for the case of 10% measurements,
the values K, =70h™ and K, =17h™ were obtained. For the case of 5% measurements, the

same policy was pursued at a first stage; however, when the resulting gain values were
actually applied, the obtained closed-loop behavior was found to exhibit relatively strong
time-variations of the resulting input signal qm(k). To explain this behaviour, one must
consider that the time delay between the gating action and its impact at the measurement
locations becomes increasingly non-negligible as the measurement percentage decreases.

This means that the dynamic structure of the (q,, TTS) SISO process under control changes
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accordingly and increasingly in the reduced measurement cases. The regulator structure (4-
25) is valid also in presence of time delays, but its gain values should be generally smaller in
presence of a time-delay for damped closed-loop behaviour. Thus, the regulator gain values

were eventually manually fine-tuned in the case of 5% measurements (K, =60 and K, =15)

to obtain a smoother control action.

The regulator’s maximum and minimum bounds are the same for all gating cases and are
visible in Figure 5-8(e) (as well as in Figure 5-9(b), (g) and (I)). The regulator runs
continuously in the background, but gating is actually activated only when TTS exceeds a
threshold, that is selected slightly lower than (in this case 85% of) the set point; and is de-
activated when TTS falls below a 2", slightly lower threshold and the relative difference
between the ordered and actual flow is more than 30%. At all other times, fixed-time signal

control is applied, as in the non-gating case.

Figure 5-8 (second column) displays the gating results for the case of 100% measurements,
which can be directly contrasted to the (same-replication) non-gating results displayed in the
first column of the same figure. It may be seen that the traffic conditions are identical as in
the non-gating case up to around t =1.5h, when gating is switched on (Figure 5-8(e)), as TTS
approaches its set-point; the gating regulator orders low inflow values to maintain TTS
around its set point, and, as a consequence, TTD is maintained at high levels (see
Figure 5-8(f)), in clear contrast to the non-gating case (see Figure 5-8(c)). It is visible in

Figure 5-8(e) that the actual inflow, shown by the red line, deviates at times from the g,

values ordered by the regulator (shown by the black line). By closer inspection of the results
(not shown here), this deviation is mainly due to two specific gated links, whose demands are
not always sufficient to create the respective inflows assigned to them. Remarkably, this
deviation has only a minor impact on the regulator’s ability to maintain TTS close to its set-
point, thanks to the feedback character and the chosen structure of the regulator eq. (4-25). At
t=2.5h, TTS is returning to lower values, and the relative difference between the actual and
ordered inflows grows higher, than the respective thresholds, hence gating is switched off,
and the traffic flow returns to under-saturated conditions due to lower demand; this is in
contrast to the non-gating case, where over-saturated traffic conditions are seen in

Figure 5-8(a) to persist for almost half an hour longer.

To further illustrate the beneficial impact of the gating strategy on the traffic flow throughput

in the PN, the NFD for the case of 100% measurements is displayed in Figure 5-10 for the
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control case. The change, compared to its counterpart in Figure 5-6 is obvious. Under the
action of the feedback gating regulator, the PN TTS is operated around its set-point; as a
consequence the observed throughput degradation of the non-gating case is avoided and the
throughput of the protected network is kept at the desired level (maximum TTD).

For the cases with reduced measurements, the gating case results (again for the same specific
replication R2 for each case) are displayed in Figure 5-9 specifically, each of the three
columns of Figure 5-9 (i.e. Figure 5-9((a)-(e)), ((H-(j)) and ((k)-(0), respectively) displays the
detailed results of replication R2 for the respective gating cases with 35%, 10% and 5% of

measurements, to illustrate and compare their way of functioning and impact.

The first row of Figure 5-9 (i.e. Figure 5-9(a), (f) and (K)) displays the TTS(x%) trajectories,
for x=35, 10, 5, produced (via eq. (2-1)) from the available measurements within PN; we
recall that this is indeed the quantity feeding the regulator eq. (4-25) for each respective
reduced-measurement case. Clearly, the TTS values are accordingly smaller when fewer
measurements are summed up in eq. (2-1). In all three cases, the regulator is seen to keep the
TTS values close to the respective set-point (blue dot-dashed line) during the gating period.

The second row of Figure 5-9 (i.e. Figure 5-9(b), (g) and (1)) displays the ordered (black
curve) and actual (red curve) inflow to PN for each respective reduced-measurement case.
The basic structure of these diagrams is similar across the three cases as well as with
Figure 5-8(e), i.e. the 100% measurement case. Specifically, there is a gating activation
period (between the dashed vertical lines), which may be slightly shorter or longer,
depending on the specific development of the traffic conditions reflected in the real-time
measurements of each case; within the gating period, the regulator (4-25) determines the
displayed gated inflow appropriately, so as to maintain TTS close to its set-point. As in the
discussed 100% measurement case, the deviation of ordered from actual inflows is mainly
due to lack of demand at two gated links, but this fact has hardly any effect on the gating

regulator’s efficiency in maintaining TTS near its set-point.

76 |Page



5.3 Study 2: Single Perimeter Gating Control by using Reduced NFDs

The third row of Figure 5-9 (i.e. Figure 5-9(c), (h) and (m)) displays the TTD(x%)
trajectories, for x=35, 10, 5, produced (via eg. (2-2)) from the available measurements within
PN; as with TTS, the magnitude of the TTD values depends obviously on the number of
measurements summed up in eq. (2-2). Thus, in contrast to the third row of Figure 5-8, it is
not possible here to see directly whether the PN’s TTD is actually maintained at capacity
levels, because the measurements capture only a portion of the total TTD. To enable the
complete assessment, it is easy, in the present simulation environment, to calculate and
display, in the fourth and fifth rows of Figure 5-9, the full (100% measurement) TTS and TTD

