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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.

MAINSTREAM TRAFFIC FLOW CONTROL
ON MOTORWAYS

Rodrigo Castelan Carlson

September/2011

Supervisor: Professor Markos Papageorgiou
Co-Supervisor: Dr. Ioannis Papamichail
Keywords: mainstream traffic flow control, motorway traffic control, ramp metering, vari-
able speed limits, fundamental diagram, optimal control, feedback control
Number of Pages: 164

The continuously increasing daily traffic congestions on motorway networks around the

world call for innovative control measures that would drastically improve the current

traffic conditions. Mainstream traffic flow control (MTFC) is proposed as a novel

and efficient motorway traffic management tool, and its possible implementation and

principal impact on traffic flow efficiency is analysed. Variable speed limits (VSLs),

suitably operated and enforced, are considered as one (out of several possible) way(s)

for MTFC realisation, either as a standalone measure or in combination with ramp

metering.

A quantitative model of the VSL impact on aggregate traffic flow behaviour on motor-

ways is proposed and allows for VSLs to be incorporated in a macroscopic second-order

traffic flow model as an additional control component. The integrated motorway net-

work traffic control problem involving ramp metering and VSLs is formulated as a

constrained discrete-time optimal control problem and is solved efficiently even for

large-scale networks by a suitable feasible direction algorithm.

An illustrative example of a hypothetical motorway stretch as well as a large-scale

motorway ring-road are investigated under different control scenarios using the optimal

xi



control approach. It is shown that traffic flow efficiency can be substantially improved

when MTFC via VSLs is used with or without integration with coordinated ramp

metering actions.

Since sophisticated optimal control methods may face difficulties in practical field im-

plementations, three simple controllers for local feedback MTFC on motorways, enabled

via VSLs, are proposed in this thesis. All feedback controllers rely only on readily avail-

able real-time measurements (no on-line model usage and no demand predictions are

needed), take into account a number of practical and safety restrictions, and are there-

fore robust and suitable for field implementations. The controllers are evaluated in

simulation and compared with the optimal control results for a hypothetical motorway

stretch. Despite their simplicity, the results show that the feedback controllers exhibit

a satisfactory control behaviour and, indeed, approach the optimal control results for a

number of investigated scenarios. Recommendations for the operation of the feedback

controllers are given.
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èlegqoc, èlegqoc me anatrofodìthsh
Arijmìc selÐdwn: 164

Oi suneq¸c auxanìmenec kajhmerinèc kukloforiakèc sumfor seic pou lamb�noun q¸ra

se dÐktua autokinhtodrìmwn se olìklhro ton kìsmo apaitoÔn kainotìma mètra elègqou,

ta opoÐa ja belti¸soun drastik� tic trèqousec sunj kec kukloforÐac. O èlegqoc

kÔriac kukloforiak c ro c (EKKR) proteÐnetai wc èna nèo kai apotelesmatikì ergaleÐo

diaqeÐrishc thc kukloforÐac twn autokinhtodrìmwn, kai analÔetai h pijan  efarmog  tou

kai o ousiastikìc antÐktupìc tou sthn apotelesmatikìthta thc ro c thc kukloforÐac.

Ta metablht� ìria taqÔthtac (MOT), ìtan leitourgoÔn kai epib�llontai kat�llhla,

jewroÔntai wc ènac trìpoc (apì touc polloÔc pou eÐnai dunatoÐ) ulopoÐhshc tou EKKR,

eÐte wc autìnomo mètro   se sunduasmì me ton èlegqo ramp¸n eisìdou.

Sthn paroÔsa diatrib  proteÐnetai èna posotikì montèlo thc epÐdrashc twn MOT sth

sunolik  sumperifor� thc ro c thc kukloforÐac stouc autokinhtodrìmouc, to opoÐo e-

pitrèpei thn enswm�twsh twn MOT se èna makroskopikì montèlo kukloforiak c ro c

deÔterhc t�xhc wc èna prìsjeto stoiqeÐo elègqou. O oloklhrwmènoc èlegqoc kuklo-

forÐac diktÔwn autokinhtodrìmwn, pou perilamb�nei èlegqo ramp¸n eisìdou kai èlegqo

me MOT, diatup¸netai wc èna prìblhma bèltistou elègqou diakritoÔ qrìnou me perio-

rismoÔc kai epilÔetai apotelesmatik� akìma kai gia dÐktua meg�lhc klÐmakac mèsw enìc

kat�llhlou algorÐjmou efikt c kateÔjunshc.



'Ena epexhghmatikì par�deigma enìc upojetikoÔ tm matoc autokinhtodrìmou kaj¸c e-

pÐshc kai ènac meg�lhc klÐmakac autokinhtìdromoc odikoÔ daktulÐou diereun¸ntai upì

diaforetik� sen�ria elègqou qrhsimopoi¸ntac thn prosèggish bèltistou elègqou, ka-

tadeiknÔontac ìti h apotelesmatikìthta thc kukloforiak c ro c mporeÐ na beltiwjeÐ

shmantik� ìtan qrhsimopoieÐtai EKKR mèsw MOT, me   qwrÐc thn enswm�twsh tou

elègqou ramp¸n eisìdou.

Oi auxhmènhc poluplokìthtac mèjodoi bèltistou elègqou mporoÔn na antimetwpÐsoun

duskolÐec sthn praktik  efarmog  touc sto pedÐo. Gia to lìgo autì, sthnv paroÔsa

diatrib  protéınontai treic aploÐ elegktèc gia topikì EKKR autokinhtodrìmwn me ana-

trofodìthsh, oi opoÐoi leitourgoÔn mèsw MOT. 'Oloi oi elegktèc me anatrofodìthsh

basÐzontai mìno se �mesa diajèsimec metr seic pragmatikoÔ qrìnou (qwrÐc na k�noun

qr sh sundedemènou montèlou kai problèyewn thc z thshc), lamb�noun upìyh mia seir�

apì praktikoÔc periorismoÔc kai periorismoÔc asf�leiac, kai wc ek toÔtou eÐnai eÔrw-

stoi kai kat�llhloi gia pragmatikèc efarmogèc pedÐou. Oi elegktèc axiologoÔntai mèsw

prosomoÐwshc kai sugkrÐnontai me ta apotelèsmata tou bèltistou elègqou gia èna upo-

jetikì dÐktuo autokinhtodrìmou. Par� thn aplìtht� touc, ta apotelèsmata deÐqnoun ìti

oi elegktèc an�drashc parousi�zoun ikanopoihtik  sumperifor� elègqou kai, pr�gmati,

proseggÐzoun ta apotelèsmata tou bèltistou elègqou gia mia seir� apì diereun¸mena

sen�ria. EpÐshc, parèqontai upodeÐxeic gia thn efarmog  twn elegkt¸n an�drashc.
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O aumento cont́ınuo dos congestionamentos de tráfego observados diariamente em ma-

lhas rodoviárias em todo o mundo requer medidas inovadoras de controle que melhorem

drasticamente as condições de tráfego atuais. Propõe-se o controle do fluxo principal

(CFP) em rodovias como uma nova e eficiente ferramenta para o gerenciamento de

tráfego rodoviário. A posśıvel implantação e o principal efeito de CFP sobre a eficiência

do fluxo de tráfego são analisados. Limites de velocidade variáveis (LVVs), adequa-

damente operados e aplicados, são considerados como uma (entre várias posśıveis)

maneira(s) de realização de CFP, seja como uma medida de controle independente ou

em combinação com o controle de rampas de acesso.

Um modelo quantitativo do efeito de LVVs no comportamento agregado do fluxo de

tráfego em rodovias é proposto e permite que LVVs sejam incorporados em um modelo

de fluxo de tráfego macroscópico de segunda ordem como um componente adicional

para controle. O problema de controle integrado de tráfego em malha rodoviária en-

volvendo controle de acesso e LVVs é formulado como um problema de controle ótimo

sob restrições em tempo discreto, e é resolvido de forma eficiente mesmo para malhas

rodoviárias de grandes dimensões por um algoritmo de direção fact́ıvel.



Um exemplo ilustrativo de um trecho hipotético de malha rodoviária e também um anel

rodoviário de grandes dimensões são investigados em diferentes cenários de controle,

utilizando a abordagem de controle ótimo. Mostra-se que a eficiência do fluxo de

tráfego pode ser substancialmente melhorada quando CFP via LVVs é usado com ou

sem integração com controle coordenado de rampa de acesso.

Uma vez que métodos sofisticados de controle ótimo podem enfrentar dificuldades em

implantações práticas em campo, três controladores simples para CFP realimentado

de aplicação local em rodovias realizado via LVVs são propostos nesta tese. Todos

os controladores realimentados dependem apenas de medições em tempo real de fácil

obtenção (sem o uso de modelo em tempo de execução e sem a necessidade predições de

demanda), consideram uma série de restrições práticas e de segurança, e são, portanto,

robustos e adequados para implantações em campo. Os controladores realimentados

são avaliados em simulação e tem seus resultados comparados com os resultados de

controle ótimo para um trecho hipotético de malha rodoviária. Os resultados mos-

tram que os controladores realimentados, apesar da sua simplicidade, apresentam um

comportamento satisfatório de controle e se aproximam dos resultados obtidos com a

abordagem de controle ótimo para uma série de cenários investigados. Recomendações

para a operação dos controladores realimentados são fornecidas.
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Chapter 1

Introduction

The major cause of congestion is the inefficient operation

of highways during periods of high demand.