trajectories, respectively, which result under the reduced-measurement gating of each figure
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Figure 5-9(a) PN’s TTS(35%) vs. time for the gating case (35% measurements); (b)
ordered and actual PN inflow vs. time for the gating case (35% measurements); (c)
PN’s TTD(35%) vs. time for the gated case (35% measurements); (d) PN’s
corresponding TTS(100%) vs. time for the gating case (35%measurements);
(e)corresponding PN’s TTD(100%) vs. time for the gated case (35% measurements); (f)
PN’s TTS(10%) vs. time for the gating case (10% measurements); (g) ordered and
actual PN inflow vs. time for the gating case (10% measurements); (h) PN’s TTD(10%)
vs. time for the gated case (10% measurements); (i) corresponding PN’s TTS(100%) vs.
time for the gating case (10% measurements); (j) corresponding PN’s TTD(100%) vs.
time for the gated case (10% measurements); (k) PN’s TTS(5%) vs. time for the gating
case (5% measurements); (I) ordered and actual PN inflow vs. time for the gating case
(5% measurements); (m) PN’s TTD(5%) vs. time for the gated case (5%
measurements); (n) corresponding PN’s TTS(100%) vs. time for the gating case
(5% measurements);(0) corresponding PN’s TTD(100%) vs. time for the gated case (5%
measurements)
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column. By inspection of the corresponding diagrams, we can state that:

e The TTS(100%) trajectories lie within the critical value range of [600, 900] during the
gating activation period, for all reduced-measurement gating cases. This confirms
(now for a prolonged period of time thanks to gating) the observation of Section 5.3.1,
where it was found that the critical ranges for all TTS(x%), x=100, 35, 10, 5, are
attained roughly at the same time.

e The TTD(100%) trajectories reach capacity values, as in the 100% measurement case
of Figure 5-8(f), during the gating activation period, for all reduced-measurement
gating cases. This confirms that the concept of feedback gating can be applied
successfully to maximize the PN throughput based on far less real-time measurements

and cost than needed to capture the complete traffic state of the PN.

We now turn our attention to the detailed performance index values obtained in the 10
replications of each (full or reduced-measurement) gating case, as displayed on Table 5-3(b).
The last four columns of Table 5-3 report the average, maximum, minimum and standard
deviation (S.D.) values, respectively, for each index and for each gating scenario.
Furthermore, Table 5-4 displays the achieved gating improvements of the average

performance indexes over the non-gating case of Table 5-3(a), for each gating scenario.
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Figure 5-10 The operational NFD(100%) after using the gating strategy; (a) for the first
2 hours and (b) the 4 hours simulation
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Table 5-4 Improvements of gating cases versus the non-gating case for different
measurement percentages

Changes (%)

%Measurement Ave. Delay Ave. Speed Delay S.D. SpeedS. D.
100% -29.5 29.2 -87.9 -78.3
35% -32.2 314 -83.3 -70.5
10% -28.9 27.1 -85.8 -76.0

5% -29.1 29.2 -84.3 -74.4

To start with, the average number of served vehicles over the whole scenario duration is
virtually identical across all (gating or non-gating) cases. This was expected, since the
underlying demand scenario is the same; the initial traffic state is identical (empty network);

and the final traffic state is identical (virtually empty network); for all investigated cases.

The average delay and mean speed show clear and comparable improvements in all gating
cases compared to the non-gating case, which are due to the avoidance of PN degradation.
Specifically, the average delay improvements range from 28.9% (in the 10% measurement
case) to 32.2% (in the 35% measurement case); while the average speed improvements range
from 27.1% (in the 10% measurement case) to 31.4% (in the 35% measurement case). The
slight improvement variations across different gating cases are deemed to reflect, except for
stochastic effects, the impact of the specific locations of the chosen measurements that are
utilized for gating. This issue is further discussed in Section 5.3.4.

A particularly interesting finding in the reported results concerns the S.D. index, which, as
mentioned earlier, may reflect to some extent the reliability of the traffic conditions.
Table 5-4 reports huge reductions of S.D. in all gating cases, in the order of 85% for the
delays and of 75% for the speeds, compared to the non-gating case. In fact, if a network
degradation is allowed to occur (as in the non-gating case), the underlying overspill and
partly gridlock conditions seem to give rise to a huge variety of quite different potential
evolution paths of the traffic state, that may be triggered by small initial deviations, i.e. a
chaotic-like dynamic behaviour. On the other hand, the avoidance of overspill, gridlock and
the resulting network degradation in the gating cases, renders the traffic state evolution and
performance more stable and predictable, despite the existence of stochastic variations across
different replications. Although a quantification of the related reliability improvements is not

possible on the basis of the present simulation-based investigations, we expect that similar
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phenomena may be encountered in the daily variation of traffic conditions in real conditions

as well.

5.3.4. Discussion and Practical Implications

Study 2 shows that the feedback gating procedure and algorithm proposed in section 5.2,
which was based on the provision of full real-time information from all PN links, may be
applied equally efficiently also with much less real-time measurements pertaining to a small
subset of PN links. Obviously, this finding has significant implications for the
implementation requirements and cost of the method in practice. Specifically, feedback
gating may be applied with a small percentage (up to 5% in this work) of real-time

measurements that are used to feed the regulator (4-25). The set-point TTS included in (4-
25) may be readily obtained on the basis of the same small percentage of detector-equipped
links, by tracing the corresponding reduced NFD before the gating application, as e.g. in

Figure 5-6(g) for the 5% measurement case.

At this point, it is important to stress the importance of a proper selection of measurement
links, particularly in cases of very few measurement links. The successful results reported in
Section 5.3.3, even for 5% of measured links, may not materialize for all possible
measurement link selections. As mentioned earlier, reduced measurement links were selected
to reflect early increasing queuing in the PN, something that seems easy to also pursue in
practice, based on known recurrent daily traffic patterns in the PN. Nevertheless, it is
interesting to investigate cases of other measurement link selections, and, in particular, to
demonstrate that proper set-point specification for feedback gating may be virtually
impossible in cases of really inappropriate link selection. Figure 5-11 displays the operational
NFDs obtained (without gating) by use of 5% measurements (8 links), albeit with different
link selections than in Figure 5-6. Specifically, Figure 5-11(a) and (b) (for network filling and
emptying, respectively) are based on 4 of the previously considered 5% links (which feature
early queuing) plus 4 PN links which are “late congested”, i.e. feature significant queuing
only when the whole PN gets congested; while Figure 5-11(c) and (d) reflect the NFD for 8
exclusively late-congested links. Remarkably, the NFD scatter in the latter case is so strong,
that no reasonable TTS set-point can be determined; note that the strong scatter remains even
if we calculate TTD averages for each TTS region of 1 vehh per h (not shown here). Thus,

feedback gating based on this “NFD” does not seem feasible. On the other hand, a
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sufficiently well-formed NFD results from the mixed selection of (early-plus-late)
measurement links according to Figure 5-11(a) and (b), with a maximum-TTDTTS-range of
[50-90] veh:h per h. Note that the time period of reaching this TTS-range in the non-gating
case largely overlaps, but does not completely coincide, with the time-period of reaching the

optimal TTS-range in the 100% measurement case.

Figure 5-12 displays the gating results obtained (for Replication R2) for the case of mixed-
selection 5% measurements; while Table 5-5 displays the related detailed and averaged
performance index values; for a set-point of 70 velh per h and regulator gain values of

K, =70 h* and K, =20 h™. The obtained results are seen to be roughly equivalent to the
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Figure 5-11(a) NFD of the PN for mixed 5% measurements for the first 2 hours for 10
replications; (b) NFD of PN for mixed 5% measurements for the 4 hours simulation for
10 replications; (c) NFD of the PN for late-congested 5% measurements for the first 2
hours for 10 replications; (d) NFD of PN for late-congested 5% measurements for the 4
hours simulation for 10 replications
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results of section 5.2, which indicates that even a non-perfect mix of few measurement links

may suffice for efficient feedback gating.

The above results indicate that the proper selection of, even very few, PN measurement links
for feedback gating is not really difficult, at least in the here utilized simulated environment
with real-time route assignment. Whether this also applies to real networks, should be

specifically investigated with real data.

It should be noted, however, that the outlined field deployment procedure would feature a
difference compared to the present simulation-based investigation, where we had the
possibility to also obtain the full NFD of the PN (via emulated detector measurements in all
links) and to check whether the critical TTS range of the reduced NFD is attained
simultaneously with the critical TTS range of the full NFD. This test is not possible in a real
deployment environment where only a small percentage of link measurements would be
actually available. In other words, the readily obtained reduced NFD (as in Figure 5-6(g))
would include a critical TTS range where the reduced (measured) TTD is maximized; but
there would be no direct way to check, that the corresponding traffic state actually maximizes
the full PN throughput in practical deployments. Thus, although an efficient selection of link
measurements proved easy in the present simulation-based environment, the question of how
to best select the specific links to be equipped for feedback gating application in practice

remains relevant and should motivate future research.

5.4. Study 3: Multiple Concentric Boundary Gating

Given that in large metropolitan urban networks the congestion spreads mostly
heterogeneously over the network, in which case a homogenous gating strategy may not be
the optimal solution, this section proposes a new gating strategy which implements the
aforementioned feedback-based gating strategy, along with considering the heterogeneity of a
large-scale urban network. This multiple concentric-boundary gating strategy, initially
applies the gating concept at the border of the region where the first core of congestion starts;

Table 5-5 Performance indexes using the mixed 5% link selection (*: in 1000)

Index RI R2 R3 R4 R5 R6 R7 R8 R9 R10 Ave. Max Min S.D.
Delay (s’/km) 233 231 236 235 226 251 258 221 229 266 238 266 221 14
Speed (km/h) 11.7 118 11.6 11.7 120 111 109 122 119 106 116 122 10.6 0.50

Veh.out* 159 158 156 159 157 16.0 158 159 157 159 158 160 156
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Figure 5-12 Feedback gating results for mixed 5% measurements: (a) PN’s TTS(mixed
5%) vs. time; (b) ordered and actual PN inflow vs. time; (c) PN’s TTD(mixed5%) vs.
time; (d) PN’s corresponding TTS(100%) vs. time; (e) corresponding PN’s TTD(100%)
vs. time

eventually, as congestion continues to expand, the border of an extended network part

becomes the second perimeter for a second (independent) gating control.

As discussed in section 4.7.2, distributing the flow ordered by the controllers is a crucial issue
in the gating procedure. During the activation of the controllers, in one or more gated
junctions, the actual flow may differ substantially from the flow ordered by the regulators.
This may occur because of low demand in the gated link or due to downstream spillover at
the gated junctions. Thus, ignoring the real-time traffic state in gated links may result in
unutilized portions of green phases and, consequently, in unnecessary delays imposed on the
vehicles in the non-gated directions. Therefore, as mentioned earlier, in study 3, a new flow
distribution policy is proposed, which considers the cases of low demand (by monitoring the
queue length in the gated link in real-time) and spillback simultaneously. The gating strategy
proposed in study 3 has led to significant improvements versus the previously proposed
single boundary gating control and the no-gating scenarios. The proposed gating strategy

implements scenario 3 as test-bed.

The results of 10 different replications for each investigated scenario are presented in
Table 5-6 and then each evaluation criterion is compared across different scenarios. Since all

the simulation scenarios (scenario 1 to scenario 4) are in the environment of AIMSUN 6,
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which does not consider the waiting time in the virtual queue in the calculation of the delay
(s’/km) at the end of the simulation, an additional performance index is introduced in this
study. This performance index may be interpreted as average TTS/TTD (s/km) or average unit
travel time that considers the waiting time in the virtual queue in the calculation of the TTS.
Beside this, to compare the new performance index with the reported index (delay) in
previous scenarios, the average vehicle delay per km is also reported here. It must be
emphasized, that average TTS/TTD is provided for the entire San Francisco urban network
(not only the PN); thus, the reported improvements due to gating are net benefits, because the
delays at the gated links are actually included in the performance index. The improvements of
the proposed multiple boundary gating control are compared with single boundary (as in

section 5.2) and the non-gating scenario.