C. Chen, Z. Jia and P. Varaiya [7]

Motorways had been originally conceived to provide virtually unlimited mobility to road users.

In the last decades, however, motorways have become notorious sites of extensive daily traffic

congestion, particularly within and around metropolitan areas. The continuous increase of

car ownership and demand has led to the daily appearance of recurrent and non-recurrent

motorway congestions whose extent is steadily increasing in space and time.

Traffic congestion degrades the available infrastructure in the sense of reducing the motorway

throughput (see, e.g., [53]). Thus, the expensive motorway infrastructure is underutilised

ironically exactly at the only time (peak hour) it is actually needed. The consequences

of this serious infrastructure degradation are enormous for economic and social life of the

affected areas: excessive delays, increased fuel consumption and environmental pollution,

and reduced traffic safety. In the USA, for example, the costs related to congestion in urban

areas in 2009 reached US$ 115 billion [72]. In Europe by its turn, the European Commission

estimates that, if drastic measures are not taken, the congestion related costs may increase

by 50 percent in the next 40 years, reaching e 200 billion per year in 2050 [13].

In contrast to simple queuing systems, whose serving capacity is not affected by the existence

of a waiting queue, a congestion forming on a motorway link affects the nominal motorway

capacity and throughput due to two independent effects [53]: capacity drop at the head

of forming congestions and blocking of off-ramps by the spreading congestion body. Both
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effects give rise to an escalation of infrastructure degradation, i.e., an accelerated increase

of congestion that, by its turn, leads to further infrastructure degradation, further increase

of congestion and so forth, until the formed congestions cover a significant part of the mo-

torway network, often spilling over from one motorway to the other via the corresponding

interconnections. At the stage of generalised congestion that is encountered daily in most

metropolitan motorway networks, the total arriving demand is typically much lower than the

nominal infrastructure capacity; but the seriously degraded congested infrastructure cannot

serve the demand, hence the congestion persists until the demand falls to sufficiently low

values (far below the infrastructure’s nominal capacity) at the final phase of the peak period.

The consequences of infrastructure degradation are even more accentuated in the case of

neuralgic motorways, such as ring-roads, that act as a hub for dozens of urban on-ramps or

merging motorways.

Under the outlined circumstances it is evident that the extended daily congestion on mo-

torways cannot be attributed only to the excessive demand exceeding the nominal network

capacity. Demand may indeed exceed temporarily and locally the motorway capacity, thus

triggering local congestions; but the generalised congestion is the result of an unstable esca-

lation caused by the degradation of the expensive infrastructure in absence of suitable traffic

control measures that would counter and limit this devastating evolution.

The efficient, safe, and less-polluting transportation of persons and goods on motorways calls

for an optimal utilisation of the available infrastructure via suitable application of a variety

of traffic control measures such as ramp metering, driver information, route guidance, and

variable speed limits (VSLs). A number of methodological approaches including optimal

control, expert systems, fuzzy systems, neural networks, and feedback control have been de-

veloped in the past for the design of related control strategies. In fact, a couple of preliminary

investigations have demonstrated that suitable traffic control measures may, under certain

circumstances, provide significant improvements, see, e.g., [5, 7, 36].

On the other hand, various of those traffic control measures that have been proposed and

partly implemented in motorway networks to alleviate traffic congestion are known to face

limitations:

• Ramp metering is potentially valuable but its positive effect may be limited due to

limited ramp storage space [67].

• Variable Speed Limits (VSLs) are valuable for traffic safety (reduction of accidents) but
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their current usage has hardly any positive impact for the increase of throughput or for

the decrease of average travel times as they are operated on the basis of very simple

control strategies that cannot improve traffic flow efficiency [63]; moreover, the range

of applied speed limits is usually limited [12].

• Route guidance and driver information systems are mostly helpful under non-recurrent,

e.g., incident-induced congestion [84].

• Emerging vehicle-infrastructure integration (VII) systems provide a promising techno-

logical background for efficient traffic control, but specific efficiency-improving applica-

tions and corresponding control algorithms are still to be developed.

Among these control measures, the display of VSLs on appropriate variable message signs

(VMSs) in response to the prevailing traffic conditions is of particular interest for this thesis

because of the potential offered. A main targeted result of VSLs is enhanced traffic safety

and indeed the selection of motorway stretches for VSL installation in several countries is

guided by the frequency of registered accidents. The positive impact of VSLs on traffic safety

is because of speed reduction and speed homogenisation that are correlated with a reduction

of accident probability. Multi-year evaluations of the VSL impact on traffic safety indicate

a reduction in accident numbers by as much as 20 to 30 percent after VSL installation.

VSLs are also envisaged by some authorities as a means to reduce vehicle emissions and road

noise. On the other hand, to the best of the author’s knowledge, until recently there was no

evaluation of the VSL impact of available installations that would demonstrate a consistent

and measurable improvement of traffic flow efficiency, e.g., in the sense of reduced travel

times. The single exception will be pointed out later in this thesis.

1.1 Problem Statement

The exposition up to this point may be summarised in the following statements:

• The current traffic situation in metropolitan motorways is characterised by heavy con-

gestion during rush hours, and the related cost is very high for the economic and social

life in metropolitan areas.

• The expensive motorway infrastructure is strongly underutilised due to congestion.
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• The observed heavy congestions are only partly due to high demand. If vehicles are

allowed to use the infrastructure at will (i.e., without control measures), the limited

original congestions escalate and lead to extended breakdown areas and serious degra-

dation of the expensive infrastructure. Like many other human-made systems and

processes, motorways need to be controlled for maximum efficiency which is usually

correlated with improved traffic safety and reduced environmental impact.

• Some traffic control measures are envisaged or applied in parts of some motorway

networks, but the achievable improvements face limitations.

With respect to the latter statement, in what concerns VSLs, it should be noted that the

ideal exploitation of the opportunities offered by VSLs would be to preserve the safety and

environmental benefits offered by the current systems along with an increase of traffic flow

efficiency. The fact that an efficiency increase could not be demonstrated in the conducted

field assessments does not necessarily mean that VSLs per se are not an appropriate measure

for the enhancement of traffic flow efficiency. As a matter of fact:

• The impact of VSLs on aggregate traffic behaviour, e.g., on the fundamental diagram,

has not been sufficiently investigated with real data. As a consequence, the understand-

ing of even qualitative (let alone quantitative) impacts of VSLs is limited to conjectures

and assumptions; this lack of reliable understanding, by its turn, hinders the insight-

ful development of VSL control strategies that would target an increase of traffic flow

efficiency.

• Current VSL installations employ simple rule-based control strategies for VSL switch-

ing, which base their real-time decisions on preselected thresholds of traffic flow or

occupancy or mean speed. The utilised thresholds are usually selected in an ad-hoc

way that does not necessarily exploit the (anyhow unknown) potential impact of VSLs

on traffic flow efficiency.

The design of pertinent control strategies that may increase traffic flow efficiency calls for

a sufficiently accurate description of the VSL impact on the aggregate (macroscopic) traffic

conditions. There were very few investigations in the past addressing the precise impact of

VSLs on aggregate traffic flow behaviour, e.g., on the fundamental diagram. Recently, the

effect of VSLs on the aggregate traffic flow behaviour (in form of the flow-occupancy diagram)

was investigated by [62, 63] on the basis of traffic data from a VSL-equipped European
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motorway. This enhanced understanding of the VSL impact may eventually be exploited in

order to assess and enhance the current VSL control strategies or to develop new control

strategies that would target traffic flow efficiency while delivering similar benefits for traffic

safety and environmental improvements as achieved by current systems.

1.2 Objectives and Approach

In view of the aforementioned difficulties, this thesis proposes and investigates an innova-

tive motorway traffic control measure that improves drastically the current traffic conditions

on motorways: mainstream traffic flow control (MTFC). MTFC aims at directly influenc-

ing the motorway mainstream flow via an appropriate actuator such as VSLs or specially

operated traffic lights or emerging vehicle-infrastructure integration (VII) systems, and may

complement existing control measures.

To this end, the following topics are addressed:

• The MTFC concept is proposed. Several MTFC-related issues are discussed and par-

tially addressed. The application of MTFC to different types of bottlenecks is outlined.

• Because VSLs are used as an MTFC actuator, the impact of VSLs on aggregated traffic

flow behaviour and the way VLSs can be used for control is analysed in the light of

recent findings based on real field data. Then VSLs are incorporated in a general second-

order traffic flow model as an additional control component, along with an accordingly

extended optimal control formulation and its efficient solution.

• The optimal control approach is employed for MTFC via VSLs, and also for integrated

MTFC via VSLs and ramp metering. A hypothetical motorway and a simulation model

from a real infrastructure with realistic demands are used to investigate the operational

impact and potential benefits of MTFC.