5.4.1. Network Fundamental Diagram of Protected Networks (PNs)

The NFDs of the San Francisco PN; and PN introduced in chapter 3 (assuming that all links
are detector-equipped, i.e. M=2z), is obtained via a 5-hour simulation with DTA-based
routing and is displayed in Figure 5-13. Ten different replications (each with a different
random seed) of the 5-hour scenario are included (with different colors) in Figure 5-13.
Figure 5-13(a) and (b) display the (60s) measurement points for PN,and PN; respectively. In
this study, the demand profile is trapezoidal, starting from low values and increasing
gradually to levels that lead to heavy congestion in PN (as under typical real traffic

conditions at the peak periods); ultimately, the demand is gradually reduced, until the

Table 5-6 Performance indices of non-gated (NG) and control strategies (SC, TC) and
corresponding improvements

TTS/TTD (s/km) Improvement (%) Delay (s/km) Improvement (%)

NG SC TC SC TC NG SC TC SC TC

R1 1179 1151 1134 2.43 3.87 509 426 416 16.31 18.27
R2 1257 1171 1138 6.86 9.46 513 426 397 16.96 22.61
R3 1213 1153 1103  4.92 9.08 506 433 401 1443 20.75
R4 1470 1265 1140 13.95 2245 607 455 411 25.04 32.29
R5 1320 1255 1135 4.88 1397 541 459 394 15.16 27.17
R6 1550 1266 1255 18.32 19.06 628 464 446 26.11 28.98
R7 1414 1230 1219 13.00 13.76 554 417 413 24.73 25.45
R8 1391 1201 1157 13.68 16.86 574 419 419 27.00 27.00
R9 1497 1345 1207 10.12 19.36 618 479 414 2249 33.01
R10 1398 1231 1174 1195 16.00 581 446 425 2324 26.85
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Figure 5-13(a) NFD of PNy; (b) NFD of PN; for 10 replications

network is virtually emptied at the end of the simulation (see Figure 5-13). The most relevant
issue for gating control, which can be clearly seen in Figure 5-13, is that the maximum TTD
values in the diagram for PN, and PN; consistently occur in a limited TTS range of 3500 to
4000 and 1700 to 2000 vehh per h, respectively. If the TTS values exceed these ranges, the
TTD decreases drastically and can lead the PN throughput to lower levels or even to a
gridlock state. A thorough observation of the NFDs of PN; and PN revealed that PN, reaches
the maximum TTD region in its NFD approximately with a time gap of 20 minutes (i.e. 20
cycles) later than PN;. This confirms the need of a multiple-boundary gating strategy for a
large-scale urban network like the one addressed in this section to avoid gating delays for
some vehicles without any reason. Thus, the new proposed gating strategy attempts to
maintain the traffic state of PN; in the maximum throughput condition, and, if not completely
successful in mitigating the overall congestion during the peak period, the second gating
boundary at PN turns on. In other words, the two-stage gating concept tries to maintain the
traffic conditions in both PN; and PN, in the critical range (i.e. TTS with maximum TTD) of
their NFDs by employing two separate feedback regulators at the borders of PN; and PN,

respectively (see section 4.6) .

5.4.2. Control Scenarios

In this sub-section, the simulation results of three control scenarios are presented; non-gating

(NG) scenario or fixed signal control, single-controller (SC) scenario or single-boundary
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Table 5-7 Performance indices average improvement of control strategies

TTS/TTD (s/km) Improvement (%)

NG SC TC SC TC
Avg. 1369 1227 1166 10.01 14.39
COV 0.09 0.05 0.04

Delay (s/km) Improvement (%)

NG SC TC SsC TC
Avg. 563 442 414  21.15 26.24
COVv 0.08 0.05 0.04

gating, and two-controller (TC) strategy or multiple boundary gating scenario. In the NG
scenario, a real fixed-time signal plan applied in the San Francisco network during the peak
period is utilized. This scenario is used as base-scenario to compute the benefits from the
proposed gating strategy. The controller implemented in SC strategy monitors TTS;
measurements in PN, and regulates the inflows through 15 intersections located at the
boundary of PN,. TC case reflects a new gating strategy; two controllers that may work
separately or in conjunction. The first gating controller employs TTS; measurements (in real-
time) from PNy, and regulates traffic signal timings according to the ordered flow values at 9
intersections located on the bold red line in Figure 3-5. The second gating controller uses
TTS, measurements from PN, and regulates the inflow at 11 intersections located on the pink
line (PN2\PN,) in Figure 3-5.

Kp and K, are derived by manual fine-tuning, after calculating them from parameter
estimation procedure introduced in section 4.6.1.1. Thus, in SC scenario, the regulator

parameters are K, =20 h? and K, =5 h™ and in TC strategy, regulator parameters are
calculated to be K,, =12h™ and K, =3h™ for PNy, K,, =16h™ and K, =4 h™ for PN,\PN;.

Set-points are selected to be TTS, =1750veh-h/h for PNy, and TTS, =3500veh-h/h for PN,.
In this study, the regulators are activated when TTS; and TTS, exceed a certain threshold,
85% of TTS, and 85% of TTS,, respectively, and it is turned off when they are below a 2™

slightly lower threshold (see section 4.7.1).

Table 5-6 introduces the results obtained with three different control strategies for the 10
replications (TTS/TTD, delay and individual improvements). In all the replications, SC
strategy produces better results than NG, and TC scenario better than SC regarding both
TTS/TTD and average delay. According to Table 5-7, the average improvements of SC over
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NG case are 10% and 21% for TTS/TTD and average delay, respectively. These
improvements rise to 14% and 26%, respectively for TTS/TTD and average delay, with the
implementation of the new multiple-boundary gating strategy. Nevertheless, the benefit from
gating considering adverse effects of gated vehicles, especially with TC strategy, is quite
significant. In fact, it implies that even gated vehicles may have benefits from gating strategy,
as their waiting times can be compensated by higher speeds inside the network enabled by the
gating strategy (slower is faster effect). Note that incorporation of only 5 intersections (1%,
2" 3" 8™ and 9™ intersections on the red bold line in Figure 3-5) into the gating strategy has

substantially increased the improvements produced by SC strategy.

Apparently, the NG strategy is not able to maintain a reliable network performance during
peak hours, as indicated by coefficient of variance (COV) values. The reliability of the
network is positively affected by SC strategy, and it is further improved by TC gating, see
COV values in Table 5-7.

Figure 5-14 displays TTS evolution of R4 in PN; and PN, in a comparative way, which
indicates that congestion does not evolve in the network in a homogenous manner. Especially
at the loading stage, PN; and PN, are not homogeneously congested; note that the curves are
not close to the proportionality line. This clearly demonstrates that PN; and PN, have
different congestion levels for a certain period during the simulation. Therefore, a single
gating activity at the boundary of the entire network can be improved by a finer strategy
which includes two controllers that work in conjunction and operate all regions
approximately at their optimum TTS. On the other hand, Figure 5-14 clarifies the fact that TC
gating is able to render the network homogenous and maintain different parts at the capacity
flow. Note that the dots in Figure 5-14 concentrate on the intersection of two set points in

case of TC strategy.

Figure 5-15(a) and (b) display TTS evolution over time for three control scenarios in PN, and
in PNy, respectively. Note that both TTS, and TTS; are identical until t=1.1h for all
strategies, where gating action starts in TC scenario. Apparently, SC is able to keep PN, at

the desired level TTS,. However, the same statement does not hold for PNy; TTS; values do

not stay around the set point (see Figure 5-15(b)). Figure 5-15(a) indicates that TTS;
measurements with TC strategy show a very similar behavior to the ones with SC strategy.
However, PN, with TC gating switches from capacity flow to uncongested regime earlier

than SC scenario, which indicates that the new strategy is able to dissipate congestion faster.
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Figure 5-14 TTS Evolution in PN; and PN,

Figure 5-16(a) and (b) introduce controller action results for PN,\PN; and PN; in R4,
respectively. Regulators’ activation and deactivation times, along with lower and upper
bounds are also presented. Note that, for the periods where the controllers are off, the flows
ordered by the fixed signal timing plan are displayed in Figure 5-16. The inflow introduced in
Figure 5-16(a) represents the number of vehicles crossing the pink border (through 11 gated

junctions) in Figure 3-5 to enter the network (PN,\PN;), and the one presented in
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Figure 5-15 (a) TTS2 vs. Time; (b) TTS1 vs. time
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Figure 5-16(a) Ordered and actual inflow in PN2\PN1 two controllers; (b) ordered and
actual inflow in PN1 two controllers

Figure 5-16(b) denotes the number of vehicles that cross the red bold line (through 9 gated
junctions) to enter PN;. Gating controller for PN; switches on first att=1.1h as TTS;

measurements exceed the corresponding threshold. Controller regulates traffic signal timings

at the boundary of PN, to keep TTS; close toT'fSl. At t =1.5h, TTS, measurements exceed

the defined threshold, and gating at PN2\PN; is also switched on. For the period, t [1.5,2.9]

h, two controllers work in conjunction to reach desired levels of TTS,and TTS,. At t=2.9h,

TTS, falls below the defined threshold, and the gating controller switches off for PN,\PN;.
For te [2.9,3.2] h, the gating controller at PN; works individually to keep PN; at the capacity

flow. Then, the system switches back to fixed signal timing configuration att=3.2h, as
traffic levels in both parts are uncongested. Note in Figure 5-16(a) and (b) that ordered flows
differ from actual flows. In case of idle gating, where the controller is not active, the big gap
between ordered flows (from fixed signal timing configuration) and the actual flows is
mainly due to low demand. On the other hand, in case of gating, the gap occurs mainly due to

spillbacks and gridlocks at the gating junctions.

5.4.3. Spillback and Low-Demand Actions

Flow distribution policy implemented in this study prevents wasted green time at gating
junctions where demand is not sufficient to reach ordered flow, and it readjusts signal timings
at intersections under spillback influence, leading to a smoother traffic flow. Figure 5-17(a)

and (b) display ordered and actual flows along with estimated queue size for the 7"
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Figure 5-17(a) Ordered and Actual Inflow for 7" Intersection on the Red Line without
Spillback Action; (b)- with Spillback Action; (c) Ordered and Actual Inflow for 8"
Intersection on the Pink Line —without Low Demand Action; (d)- with Low Demand
Action

intersection on the red line (see Figure 3-5) without and with spillback action, respectively.

The gap between actual and ordered flows in Figure 5-17(a) for the period te[1.2,2.1] h

clearly indicates that spillbacks occur at the gated junction. Although there is enough demand
at the gated junction (i.e. estimated queue size is bigger than ordered flow), inflow assigned
by the original demand distribution algorithm cannot be satisfied. On the other hand, the
proposed algorithm with the spillback action is able to adjust ordered flow values and to
reduce the size of the aforementioned gap. Note that spillback action presented in this study
cannot guarantee that actual and ordered flows are identical. However, empirical observations
indicate that this algorithm is able to significantly decrease the gap, although not fully

removing it (see Figure 5-17(b)).

Figure 5-17(c) and (d) present estimated queue size, ordered and actual flows for the 8"
intersection on the pink line (see Figure 3-5) without and with low-demand action,
respectively. In order not to waste green time, the current distribution algorithm replaces
maximum green time in the original algorithm with the necessary signal timing for the
estimated queue size at the gated junction. In case it is less than the specified minimum green
time, lower and upper bounds (i.e. minimum and maximum green times) are equated to each

other (see Figure 5-17(d)). Even though the demand at the gated junction is very low, the
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uniform demand distribution algorithm assigns high inflow values (see Figure 5-17(c)). On
the other hand, the proposed approach monitors the conditions on the link in real-time, and
tunes the inflow values by bringing the phase duration down to its lower bound. The new
flow distribution policy leads to significant reduction of wasted green times at low-demand
junctions, and uses the excess green times to serve the queued vehicles at other intersection
approaches. Note that actual flow at this intersection is not significantly affected by the new
approach (see Figure 5-17(c) and (d)), as the links connected to this junction do not suffer
from spillback issues, and the gated demand can freely enter the network even within
minimum green duration. Note that ordered flows presented in Figure 5-17 are applied only

when the controller is on; otherwise, fixed signal timings are employed.

5.5. Study 4: Feedback-Based Gating Remote from PN

In all the previous studies (i.e. study 1to study 3), gating was applied directly at the border of
the protected network (PN), i.e. the network part to be protected from over-saturation. In
other words, to implement gating, the usual traffic light settings have been modified at (one
or more) junctions at the boundary of the PN. In study 4, the developed feedback-based
gating concept is partly applied at junctions located further upstream of the PN. This induces
a time-delay, which corresponds to the travel time needed for gated vehicles to approach the
PN. The resulting extended feedback control problem can be tackled by use of a PI
(Proportional-Integral) regulator as well, albeit with different gain values compared to the
case without time-delay. The reported results show a stable behavior and improved mobility
of the overall network in terms of mean speed and travel time. It should be noted that

simulation scenario 4 is applied for this study.