• Three simple, yet efficient MTFC local feedback controllers, based on the MTFC ap-

plication concept proposed in this thesis, are developed using VSLs as an actuator. In

contrast to the optimal control approach, the developed controllers are deemed prac-

ticable and directly applicable within a potential field implementation. The developed

feedback control strategies exploit suitable methods of classical control theory that

lead to high efficiency (comparable to the efficiency of optimal control) combined with
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simplicity and robustness (as no traffic flow models are used on-line) that are deemed

essential for easy, transparent and successful field operations. Several practical aspects

of VSL operation are taken into account explicitly.

• The MTFC feedback controllers are evaluated by use of realistic simulation-based tests

for a hypothetical motorway stretch using a second-order macroscopic traffic flow simu-

lator in order to demonstrate their features, and have their efficiency compared against

the sophisticated optimal control approach.

• Recommendations for the application of the developed feedback controllers are provided

and possible extensions are outlined.

1.3 Delimitation

This thesis proposes the MTFC concept as a control measure for motorways. Although

MTFC can be enabled, as mentioned earlier, by VSLs or by traffic lights or VII systems, only

the use of VSLs as an MTFC actuator is investigated in this thesis. The other two actuators

are only briefly discussed in Chapter 3.

All the simulations are performed by the use of the METANET macroscopic traffic simulator

and AMOC optimal motorway control tool that are presented in Chapter 2. The limitations

of the model related to the validation procedure with VSL field data are also discussed in

Chapter 2. Details of the model parameters used are provided when appropriate. Further

simulation results with microscopic traffic simulators such as AIMSUN [80] or VISSIM [1] are

not presented without prejudice for the conclusions drawn in this thesis. Field implementa-

tions of MTFC have not occurred as yet.

MTFC can be applied to several different types of motorway bottlenecks and some exam-

ples are provided in Chapter 3. However, only the case of on-ramp merge bottlenecks are

considered in the investigations of Chapters 5 and 6.

The investigations of integrated control, i.e., MTFC via VSLs integrated with ramp metering,

are limited to the studies with optimal control. The integration for the feedback control case

is only outlined, while related results will be presented in scientific publications in due time.

The field application of VSLs is subject to a number of constraints regarding the maximum

admissible extent of VSL changes, both temporally and spatially (see also Section 4.7), that
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are not considered in AMOC. In addition, VSLs can only attain pre-specified discrete values

in practice rather than the continuous (real-valued) speed limit values delivered by AMOC.

Although the optimal speed limit values delivered by AMOC could be eventually treated

appropriately to satisfy these constraints, it was preferred to leave them unaltered to assess

the full possibilities provided by MTFC via VSLs. On the other hand, all these and other

practical application requirements for MTFC via VSLs are taken into account when applying

the feedback control approach.

1.4 Thesis Outline

Chapter 2 delivers a preliminary discussion of congestion causes and infrastructure degrada-

tion, followed by an overview of the main groups of motorway traffic control measures and

their limitations. An overview of existing VSL strategies is also presented and some back-

ground issues related to VSLs are addressed, after which the resemblance of VSLs to ramp

metering and the opportunities to avoid the detrimental capacity drop at active bottlenecks

are highlighted. In the same chapter, VSLs are incorporated in a general second-order traffic

flow model as an additional control component based on the results of a validation study.

The augmented model leads to an accordingly extended optimal control formulation.

Chapter 3 begins with an historical overview of MTFC-like strategies followed by the elab-

oration of the MTFC Concept and impacts, and its potential ways of implementation. In

addition, examples of the application of MTFC to different types of bottlenecks are presented,

as well as a discussion of the use of VSLs as an MTFC actuator.

Chapter 4 expands on the use of MTFC via VSLs from a feedback control perspective. Three

feedback controllers for MTFC via VSLs that are simple yet efficient and robust are designed,

taking into account the practicality of the approach. Extensions of the proposed feedback

controllers are outlined.

In Chapter 5 the MTFC concept and its integration with ramp metering are investigated

by the use of the optimal control approach of Chapter 2. First, an illustrative example is

discussed at local level for a hypothetical motorway stretch with a series of control scenarios.

Then, a new set of simulations are performed for the evaluation of MTFC and ramp metering

for a large-scale motorway ring-road with realistic demands.

In Chapter 6 the MTFC feedback controllers designed in Chapter 4 are evaluated and com-

pared in simulation for a hypothetical motorway stretch, while considering several practical
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application aspects. The feedback strategies have their efficiency also compared against the

optimal control approach.

Finally, Chapter 7 concludes this thesis and comments on further research.

1.5 Publications

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

1.5.1 Journals

• R. C. Carlson, I. Papamichail, M. Papageorgiou, and A. Messmer. Optimal Motorway

Traffic Flow Control Involving Variable Speed Limits and Ramp Metering. Transporta-

tion Science, 44(2):238-253, 2010.

• R. C. Carlson, I. Papamichail, M. Papageorgiou, and A. Messmer. Optimal Mainstream

Traffic Flow Control of Large-Scale Motorway Networks. Transportation Research Part

C: Emerging Technologies, 18(2):193-212, 2010.

• R. C. Carlson, I. Papamichail, and M. Papageorgiou. Local Feedback-based Mainstream
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Chapter 2

Background

(...) lane control systems [VSL systems included] may prove much more useful

than at present if their impact is studied more carefully and thoroughly so as to

open the way to the design of efficient control strategies. This is perhaps one of

the least studied areas within traffic control.

M. Papageorgiou [52]

This chapter covers some topics that served as a theoretical background for the development

of the work in this thesis. Section 2.1 discusses the congestion causes and infrastructure

degradation. In the same section, further details are provided about several motorway traffic

control measures and their limitations. Variable speed limits play an important role in this

thesis. Therefore, in Section 2.2 the state-of-the-practice and the knowledge on the impact

of VSLs on aggregated traffic flow are reviewed. The VSL impact is then incorporated in a

second-order validated macroscopic traffic flow model in Section 2.3. Finally, the integrated

optimal control problem involving ramp metering and variable speed limits is presented in

Section 2.4.

2.1 Motorway Traffic Flow Control

2.1.1 Congestion Causes and Infrastructure Degradation

A (latent) bottleneck on a motorway is a location where the flow capacity qupcap upstream

is higher than the flow capacity qdown
cap downstream of the bottleneck location (Figure 2.1).

Bottlenecks may be due to a number of reasons:
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(i) Lateral inflow from on-ramps is the most common reason.

(ii) Infrastructure layout, such as lane drop, tunnel, strong grade or curvature; note that

merging of on-ramps (mentioned under (i) above) may also be considered as a special

case of lane drop.

(iii) Specific traffic conditions, e.g., strong weaving of traffic streams with different local

origins or destinations.

(iv) Regulatory measures, e.g., speed limits at specific motorway stretches.

(v) External capacity-reducing events such as over-spilling off-ramps or incidents.

Figure 2.1: Active bottleneck notions.

The nominal bottleneck capacity qdown
cap , is the maximum traffic flow that can be maintained at

the bottleneck location if the traffic flow qin arriving from upstream happens (or is controlled)

to be equal to qdown
cap . On the other hand, if the net arriving flow qin upstream of the bottleneck

(which naturally verifies qin ≤ qupcap) is higher than qdown
cap , the bottleneck is activated, i.e., a

congestion is formed, whereby the congestion head is located at the bottleneck, while the

congestion tail is moving upstream for as long as the upstream arriving flow is sufficiently

high (Figure 2.1). Typically, multiple active bottlenecks are present simultaneously in a

motorway network during the peak period, while the accumulated congestion length over

the whole network may extend over several dozens of kilometres. The congestion forming

at an active bottleneck has two kinds of detrimental effects on the motorway capacity and

throughput [53]:

(1) Capacity drop (CD) at the congestion head : For most bottleneck types mentioned above,

bottleneck activation leads to a speed breakdown upstream of the bottleneck location, in

which case the passing vehicles have to accelerate from lower speeds (within the formed

congestion) to higher speeds (downstream of the bottleneck); this is deemed to lead to
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a CD, i.e., an active bottleneck outflow qout that may be 5 to 20 percent lower than the

nominal capacity qdown
cap (Figure 2.1), see e.g., [11]. Several dedicated empirical inves-

tigations with real data (mostly from on-ramp merge bottlenecks) have confirmed the

capacity drop phenomenon (e.g., [5]). The capacity drop leads to a corresponding serious

degradation of the local motorway infrastructure. Avoiding the CD at active bottlenecks

would increase the motorway throughput accordingly.