5.5.1. NFD of PN

Figure 5-18(a) and (b) display the complete operational NFD (90 s cycle-based measurement
points) obtained for the PN of Figure 3-6 for the loading (first 2 hours) and the whole (i.e. 4-
hour) AIMSUN simulation period (including the network recovery period, indicated by +),
respectively. As pointed out also in Chapter 3, the DTA based-routing is activated during the
simulation runs; ten different replications (each with different seed in AIMSUN)of the 4-hour
scenario were carried out and are included (with different colors) in Figure 5-18. A

trapezoidal traffic demand profile, starting from very low values and increasing gradually to
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Figure 5-18 (a) NFD for loading PN for 10 replications; (b) NFD for loading and
unloading for 10 replications

levels that result in congestion within PN (as under typical real traffic conditions at the peak
periods) is introduced to the network; ultimately, the demand is gradually reduced, until the
network is virtually emptied at the end of the simulation (see Figure 5-18(b)). Figure 5-18(a)
demonstrates that a fundamental diagram (asymmetric inverse-U shape) is indeed occurring
during the 2-h network filling period, with low scatter even across different replications;
Figure 5-18(b) indicates that the inverse-U shape appears also during the decreasing demand
period of 2 h, albeit with a visible hysteresis compared to the filling 2-h period. The
maximum TTD values in the diagram occur in a TTS region of 500 to 800 veh-h per h. These
phenomena may be exploited for gating control by maintaining the TTS in the
aforementioned range, so as to maximize the throughput in the PN. An uncontrolled TTS may
lead to the decrease of TTD (and hence of the PN throughput), if the optimal range of TTS is

exceeded.

5.5.2. Non-Gating Case

As pointed out before, the traffic signal plan in the non-gating case is set according to the
fixed-time signal settings utilized in the real Chania network during the peak period.
Table 5-8(a) displays the aforementioned indexes for every replication (R). The last two

columns display the average and standard deviation (S. D.) for each index. The standard
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Table 5-8 (a) performance indexes results for non-gated scenario; (b) results for the
gated scenario (*: in 1000)

Scenario Indexes R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 Ave. S.D

(a) Delay (s/lkm) 230 260 285 421 405 352 187 413 214 369 314 84
Non- gated | Speed (km/h) 11.6 106 9.9 7.2 7.4 83 134 73 122 8.0 9.6 2.2
Vehiclesout* 128 129 126 128 128 13.0 128 128 127 128 12.8

(b) Delay (s/km) 213 232 189 214 202 220 180 226 187 206 2069 165
Change (%) -7.4 -108 -33.7 -492 -501 -375 -3.7 -453 -126 -442 -340 -80.4
Gated Speed (km/h) 122 114 133 121 127 119 138 117 134 125 125 08
Change (%) 52 75 343 681 716 434 30 603 98 56.3 303 -65.1
Vehiclesout 128 129 126 128 128 130 128 128 128 128 128

deviation is considered as an index of reliability of the traffic conditions over different runs
of simulation. It is observed that the non-gating scenario leads to high S.D. for both delay and
mean speed, i.e. 84 (s’km) and 2.2 (km/h), respectively.

The detailed results of one specific replication (R5) are displayed in Figure 5-19, for an
illustrative comparison of the non-gating versus gating cases. Figure 5-19(a) and (d) display

the PN’s TTS and the total flow served by the gated junctions (from the 7 gated links) g, and

the PN’s TTD are shown in (Figure 5-19(b) and (e)) and (Figure 5-19(c) and (f)),

respectively. Note that g, and q, are different in the present application, as gating is applied

partly further upstream (gating points 1, 2, 3 and 5) of the PN perimeter. Focusing on the left
column of Figure 5-19 (i.e. (a), (b), (c)), with increasing demand, all three displayed
quantities are gradually increasing, as typical in under-saturated conditions. At time t =0.6
h, the increased demand leads to the observed surge of TTS and TTD, the latter reaching soon
capacity values according to Figure 5-18(a), while the former is traversing the
aforementioned critical region of [500, 800]. As the demand keeps increasing, TTS continues
to increase and reaches very high values (2000 vbhper h);  as a consequence, link over-
spilling and gridlock phenomena appear in the PN and lead to a sudden drop in TTD values
(see Figure 5-19(c)), that are persisting until about t=2.6 h; eventually, in the period

t €[2.6h,3.3h], TTD increases again thanks to the reduced congestion due to the decreasing

demand at the end-stage of simulation.
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5.5.3. Gating Scenario

In this section, the simulation results while applying the gating control strategy to the same

Chania network as for the non-gating case are presented. The set-point for the regulator may

be taken from the NFD displayed on Figure 5-18. Specifically, the utilized TTS value is 750

veh-h per h. The utilized regulator parameters K, and K, were obtained after a least square
estimation (see section 4.6.1.1) by applying the time-series of (q,, TTS) data around the TTS-

critical (750 veh.h/h) and consideringm =3. To specify m, the longest path from the remote
gating positions (i.e. junctions 1, 2, 3 and 5 in Figure 3-6) to the PN is found. The distance
from junction 5 to the PN is about 900m which, by considering an average speed of 12km/h
(including waiting times at three signalized junction in between and the congestion occurring
in this path during the peak period) for the vehicles traveling to the PN, may reach a value of
270s as the travel time of a vehicle to PN. Consequently, the gating action may face a delay
of 270s or three signal cycles to reach the PN. This time-delay term is considered by m in the

least-squares procedure in section 4.6.1.1. Thus, in the first step wx and ¢ are defined,
4#=0.769 and £ =0.012and by applying Table 4-1 for m=3; we derive K, =10 hand
K, =3 h™. In cases where the gating positions are located at different distances from the PN

(as in this study), the aforementioned methodology can be implemented to derive the
controller parameters; but this might be slightly conservative, because, the longest travel time
to the PN is considered as the time-delay of the system. Moreover, the farthest gating
junction may not be the most influential among the other gating positions, since this depends
highly on the demand profile and the flow which is served in that gated junction. Thus, one

may use the method discussed in section 4.6.1.1 by identifying the ersatz model (i.e.
ATTS (k+1)= u-ATTS (k) +¢ - Aq,, (k—m)), in place of the complicated real model, with a
certain level of error and carry out the estimation procedure for different values of m; for
m=1: x=0.812, {=0.023 and T1=29429 ; for m=2: x=0.781, ¢ =0.027 and
IT=33704; for m=3:11=23674. Consequently, the minimum value for IT is derived from

the parameter estimation with m=3.