(2) Blocking of off-ramps (BOR): In most cases, the tail of any formed congestion propagates

upstream over several kilometres and covers several on-ramps and off-ramps upstream of

the bottleneck (Figure 2.1). Because the traffic flow along the congested area is lower

than the nominal capacity (due to the congestion and the additional on-ramp-entering

traffic flows), the off-ramp flows drop accordingly; thus, vehicles that are bound for exits

upstream of the active bottleneck, are also delayed due to the congestion and in fact

contribute to an accelerated spatial increase of the congestion. This detrimental effect

is magnified increasingly as the congestion grows longer and covers more and more off-

ramps; in extreme cases, this may lead to genuine gridlocks around topological cycles of

a motorway network [16, 51]. Note that the BOR effect is independent of the CD effect

and leads to an accordingly additional reduction of the motorway throughput, i.e., it

reflects an additional source of infrastructure degradation. Any reduction of the spatial

or temporal extent of congestion would lead to corresponding throughput improvements.

2.1.2 Motorway Traffic Control Measures

Traffic control measures that have been considered and partly implemented in motorway

networks to alleviate traffic congestion may be classified in four groups: ramp metering

(RM), variable speed limits (VSLs), route guidance (RG) and emerging vehicle-infrastructure

integration (VII) systems.

Ramp metering (RM) employs traffic lights at the on-ramps to control the traffic flow entering

the motorway mainstream, e.g., in order to preserve capacity flow on the mainstream and

avoid congestion [53]. Despite the ramp queue delays induced by ramp metering actions,

the higher motorway throughput (and reduced mainstream delays) because of congestion

reduction or avoidance may lead to shorter total travel times for most drivers. Indeed, RM

may be used to establish highly-efficient traffic flow on the motorway mainstream but has a

major limitation: the created ramp queues should not spill back to the adjacent upstream

infrastructure. Because ramp storage space may be limited, RM is typically released when
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the ramp queue has covered the whole on-ramp. Since urban ramps are usually short, RM

may delay the onset of congestion, accelerate its dissolution and reduce its space extent, but it

may have to be de-activated for most of the peak period duration due to full ramps. Another

drawback of RM is the preference of mainstream over the ramp-entering traffic, which may

render it little popular with drivers encountering the ramp traffic lights, see [56] for details.

Thus, the criterion of equity (i.e., similar delays to be encountered by the road users entering

the motorway from different on-ramps) is also important for road user acceptance of the

system. Coordinated ramp metering strategies make use of measurements from an entire

region of the network to control all metered ramps included therein [53]. Hence, coordination

of ramp metering actions at successive on-ramps may deliver improvements in terms of both

efficiency and equity, compared to independent local actions, but even in this case sufficient

storage space is essential for mainstream congestion avoidance [7, 67]. Coordinated ramp

metering has been extensively studied in the past and involves sophisticated methods such as

multivariable control strategies [17, 58] and optimal control strategies [9, 23, 36, 38, 55, 94].

Variable speed limits (VSLs) displayed on road-side variable message signs (VMSs) in response

to prevailing traffic conditions is an increasingly popular motorway traffic control measure.

The typical range of VSL variations is a subset of [60, 120] km/h, but low VSL values (e.g.,

60 km/h) are usually displayed only in exceptional cases (e.g., incident). A main targeted

impact of VSLs is enhanced traffic safety as a result of the homogenisation of speeds of

individual vehicles and of the mean speeds of different motorway lanes which reduce the

accident risk. On the other hand, until recently there was no evaluation of the VSL impact

of available installations that would demonstrate a measurable and consistent improvement

of traffic flow efficiency (see Section 2.2.1), e.g., in the sense of reduced travel times. The

only exception is the recent field test of the SPECIALIST approach [28, 30], which has been

however deactivated after the field experiments (see also Section 3.1).

Route guidance (RG) is helpful mostly in cases of incidents or other events that render the

traffic conditions unpredictable for commuting drivers [84]. However, the employment of RG

calls for availability of alternative routes with sufficient capacity reserves.

Vehicle-infrastructure-integration (VII) systems have recently raised an enormous interest

and significant research efforts around the world [81]. The basic principles of VII systems

are:

• Vehicles act as mobile sensors for position (via satellite or cellular-phone based tech-

nologies), speed and inter-vehicle distance.
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• Vehicles can communicate with each other and with the infrastructure (control cen-

tre) in a dual way, i.e., sending and receiving messages, via wireless communication

technologies.

• The messages received by the vehicles include traffic information, warnings, alarms, but

may also include commands, such as vehicle speed commands or speed limits that are

automatically enforced.

Research on VII systems has mainly focused on development, testing and demonstration of

the enabling advanced technologies, while first (mostly safety-related) applications start to

emerge. The spectrum of potential applications exploiting the VII architecture and tech-

nologies is very widespread and includes safety-related, environmental-related and efficiency-

related aspects. Of particular importance for this thesis is the possibility of imposing speed or

speed limits to vehicles travelling in specific motorway areas. In this context, it is important

to emphasise that, in order to implement a specific speed (limit) to the vehicles of a certain

motorway area, it is not necessary to have access to each and every included vehicle. A small

percentage of equipped (speed-controllable) vehicles, acting as factual platoon leaders in each

lane, is usually sufficient because the non-equipped vehicles in the platoons will simply have

to adjust their speeds to the speed of the respective leaders.

2.2 Variable Speed Limits

2.2.1 Existing VSL Strategies

The earliest applications of VSLs date from the 1960s. Today, numerous VSL installations

are encountered in many European countries (e.g., a total of more than 800 km of VSL-

equipped motorway stretches are currently in operation in Germany) and in North America

and elsewhere, and their number is increasing at an accelerated pace. In this section, a sum-

mary of the state-of-the-practice is given without going into details of the several reported

VSL field applications, but instead, focusing on the common characteristics of existing de-

ployed VSL strategies. Countries where VSLs have been implemented in the field include:

Australia, Canada, Denmark, England, Finland, France, Germany, Greece, The Netherlands,

USA, Sweden, and Switzerland. For more details, see [12, 47, 71, 85, 86]

Variable speed limits are applied along motorway stretches, and the speed limits are changed

appropriately according to current traffic or weather conditions. The speed limits are dis-
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played on VMSs on overhead gantries or on roadside poles, typically spaced 0.5–2 km, with

sign location and visibility being an important issue for a successful system deployment. In

work zones, portable trailers equipped with a VMS are often used for the duration of the

works. Variable speed limits systems may operate as a standalone system or as a part of a

larger system, such as an incident management system or a congestion management system.

Most of the reported VSL systems share a common structure: data collection and processing,

control algorithm or decision logic, and display. These three generic elements operate over a

communication system for data exchange.

Data are collected by means of detectors or sensors of different types, and differ depending

on each application. Traffic detectors are typically used for measuring speed, flow, and occu-

pancy. In several applications weather conditions are used as inputs, therefore measurements

of wind speed and direction, temperature, relative humidity, rain intensity, cumulative pre-

cipitation, ice and fog, as well as visibility may be of interest. Some applications also benefit

from surface measurements, i.e., measurements of the pavement conditions (dry, wet, salted,

snowy). After collection, the data are processed and forwarded to the system’s control logic.

Faulty or missing data should be handled at this stage. Depending on the application, a

broad range of input data may be used, i.e., one or more types of measurements may be used

in combination. The presence of crashes, congestion, or construction may also influence the

operation of the system.

The control logic is the core of VSL systems operation and renders the system responsive to

dynamic conditions. The main limitation of most of operational VSL systems is the control

logic. In fact, these systems have simple threshold-based control logics and very often the

adopted thresholds are sensitive to day-to-day stochastic variations, rendering the appropriate

tuning of the parameters a difficult task. Furthermore, most of the strategies were designed

without the proper knowledge on how traffic is affected by VSLs, and how the strategy should

operate to accomplish a given objective. The control logic includes the application of coor-

dination between displayed VSLs and the application of specific rules and restrictions. Most

of the VSL systems are automated, but, despite of that, the possibility of manual operator

override is usually considered along with a companion closed-circuit television system.

Displays are usually updated every one or two minutes, with some systems having the update

period as large as six minutes. The speed limits are displayed in speed intervals of multiples of

5 when miles per hour are used, and of multiples of 10 when kilometres per hour are used. In

some applications, not only the recommended speed limit is displayed, but also a minimum



2.2. Variable Speed Limits 17

speed limit. The provision of real time information such as warning messages, advices or

clarification about the reasons of the system operation on additional auxiliary signs or VMSs

are sometimes available, and seem to improve operation and the perception of the users about

the system. In most cases, VSLs are mandatory, i.e., legally equivalent to fixed speed limits,

and may even be automatically enforced to increase driver compliance and hence impact.

The list of reported objectives is long and overlapping, but could be summarised as enhanced

safety, efficient motorway operation and reduction of environmental impact. Some systems

have their objectives in more than one of these groups. The target of most operational

systems is enhanced safety and the intention is to display safe speed limits for different road

conditions. In these cases specific objectives are, for example, increased driver compliance

and reduction of infractions, reduction of driver error (e.g., because of speeding), and hazard

and queue warning and consequent reduction of rear-end collision (e.g., because of an accident

or congestion or fog). The stabilization of traffic flow and more uniform speeds along a lane

and on different lanes are correlated with the reduction of overtaking manoeuvres and of

crashes, and are, therefore, often targeted.