Figure 5-19 (second column) displays the results for the gated case (same replication as for
non-gating), which can be directly compared to the non-gating results displayed in the first
column of the same figure. Up to around t =1.1h, the traffic conditions are identical as in the

non-gating case. When gating is activated (shown by the dashed violet vertical line in
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Figure 5-19(a) PN’s TTS vs. time in non-gating case; (b) total served flow by the gated
junctions vs. time for the non-gating case; (c) PN’s TTD vs. time for the non-gating
case; (d) PN’s TTS vs. time for the gating case; (e) served and ordered flow vs. time for
the gating case; (f) PN’s TTD vs. time for the gated case

Figure 5-19(e)), as TTS approaches its set-point (T'fS =750), the gating regulator orders
lower gating flow values to maintain TTS around its set point, and, as a consequence, TTD is
maintained at high levels (see Figure 5-19(f)), avoiding the discussed drop of TTD in time

period te[1.8h,2.6h] in the non-gating scenario (see Figure 5-19(c)). It is visible in

Figure 5-19(e) that the served gated flow, shown by the red line, deviates at times from the
values ordered by the regulator (shown by the black line). A thorough inspection of the total
served gated flow (not shown here) revealed that this gap is mainly due to some specific
gated links, whose demands are not always sufficient to create the respective inflows
assigned to them. As it was expected, thanks to the chosen feedback structure of the
controller, this deviation has virtually no influence on the regulator’s performance for
keeping PN’s TTS close to the pre-specified set-point. As we reach the end period of the
simulation, TTS is returning to lower values, and the relative difference between the actual
and ordered gated flows grows higher, hence gating is switched off, and the traffic flow
returns to under-saturated conditions due to lower demand. Interestingly, the congestion
period in the gated scenario is reduced by almost 40 minutes (see Figure 5-19(a) and (d))

compared to the non-gating case.
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Table 5-8(b) displays the achieved gating improvements of the average performance indexes
over the non-gating case of Table 5-8(a). As expected, because of the identical traffic demand
in both scenarios and the fact that the network is evacuated at the end of the simulation, the
total number of vehicles served in both cases is close to each other. There are remarkable
improvements in the overall mean speed and the average delay in order of 34% and 30%,
respectively. Table 5-8 reports also huge reductions of S. D., i.e. 80% for the delay and of

65% for the speed, compared to the non-gating case.

5.6. Study 5: Increasing Control Step

Further investigation on the control action in presence of time-delay has been carried out by
compensating = with application of a bigger control step for the regulator eq. (4-25). For the
same scenario discussed in section 5.5 (scenario 4), the gating control action is implemented
for a time step of five cycles (i.e. 450s). In other words, during the gating action is updated
with new measurements every five cycles. By considering this time step, each time the
regulator orders a flow; this flow is implemented for five consecutive cycles, before it is
updated again. Thus, in this case, we may assume that the control system is operating with

virtually zero time-delay. By using time-series of (q,, TTS) data around the TTS-critical (750
veh here) and considering m=0 for the estimation procedure, we end up in x=0.760 and

¢ =0.011. By applying Table 4-1, for m=0, we have K, = u/¢ =65and K, =1— /¢ =20.

Table 5-9 displays the detailed simulation results for the non-gated and gated scenarios of this
study. Interestingly, the results indicate similar efficiency compared to the simulation results
in study 4. It should be emphasized that this is an important finding, especially for the case of
real-filed implementation. This study proves that for an efficient gating control, the control
action can be executed even in a bigger time step. According to Table 5-9, significant
improvements in the overall mean speed and the average delay in order of 34% and 30%,

respectively, have been achieved.

The results of the non-gated (first column) and gated scenario (second column) are
demonstrated in Figure 5-20 for replication 10. The first column was discussed in details in
the previous section. The second column displays the results for the gated case (same
replication as for non-gating), by considering the aforementioned parameters in the

regulator’s equation. As expected, the regulator attempts to maintain the TTS of the PN (see
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Figure 5-20(d)), close to the pre-specified set-value (i.e. 750 veh.). After activation of gating
control, (shown by the dashed violet vertical line in Figure 5-20(e)), as TTS approaches its
set-point, the gating regulator orders lower gating flow values (2200 veh./h) to keep TTS
around its set point, and, as a consequence, TTD is maintained at high levels (see

Figure 5-20(f)). Since the control step is five cycles in this case, the activation of the gating

strategy (i.e. exceeding 85% of TTS =750 after 2 cycles, defined in the algorithm), starts
slightly later than in Figure 5-19. However, the controller acts perfectly and keeps the TTS
pretty close to the critical value. After applying the gating control, the overall delay and mean

speed are reduced to 212 s/km and 12.3 km/h, respectively.
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Figure 5-20 Results of gating with bigger control steps: (a) PN’s TTS vs. time in non-
gating case; (b) total served flow by the gated junctions vs. time for the non-gating case;
(c) PN’s TTD vs. time for the non-gating case; (d) PN’s TTS vs. time for the gating case;
(e) served and ordered flow vs. time for the gating case; (f) PN’s TTD vs. time for the
gated case

Table 5-9 Results for the gated scenario (*: in 1000) for bigger control steps

Scenario Indexes R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 Ave. S.D

Delay (st/km) 184 189 192 181 185 197 187 219 188 212 1934 114
Change (%) -20.0 -27.3 -326 -57.0 -543 -440 00 -470 -121 -425 -383 -859
Gated Speed (km/h) 136 132 132 137 135 129 134 12 134 123 131 05
Change (%) 172 245 333 903 824 554 00 644 98 53.8 368 -75.2
Vehiclesout* 128 129 126 128 128 130 128 128 128 128 1281
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Chapter 6

The important thing is never to stop questioning.