The aim of some VSL systems is an efficient use of motorway facilities. Ideally, these systems

target a reduction of travel times by a stabilization of traffic flow due to more uniform speeds.

However, the related results show that very few applications reported an improvement in

traffic flow efficiency and, when reported, small improvements were obtained.

Regarding the reduction of environmental impact, very few systems considered this aspect.

Minor reductions on the emissions of pollutants have been reported in a few cases. However,

the increasing concerns with environment opens an avenue for further research, see, e.g.,

[32, 92, 93].

The results achieved by existing VSL strategies are mixed and the achievements of some

applications were not observed in other applications. Several applications report up to 20-

30 percent reduction in accident rates while others had a slight reduction in the number

of accidents. Compliance has increased in some applications, even under advisory systems,

along with a reduction in average speed, increased and more evenly distributed average time

headways, better distribution of lane use and less lane change. Improvements in throughput

level and reduction of travel times were most of the times minor.
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2.2.2 The Fundamental Diagram

Under the assumption that traffic conditions do not change substantially in space (i.e., along

a motorway stretch) and time (e.g., because of the arrival of shock waves from downstream),

the traffic flow states may be approximated by the so-called fundamental diagram, which

may be a flow-occupancy (or flow-density) diagram (inverse U shape) or a speed-flow di-

agram (left-turned U shape) (see Figure 2.2). Recall that the mean speed of a particular

traffic state on the flow-occupancy diagram (Figure 2.2(a)) is proportional to the slope of the

line that connects the particular traffic state point with the origin. A fundamental diagram

may be (partially) obtained by collecting measurements of the related traffic variables (flow,

occupancy, mean speed) at a specific motorway location and fitting an appropriate math-

ematical function. This procedure, however, may lead to flawed results if the underlying

spatio-temporal traffic flow phenomena are not appropriately considered. In particular, the

area around the critical occupancy (capacity flow) is properly visible in real data only at

active bottleneck locations (see [62] for more details).

Figure 2.2: (a) Flow-occupancy and (b) speed-flow diagrams, where: q is flow (veh/h), o is occupancy
(%), v is mean speed (km/h), qcap is capacity flow (veh/h), ocr is critical occupancy (%), vf is free
speed (km/h), and vcr is critical mean speed (km/h).

2.2.3 The Impact of VSLs

2.2.3.1 Early Results

As mentioned earlier, there were very few investigations in the past addressing the precise

impact of VSLs on aggregate traffic flow behaviour, e.g., on the fundamental diagram (flow-

density curve). Some early investigations [90] based on traffic data from a two-lane German

motorway with and without VSLs were summarised by [91]. The results indicate a speed

homogenisation effect (less speed differences) for individual vehicles as well as for motorway

lanes under the impact of VSLs. These results are useful for a better understanding of the VSL
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impact on individual vehicle speed distribution, but they do not reveal the impact of VSLs on

aggregate traffic flow behaviour. The latter was also addressed in [91] (see Figure 2.3(a)) but

in a rather qualitative way. Figure 2.3(a) illustrates that “at lower or mean traffic volumes,

the mean speed is lower due to the reduction effect whereas, at higher volumes, an increase

is detected due to the stabilising effect. Thus, both capacity and speed rise by about 5 to 10

percent at the same time” [91]. Zackor [91] did not comment on the possible increase of the

critical occupancy (or critical density) under the influence of VSLs.

Figure 2.3: (a) Change of the fundamental diagram because of speed limits [91]; (b) Cremer model
for VSL impact [14], in which b = 1 corresponds to no speed limit, b = 0.8 corresponds to V SL = 0.8vf ,
and 0.6 corresponds to V SL = 0.6vf ; (c) Hegyi model for VSL impact [27].

The results reported in [90] were the basis for [14] to propose a quantitative model for the

VSL-induced fundamental diagram change as displayed in Figure 2.3(b) where b is the ratio

of the applied VSL divided by the free speed without VSLs and, by convention, b = 1

corresponds to the no-VSL case. It is quite likely that the displayed increase of flow capacity

is rather exaggerated. In fact, later Dutch investigations could not identify any capacity

increase that could be attributed to VSLs [77], albeit under advisory (not mandatory) VSLs.

In more recent research work regarding VSL control, the assumed VSL impact was to merely

replace the left part of the flow-occupancy curve by a straight line with slope corresponding to

the displayed VSL, (see Figure 2.3(c)) [27]. Other aspects of the impact of VSLs in modelling

and control have also been investigated recently, see, e.g., [31, 35].

In conclusion, there seems to be very limited empirical evidence and indeed no factual con-
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sensus on the potential impact of VSLs on aggregate traffic flow behaviour, let alone quan-

titatively reliable results that could be used for efficient control strategy development. The

expectations of the VSL impact along with their implications for potentially more efficient

traffic flow are examined next, followed by a summary of the main findings by [63].

2.2.3.2 Reduction of Mean Speed at Under-critical Occupancies

It seems quite reasonable to assume that a VSL displayed at under-critical occupancies will

reduce (with reasonable driver compliance) the (otherwise higher) mean speed (Figure 2.4(a)).

The magnitude of this effect is likely to depend on the displayed VSL as well as on driver

compliance. The new VSL-affected states serve the same flow at lower speed and higher

occupancy than the original states, which implies that the travel time increases accordingly.

Thus, applying VSLs at under-critical traffic states is likely to increase travel times and hence

deteriorate traffic flow efficiency.

Figure 2.4: (a) Potential VSL impact on undercritical mean speeds; (b) cross-point of diagrams with
and without VSLs.

The described state transition when applying VSLs at under-critical occupancies could, how-

ever, be exploited in a different context. The application of VSLs upstream of a bottleneck

that is close to becoming active will temporarily (for the duration of the traffic state tran-

sition triggered by the VSL) decrease the mainstream flow arriving in the bottleneck area,

thus retarding the bottleneck activation and the resulting congestion. Note that the tempo-

rary flow decrease during the VSL-triggered traffic state transition is because of the fact that

occupancy (and density) in the VSL state is higher than in the original non-VSL state; thus,

during the transition the flow is temporarily reduced to “create” the higher traffic density of

the VSL state. It should be noted that this is the main VSL impact exploited by [27].

It is quite important to emphasise that the impact of VSL activation upstream of a potential

bottleneck (e.g., an on-ramp merge area) in under-critical traffic conditions as illustrated
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in the state transition of Figure 2.4(a), bears great similarities to the impact of local ramp

metering in the case of limited ramp storage space. More particularly:

• During the state transition of Figure 2.4(a), the mainstream flow toward the bottleneck

is reduced similarly to ramp metering where instead it is the ramp flow that is reduced

to avoid or delay the onset of a merge area congestion.

• During the state transition of Figure 2.4(a), the mainstream density is increased sim-

ilarly to ramp metering where instead vehicles are stored in the ramp rather than in

the mainstream.

• After the state transition, the mainstream flow returns to its pre-transition values (es-

sentially equal to the upstream arriving mainstream demand) similarly to ramp meter-

ing being released when the ramp queue covers the whole ramp to avoid interference

with the adjacent street traffic. More precisely, when the free ramp storage is about to

be exhausted, ramp metering switches to queue control mode, attempting to maintain

a maximum admissible ramp queue (see [76, 88, 89]), in which case the ramp outflow

becomes essentially equal to the arriving ramp demand.

• After the state transition, the mainstream density remains at its increased value, simi-

larly to ramp metering where the on-ramp queue remains full until the arriving demand

drops to sufficiently low values. This way, the activation of VSLs upstream of a main-

stream bottleneck in under-critical conditions induces some delays to the concerned

vehicles because of lower speed similarly to ramp metering inducing delays to the vehi-

cles queuing on the ramp, but this may be more than counterbalanced by the avoidance

or retarding of the bottleneck congestion and its associated vehicle delays.

Some interesting aspects and theoretical analysis of VSLs and ramp metering application,

and their similarities, are discussed by [40, 41].

2.2.3.3 Increase of Throughput and Retarding of Congestion at Overcritical

Occupancies

According to the Hegyi model [27] (Figure 2.3(c)), both flow-density curves (for VSL and

non-VSL) meet but do not actually cross while Zackor [91] suggests that there is actually

a genuine cross-point of both curves somewhere near the critical occupancy (Figure 2.3(a)).

The cross-points (if any) are likely to lie at increasing occupancy values for decreasing VSLs
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because of the accordingly decreasing slope of the under-critical VSL-affected curves. In

fact, there may be no cross-point for very low VSLs. As the VSL impact is evaluated at

occupancies near or higher than the cross point, the following (partly overlapping) questions

are of interest (see also Figure 2.4(b)):

• Where is the cross-point (if any) located with respect to the non-VSL critical occu-

pancy?

• Are VSL-induced critical occupancies higher than their non-VSL counterparts?

• Are VSL-induced flows higher at overcritical occupancies than their non-VSL counter-

parts?

• Is there a flow capacity increase for some VSLs?

These issues were partly studied by [62, 63], and the related results are summarised in the

next section.

2.2.4 The Effect of VSLs on Aggregate Traffic Flow Behaviour

The effect of VSLs on aggregate traffic flow behaviour (in the form of the flow-occupancy

diagram) was investigated [62, 63] on the basis of traffic data from a European motorway

where a flow/speed threshold-based VSL control algorithm is currently used. A main focus

of the reported work was on verifying some long-held conjectures (Section 2.2.3) regarding

the VSL impact on the shape of the flow-occupancy diagram.

Some findings of the reported investigations are summarised as follows (Figure 2.6, which

will be explained in more detail later, may be useful for illustration of the following aspects):

(i) Speed limits—when applied at undercritical occupancies—have the effect of decreasing

the slope of the flow-occupancy diagram. Moreover, the smaller the imposed speed limit,

the larger the decrease in the slope of the flow-occupancy diagram. This impact may

be exploited to hold back traffic flow to retard the onset of congestion at downstream

bottlenecks, as explained in Section 2.2.3.2 and practiced, e.g., by [27].

(ii) The VSL-affected flow-occupancy curve crosses (at least for some VSLs) the non-VSL

curve, shifting the critical occupancy to higher values in the flow-occupancy diagram.
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The major cross-points were found to lie around or beyond the non-VSL critical occu-

pancy. This impact may be exploited to hold more vehicles in the motorway without

falling into congestion. It may sound paradoxical but these cross-points imply that

the mean speed at overcritical densities is higher when a speed limit is imposed than in

no-VSL cases; this may happen because of the homogenisation effects mentioned earlier.

(iii) Regarding the potential increase of flow capacity, the data analysis was rather incon-

clusive because a slight increase is indeed visible at some locations for some VSL values

while at other locations no capacity increase can be observed for any VSL value. In

locations where VSLs indeed yield a capacity increase, this may be exploited by a suit-

ably designed control strategy for throughput increase, as practiced, e.g., by [66], and

further discussed in Section 4.7.7 and investigated in Section 6.2.4.

(iv) Independently of whether flow capacity is actually increased for some VSL values or

not, sufficiently low VSLs lead to accordingly lower flow capacity in the fundamental

diagram than in non-VSL cases.

Finding (iv) implies that a controllable mainstream congestion may be deliberately created

via VSLs with benefit upstream of an uncontrolled potential bottleneck (e.g., an on-ramp

merge area) to avoid its activation and the related reduction of throughput because of the

capacity drop. This idea forms the base for the application of MTFC via VSLs which will be

introduced and detailed in the next chapter.

2.3 Traffic Flow Modelling

A macroscopic second-order traffic flow model is used in this thesis. The model was validated

against real traffic data at several instances [37, 59] and was found to reproduce the whole

range of real traffic conditions (free flow, critical, congested) with remarkable accuracy. The

model is included in the METANET motorway traffic flow simulator [46] and is extended

here to incorporate VSL control measures.

2.3.1 Preliminaries

The motorway network is represented by a directed graph whereby the links of the graph

represent motorway stretches. Each motorway stretch has uniform characteristics, i.e., no
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on- or off-ramps and no major changes in geometry. The nodes of the graph are placed at

locations where major changes in road geometry occur as well as at junctions, on-ramps, and

off-ramps.

The macroscopic description of traffic flow implies the definition of adequate variables ex-

pressing the aggregate behaviour of traffic at certain times and locations. The time and space

arguments are discretised. The discrete-time step is denoted by T (typically, T = 10 s). A

motorway link m is divided into Nm segments of equal length Lm (typically, Lm = 500 m)

(Figure 2.5). The traffic in each segment i of link m at discrete-time t = kT , k = 0, 1, . . . ,K,

where K is the time horizon, is macroscopically characterised via the following variables: the

traffic density ρm,i(k) (veh/km/lane) is the number of vehicles in segment i of link m at time

t = kT divided by Lm and by the number of lanes λm; the mean speed vm,i(k) (km/h) is the

mean speed of the vehicles included in segment i of link m at time t = kT ; and the traffic

volume or flow qm,i(k) (veh/h) is the number of vehicles leaving segment i of link m during

the time period [kT, (k + 1)T ) divided by T .

Figure 2.5: Discretised motorway link.

2.3.2 The Motorway Link Model

The previously defined traffic variables are calculated for each segment i of link m at each

time step k by the following equations:

ρm,i(k + 1) = ρm,i(k) +
T

Lmλm
[qm,i−1(k)− qm,i(k)] (2.1)

qm,i(k) = ρm,i(k)vm,i(k)λm (2.2)
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vm,i(k + 1) = vm,i(k) +
T

τ
{V [ρm,i(k)]− vm,i(k)}

+
T

Lm
[vm,i−1(k)− vm,i(k)]vm,i(k)

− νT

τLm

ρm,i+1(k)− ρm,i(k)

ρm,i(k) + κ
(2.3)

V [ρm,i(k)] = vf,m exp

[
− 1

αm

(
ρm,i(k)

ρcr,m

)αm]
, (2.4)

where (2.1) is the conservation equation; (2.2) is the transport equation to be replaced in

(2.1); (2.3) is an empirical dynamic mean speed equation where (2.4), the static speed-

density relationship corresponding to the fundamental diagram, must be replaced; and τ (a

time constant), ν (an anticipation constant), and κ are model parameters that are equal for

all the network links. Two further terms may be added to (2.3) for higher accuracy under

certain conditions [59].

The original (non-VSL) model includes three link-specific constant parameters in the speed-

density curve (2.4): the free speed vf,m encountered at zero density (ρm,i = 0), the critical

density ρcr,m at which traffic flow is close to capacity qcap,m, and αm. Combining (2.2)–(2.4)

under stationary (i.e., vm,i(k + 1) = vm,i(k)) and spatially homogeneous (i.e., vm,i−1 = vm,i

and ρm,i+1 = ρm,i) conditions for ρm,i = ρcr,m (i.e., the critical density) yields the capacity

of the fundamental diagram (flow-density curve):

qcap,m = vf,m · ρcr,m exp(−1/αm). (2.5)

2.3.3 Incorporating the VSL Impact

The described link model may be extended to incorporate the impact of displayed VSL values

on the traffic flow behaviour under the assumption that a single VSL value (if any) is displayed

in each link (using, in real implementations, as many VMS gantries as necessary, depending

on the link length). It should be noted that this assumption is not really restrictive because:

• If a higher spatial granularity (resolution) of VSL values is desired, links may be selected

accordingly short.

• If a lower spatial granularity (resolution) of VSL values is desired, there is a possibility

for the user of the related software tools METANET (simulator) and AMOC (optimal
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control; see Section 2.4) to create clusters of links, each cluster having a common VSL

value.

To start with, particular VSL values are reflected in the link-specific VSL rates bm(k) that

prevail, by definition, during [kT, (k + 1)T ). The VSL rates are naturally control variables

with an admissible value range bm(k) ∈ [bmin,m, 1], where bmin ∈ (0, 1) is a lower admissible

bound for VSL rates (see further below for a physical interpretation of bm).

Using the defined VSL rates, the appropriate inclusion of these control variables into the link

model (2.1)–(2.4) are performed next. Pursuing the lines of previous works [3, 14, 27], this is

materialised by rendering the static speed-density relationship (2.4) bm-dependent. Based on

available real data evidence from [34, 62, 63], this is enabled by actually rendering the three

parameters included in (2.4) bm-dependent by use of the following linear function:

v∗f,m[bm(k)] = vf,mbm(k), (2.6)

and by the use of the following affine functions:

ρ∗cr,m[bm(k)] = ρcr,m{1 +Am[1− bm(k)]} (2.7)

α∗m[bm(k)] = αm[Em − (Em − 1)bm(k)], (2.8)

where vf,m, ρcr,m, αm denote the specific non-VSL values for these parameters as in (2.4),

while Am and Em are constant parameters to be estimated based on real data.

As (2.6) reveals, bm is equal to the VSL-induced v∗f,m divided by the non-VSL vf,m or approx-

imately equal to the displayed VSL divided by the legal speed limit without VSL. Thus, if

bm(k) = 1, no VSL is applied, else bm(k) < 1 and, in fact, for bm(k) = 1, all parameters are

seen in (2.6)–(2.8) to attain their respective non-VSL values. Equations (2.7) and (2.8) sug-

gest that for Am > 0 and Em > 1, ρ∗cr,m and α∗m are affine increasing functions for decreasing

bm starting with their usual non-VSL values for bm(k) = 1.

For the extended model, (2.4) is then replaced by:

V [ρm,i(k), bm(k)] = v∗f,m[bm(k)] exp

[
− 1

α∗m[bm(k)]

(
ρm,i(k)

ρ∗cr,m[bm(k)]

)α∗
m[bm(k)]

]
, (2.9)
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and V [ρm,i(k)] in (2.3) now reads V [ρm,i(k), bm(k)] while the VSL-induced capacity flow is

given by:

q∗cap,m[bm(k)] = v∗f,m[bm(k)] · ρ∗cr,m[bm(k)] · exp

(
− 1

α∗m[bm(k)]

)
. (2.10)

The extended speed-density curve (2.9) encompassing (2.6)–(2.8) was validated by use of

traffic data taken from a European VSL-equipped motorway location [34], where the legal

speed limit is 70 mph and the applied VSL values are 60 mph, 50 mph, and 40 mph. These

values correspond to VSL rates bm ∈ {1, 0.86, 0.71, 0.57}. The validation furnished different

parameter values for different motorway locations; more specifically, at some locations the

real data and resulting values of A and E indicated an increase of the VSL-induced capacity

q∗cap,m(bm) compared to the non-VSL capacity qcap,m for some VSL values; while at other

locations no capacity increase was observed for any VSL, i.e., q∗cap,m(bm) ≤ qcap,m for all bm.