Albert Einstein

6. Conclusion and Future Work

In the final chapter, the findings and results of this thesis are summarized, along with
comments on further research on the topic. Section 6.1 gives a summary of the mains
findings. The main contributions of this thesis are summarized in section 6.2. Finally, the
aspects which should be considered for further research are presented in section 6.3.

6.1. Concluding Remarks

Gating aims at protecting urban road networks from over-saturation, or, more specifically, at
maximizing the network throughput. Based on the previously developed concept of a network
fundamental diagram (NFD), an operational urban NFD has been defined to enable simple,
practicable and efficient gating control, potentially even by use of a very limited amount of
real-time measurements. A simple (nonlinear and linearized) control design model,
incorporating the operational NFD, has been developed, which allows for the gating problem
to be cast in a proper feedback control design setting. This allows for application and
comparison of a variety of linear or nonlinear, feedback or predictive (e.g. Smith predictor,
internal model control and other) control design methods from the Control Engineering

arsenal; among them, a simple but efficient

Pl feedback regulator was developed and successfully tested in a fairly realistic microscopic

simulation environment. More specifically, two different urban road networks (i.e. Chania
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6.1 Concluding Remarks

and San Francisco) were modeled in the microscopic simulator AIMSUN as test-beds for this
thesis, to protect their most sensitive part from spillovers, gridlock, and the resulting strong
degradation. Application of the developed gating strategies is demonstrated to lead to
significant improvements compared to the non-gating control scenarios in the investigated
studies (study 1 to 5).

The protected networks in these investigations were selected in an ad hoc way, based on
related experience with the real traffic conditions. Further investigations and, hopefully, field
implementations, with different network types and sizes, as well as different demand and
congestion patterns and different gating locations may shed more light on the most beneficial

practices to be applied.

It must be stressed that gating can only be successful in reducing the overall network delay if
a couple of conditions are actually met in the network to be protected from oversaturation.
Firstly, a congestion-caused degradation, i.e. a reduction of throughput (e.g. due to link
spillover and gridlock), must actually occur without gating, else there would be no potential
for improvement. Secondly, the occurring degradation must be (at least partly) reversible if
the number of vehicles in the network is maintained at a certain optimal level; in other words,
the targeted high efficiency and throughput must be sustainable, not merely transient

phenomena.

In study 1, the measurements of all links within the protected network are fed to the regulator;
study 2 revealed that this is not necessary, and that gating may be applied similarly efficiently
with far less real-time measurements. However, this may open the question on the sort of
measurements that are most beneficial for gating and hence contradict to some extent the
usage of the NFD, which, by definition, reflects the traffic conditions on a whole network,
not only on selected parts thereof.

In study 2, it is confirmed that reduced NFDs, obtained with far less measurements than in a
complete NFD, exhibit a critical range of traffic states that is virtually equivalent to their
counterparts of the complete NFD. Subsequently, the usage of less real-time measurements
for feeding the PI regulator was investigated thoroughly and revealed virtually equivalent
gating results compared to the case of 100% link measurement availability; and significant
improvements (in the order of 30% in mean speed and delay) compared to the non-gating
control case when using any of the aforementioned percentages of measurements. These

improvements stem from a sensible increase of the network throughput enabled by the

100 |Page



6.2 Main contributions

feedback gating action. Interestingly, the gating action was also found to drastically reduce
the standard deviation of the performance indexes across different replications, compared to
the non-gating case, which is likely to lead to improved reliability of the traffic conditions in
practice.

In case of big heterogeneous urban networks, different regions may exceed critical range of
accumulation at different times. Therefore, a single-controller based gating strategy may
cause unnecessary delays for the vehicles that are bound to uncongested parts of the network.
The approach presented in study 3 includes two feedback regulators that are associated with
different regions in the network and that work either in separate or in coordination. The urban
road network of San Francisco is modeled as a study area for the new gating strategy.
Application of the new gating strategy based on two controllers has resulted in significant
improvements over the single-perimeter gating strategy and non-gating cases. Moreover, a
new flow distribution policy has been introduced, by monitoring the queuing at the gated
junctions, to avoid under-utilized green phases caused by downstream spill-back and/or lack

of demand.

In study 4, it is demonstrated that efficient feedback-based perimeter control may be applied
not only at the boundary, but also further upstream of the PN. Based on restrictions which
might be faced for implementing gating control at the perimeter of the PN in different urban
networks, such as unavailability of proper links to store the gated vehicles (queuing) or
sufficient number of signalized junctions, the traffic may be also metered at some junctions
remote from the border of the PN. Significant improvements in terms of mean speed and

average delay have been achieved by applying the gating strategy.

Last but not least, study 5 proved that the real-time gating action can be executed at a slower
pace. In other words, this finding shows that even with a bigger control step (not one signal
cycle as in study 1 to 4), the gating strategy acts efficiently and leads to significant
improvements in mean speed and delay at the overall network level. This may be very
interesting for the urban traffic management authorities; because it shows that the signal plan
can be modified less frequently during the gating action.

6.2. Main contributions

The main contributions of this thesis can be summarized as following:
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6.3 Further Research

e A control-design model exploiting the NFD and an appropriate feedback-based gating
regulator was developed for the first time in the frame of the present thesis research.

e A thorough study on NFDs derived with subsets of links in the network has been
carried out.

e It is proved that an efficient feedback-based gating is possible with much less real-
time measurements.

e A multiple concentric boundary gating strategy is introduced which implements the
aforementioned feedback-based gating strategy, along with considering the
heterogeneity of a large-scale urban network.

e Different methods for the flow splitting at the gated junction are proposed and applied
in the microscopic simulation environment.

e A robust feedback controller, by considering time-delay on the system (due to gating
action not at the border of protected network), is designed.

e Itis shown that the feedback gating works properly with much longer time-steps.

6.3. Further Research

Further investigations and, hopefully, field implementations, with different network types and
sizes, as well as different demand and congestion patterns and different gating locations may
shed more light on the most beneficial practices to be applied, e.g. for the selection of
appropriate measurement locations. Further research directions include comparison with
more comprehensive traffic-responsive signal control strategies, introducing more efficient
queue balancing and management policies at the gating positions and possibly designing a
hybrid control strategy which combines the gating concept with a traffic responsive control
strategy downstream of the gated links. This may lead to increased junction capacity of the

downstream links and might be beneficial in reducing spillback.
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