For one of the locations, the validation exercise furnished the following estimated parameter

values, which will be used, except where otherwise stated, in the simulations of Chapters

5 and 6: vf,m = 115 km/h, ρcr,m = 28.2 veh/km/lane, and αm = 2.15 (leading via (2.5)

to a non-VSL capacity value qcap,m = 2, 036 veh/h/lane) while the estimated VSL-related

parameters were Am = 0.7 and Em = 1.9 for (2.7) and (2.8), respectively.

Figure 2.6 displays the corresponding flow-density curves using the above estimated param-

eters, generalised for a broader range bm ∈ [0.2, 1.0]. In accordance with Section 2.2.3, the

following may be observed in Figure 2.6:

(i) Free speeds are decreasing with decreasing VSLs.

(ii) Cross-points of VSL affected curves with the non-VSL curve appear near or beyond the

non-VSL critical density; critical densities are increasing with decreasing VSLs.

(iii) No capacity increase (for any VSL value) was observed at this location. Note that

data from a different location of the same motorway yielded capacity increases for

bm ∈ (0.6, 1) with a maximum increase of 8 percent at bm = 0.82 [34].

(iv) For bm = 0.9, capacity is virtually equal as in the non-VSL case but is seen to mono-

tonically decrease with (further) decreasing bm values.

All the other model parameter values used in this study (Chapters 5 and 6) are taken from

a previous model calibration for a real motorway [37], namely, τ = 18 s, ν = 60 km2/h,

κ = 40 veh/km/lane. It should be noted that the isolated validation of the fundamental
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Figure 2.6: Fundamental diagrams for different VSL rates, without increase of capacity: b = 1.0
means no VSL applied, decreasing b-values correspond to decreasing VSLs.

diagram before incorporating it within the more comprehensive dynamic model (2.1)–(2.3)

and (2.9) may have a quantitative impact on the accuracy of the VSL-extended dynamic

model. Nevertheless, because the static speed-density relationship (2.9) (or, in the non-VSL

case, (2.4)) is known to dominate within the dynamic speed-density relationship (2.3), the

overall dynamic model is deemed to reflect the impact of VSLs sufficiently accurately for the

requirements of the present study. As a matter of fact, the validation results by [34] were

derived with traffic data collected at one single motorway. Hence, more validation work, using

data from different motorways and countries, is necessary before arriving at a quantitatively

accurate and reliable description of the VSL impact on traffic flow. However, the control

results obtained in simulation in Chapters 5 and 6 exploit two particular impacts of VSLs

that are quite certain to occur (at least qualitatively) in reality as well (with appropriate

enforcement measures) because of physical reasons (see Section 2.2.4): the decrease of free

speeds with decreasing VSLs (aspect (i)) and the decrease of capacity with (sufficiently)

decreasing VSLs (aspect (iv)).

It is also noted that the maximum mainstream flow created by the dynamic model (e.g., at

on-ramp merge areas) may be higher than the fundamental diagram’s qcap,m (and q∗cap,m)

because of the impact of other terms in (2.3). Thus, the “factual capacity” of merge areas

(without VSLs) in the simulations of Chapters 5 (Section 5.1) and 6 is about 2,080 veh/h/lane,

which is higher than qcap,m = 2, 036 veh/h/lane. Finally, as observed in numerous previous
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simulation studies with the METANET simulator, the overall dynamic model (2.1)–(2.3)

(with or without VSL-related extensions) automatically creates a (factual) capacity drop (of

typically 8 to 10 percent) at active bottlenecks.

2.3.4 The Origin Link Model

For origin links, i.e., links that receive traffic demand do and forward it into the motorway

network, a simple queue model is used (Figure 2.7). The outflow qo of an origin link o depends

on the arriving demand, on the traffic conditions of the corresponding mainstream segment

(µ, 1), and on the existence of ramp metering control measures. If ramp metering is applied,

then the outflow qo(k) that leaves origin o during period k is a portion ro(k) of the outflow

q̂o(k) that would leave in absence of ramp metering. Thus, ro(k) ∈ [rmin,o, 1] is the metering

rate for the origin link o, i.e., a control variable where rmin,o is a minimum admissible value.

If ro(k) = 1, no ramp metering is applied; else, ro(k) < 1. The queuing model is described

by the following conservation equation:

wo(k + 1) = wo(k) + T [do(k)− qo(k)], (2.11)

where wo(k) (veh) is the queue length in origin o at time kT , and do(k) (veh/h) is the demand

flow at o. The outflow qo(k) is determined as follows:

qo(k) = ro(k)q̂o(k) (2.12)

with

q̂o(k) = min{q̂o,1(k), q̂o,2(k)} (2.13)

and

q̂o,1(k) = do(k) + wo(k)/T (2.14)

q̂o,2(k) = Qo min

{
1,
ρmax − ρµ,1(k)

ρmax − ρcr,µ

}
, (2.15)

where Qo (veh/h) is the on-ramp’s capacity flow, i.e., the on-ramp’s maximum possible

outflow under free-flow traffic conditions in the mainstream, and ρmax (veh/km/lane) is the

maximum density in the network, which is ρmax = 180 veh/km/lane for the simulations in

Chapters 5 and 6. According to (2.13)–(2.15), the uncontrolled outflow q̂o(k) is determined

by the current origin demand if q̂o,1(k) < q̂o,2(k); else it is determined by the geometrical
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Figure 2.7: The origin link queue model.

capacity Qo (if the mainstream density is undercritical, i.e., ρµ,1(k) < ρcr,µ) or by the reduced

capacity because of congestion of the mainstream (if ρµ,1(k) > ρcr,µ).

2.3.5 The Node Model

Motorway bifurcations and junctions (including on-ramps and off-ramps) and, more generally,

link bounds are represented by nodes. Traffic enters a node n through a number of input

links and is distributed to the output links according to the following equations:

Qn(k) =
∑
µ∈In

qµ,Nµ(k) (2.16)

qm,0(k) = βmn (k)Qn(k) ∀m ∈ On, (2.17)

where In is the set of links entering node n, On is the set of links leaving n, Qn(k) is the total

traffic volume entering n at period k, qm,0(k) is the traffic volume that leaves n via out-link

m, and βmn (k) ∈ [0, 1] is the portion of Qn(k) that leaves n through link m (turning rates).

At a network node n, the upstream influence of the downstream link density (e.g., in case of

congestion spill-back) has to be taken into account in the last segment of the incoming links

(see (2.3) for i = Nm). This is provided via

ρm,Nm+1(k) =

∑
µ∈On

ρ2µ,1(k)∑
µ∈On

ρµ,1(k)
, (2.18)

where ρm,Nm+1(k) is the virtual density downstream of any entering link m to be used in

(2.3) for i = Nm and ρµ,1(k) is the density of the first segment of the leaving link µ. The



2.4. The Integrated Optimal Control Problem 31

quadratic form is used to account for the fact that congestion on one leaving link may spill

back into the entering link even if there is free flow in the other leaving links.

Similarly, at a network node n, the downstream influence of the upstream-link speed has to

be taken into account according to (2.3) for i = 1. The required upstream mean speed value

is calculated from the flow-weighted average

vm,0(k) =

∑
µ∈In

vµ,Nµ(k)qµ,Nµ(k)∑
µ∈In

qµ,Nµ(k)
, (2.19)

where vm,0(k) is the virtual speed upstream of any leaving link m that is needed in (2.3) for

i = 1.

2.3.6 The Overall Dynamic Model

Combining the equations developed above, a non-linear macroscopic discrete-time state-space

model

x(k + 1) = f [x(k),u(k),d(k)], x(0) = x0 (2.20)

is obtained for the entire motorway network, where x is the state vector, u is the control

vector, and d is the disturbance (external variable) vector. The state vector consists of the

densities ρm,i and the mean speeds vm,i of every segment i of every link m and the queues

wo of every origin o. The control vector consists of the VSL rates bm of every link m where

VSLs are applied and of the ramp metering rates ro of every origin o that is metered. The

disturbance vector consists of the demand do at every origin o and the turning rates βmn at

every bifurcation node n.

2.4 The Integrated Optimal Control Problem

The integrated motorway network traffic control problem is formulated as a discrete-time

dynamic optimal control problem with constrained control variables over a given optimisa-

tion horizon KP, which is solved very efficiently even for large-scale networks by a suitable

feasible direction algorithm [50, 54]. This extended formulation (to incorporate the VSL

impact) and the numerical solution algorithm are incorporated in an accordingly extended

version of the open-loop optimal control tool AMOC [38] which is able to consider coor-

dinated ramp metering, system optimum route guidance, and variable speed limits (using
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the introduced extension via (2.6)–(2.9)) as well as integrated control combining all control

measures simultaneously.

If only ramp metering and VSLs are considered, the general discrete-time formulation of the

optimal control problem is the following:

Given disturbance predictions d(k), k = 0, 1, . . . ,KP − 1 and the initial

state x0 = x(0), minimise

J = ϑ[x(KP)] +

KP−1∑
k=0

ϕ[x(k),u(k),d(k)] (2.21)

subject to (2.20) and the inequality constraints imposed on the ramp

metering rates rmin,o ≤ ro(k) ≤ 1 and the VSL rates bmin,m ≤ bm(k) ≤ 1.

The chosen cost criterion is the total time spent (TTS) by all vehicles in the network (including

the waiting time experienced in the ramp queues), which is a natural objective for the traffic

systems considered. The maximum ramp queue constraints may be taken into account via

the introduction of penalty terms in the cost criterion penalising queue lengths larger than

wmax,o, which is a predetermined maximum admissible queue for origin o. Another penalty

term may be added to suppress high-frequency oscillations of the optimal control trajectories.

More precisely, the cost criterion used as (2.21) is the following:

J = T

KP−1∑
k=1

∑
m

∑
i

ρm,i(k)Lmλm + T

KP−1∑
k=1

∑
o

wo(k)

+ T

KP−1∑
k=1

∑
o

αr[ro(k)− ro(k − 1)]2

+ T

KP−1∑
k=1

∑
m

αb[bm(k)− bm(k − 1)]2

+ T

KP−1∑
k=1

∑
o

αw[max{0, wo(k)− wmax,o}]2, (2.22)

where αr , αb, and αw are weighting factors for the corresponding penalty terms.

The solution determined by AMOC may reflect a local minimum, because the problem is non-

convex, but the experience with the tool shows that an excellent solution (from the application

point of view) has always been found. The AMOC solution consists of the optimal ramp

metering and VSL rate trajectories as well as the corresponding optimal state trajectory. It
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is interesting to note that the solution algorithm can account for control variables that change

their value less frequently than the state variables. Moreover, for the VSL rates, common

control variables can be considered for clusters of links.

It should be stressed that the extension of AMOC to also consider VSL rates necessitated the

specialised and rigorous incorporation of accordingly extended generic necessary optimality

conditions along with the corresponding Jacobian matrices, etc. This has led to a universal

optimal control tool that is readily applicable to any, (even large-scale) motorway network to

deliver optimal control results with quite low computational effort that would even allow for

real-time application of the tools. This marks a clear progress compared to most previous

works involving optimal VSL control. More details on the integrated traffic control problem

(without VSLs) and the numerical solution algorithm may be found in [38].

It must be emphasised that optimisation and optimal control methods applied adequately to

specific application problems are distinguished by an inherent intelligence. More specifically,

while searching for the mathematical optimum, optimal control methods (based on adequate

modelling) may “discover” the particular application ways, measures, and combinations of

control variables that lead to optimal performance. Thus, an engineering application-specific

interpretation of the optimal results may lead to new general insights regarding the specific

application. In the case here, some of the insights for the development of the MTFC Concept

(Chapter 3) were, in fact, revealed upon interpretation of the obtained optimal AMOC results.

In the simulation investigations of Chapters 5 and 6, AMOC is seen to automatically behave

as if it were aware of all the particularities of MTFC.

In summary, the optimal control problem delivers ideal solutions in a simulation environment

due to the “perfect” model, the exact knowledge of (future) disturbances (demands and

turning rates) and the lack of some VSL constraints. Clearly, these solutions cannot be

outperformed (in simulation) by any other control strategy but may be used to assess the

efficiency of other (simpler) strategies under different scenarios.





Chapter 3

The MTFC Concept

The control of traffic flow to increase flow.

H. Greenberg and A. Daou [24]

Mainstream traffic flow control (MTFC) is proposed in this chapter as a new avenue for

efficient motorway traffic management. The intended effect of MTFC may be summarised by

the title of an early paper by Greenberg and Daou [24]: “The control of traffic flow to increase

flow”. Several previous works had, in some way or another, similar intentions. Therefore, this

chapter begins, in Section 3.1, with a historical overview of the traffic flow control approaches

that were applied to the mainstream of motorways and that have similarities with MTFC.

Then, in Section 3.2 the motivation and the basic idea of MTFC are presented, followed

by examples of how MTFC can be applied to different types of bottlenecks in Section 3.3.

Afterwards, several MTFC related issues are discussed in Section 3.4. Finally, Section 3.5

presents ways of how VSLs can be used as an actuator for MTFC.

3.1 MTFC-like Strategies

In a research effort over the late 1950s and 1960s to increase the throughput of the tunnels

under the Hudson River, connecting New York City with New Jersey, the involved traffic

scientists revealed that “congestion inside the tunnel reduces its throughput (...) due to the

fact that most cars do not accelerate very efficiently once they have to stop, or even just slow

down” [22], which corresponds, in more recent terminology, to the “capacity drop” at the head

of congestion [5, 64]. To address the problem, the Port Authority of New York introduced an
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inflow traffic control system (using traffic lights but also other signs) which was one of the

very first (initially fixed-logic, then computer-based) traffic-responsive control systems ever.

The system was using real-time traffic measurements from the bottleneck location to decide

on the inflow control actions so as to neither overload nor starve-for-flow the tunnel, since

both of these effects would reduce the throughput. A first feedback control strategy was of

the bang-bang type (similar to the one employed, e.g., in electric irons) and led to a mere 2

percent of throughput increase due to the (expected) oscillations [15, 20]. Eventually, a more

sophisticated (albeit heuristic) feedback algorithm increased the throughput by 9 percent

[19, 22].

Another remarkable traffic control system within the same class, that has been in operation for

over 35 years, is the traffic-light based entrance control system of the San Francisco-Oakland

Bay Bridge [45] that was found to increase the westbound Bay Bridge throughput by 5 per-

cent. The employed feedback algorithm (as described in [8]) is based on heuristics, but seems

to have remarkable similarities with the ALINEA-like (I-type feedback) algorithm proposed

in [78]. These early successes motivated other researchers [25, 33] to propose “mainline me-

tering” (by use of traffic lights) as a promising new traffic management tool for motorways,

without, however, developing this idea in more technical detail.

Since the usage of traffic lights on the motorway mainstream may be quite controversial,

more recent works have considered MTFC-like strategies enabled by use of VSLs with dif-

ferent control approaches and traffic application settings. An early VSL control initiative

[3] incorporated the model proposed by Cremer [14] (Section 2.2.3.1) in a general dynamic

model leading to an optimal control formulation. However, a heuristically fixed control law

was eventually used because of the size of the problem, and its parameters were optimised

based on particular scenarios.

The thesis [27] was the first recent work attempting to use VSLs to regulate the mainstream

traffic flow. Despite of the good results achieved even in microscopic simulation [29], the

proposed control strategy is based on an optimal control approach that may be not sufficiently

practicable (similarly to the optimal control approach presented in Section 2.4). In addition,

the proposed numerical solution procedure (making use of available non-linear programming

codes) does not allow for consideration of large-scale applications. An ALINEA-like feedback

controller for the mainstream using VSLs was proposed in [95] and tested via microscopic

simulation. However, the lack of an acceleration area (see Section 3.2) is the likely reason

for obtaining only marginal improvements. Two VSL control algorithms were designed in
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[42] for work zones. The obtained results were satisfactory, but the algorithms do not seem

applicable for a wider range of bottleneck types. The distributed feedback controller against

moving shock waves, as proposed in [69], seems quite complex and difficult to fine-tune for

the general case. Another approach against moving shock waves was tested in microscopic

simulations by the use of a series of local ALINEA controllers, one for each VSL equipped

section, activated based on switching logics [6]. The improvements achieved were moderate,

but the approach lacks of theoretical foundation for its design. On the other hand, the recent

SPECIALIST effort [28, 30] is particularly valuable because it demonstrated that mainstream

traffic flow regulation via VSLs actually works in practice; however the SPECIALIST setting

also addresses moving shock waves (rather than bottlenecks) and is a feed forward (rather than

feedback) scheme. Feedback motorway traffic control using VSLs was also proposed in [10] by

use of H-infinity control theory but without explicitly addressing throughput maximisation

at bottleneck locations. Finally, [44] employed the basic MTFC concept proposed in this

thesis (via already published papers, see Section 1.5), including an acceleration area, but

the proposed feedback switching I-type regulator does not seem suitable to deliver stable or

sufficiently damped control actions.

3.2 The Basic Idea of MTFC

The basic idea of MTFC is to enable the mainstream traffic flow at selected locations (e.g.,

upstream of bottlenecks) to take values ordered by an appropriate control strategy in order to

establish optimal traffic conditions (maximum efficiency) for any appearing demand. A local

aspect of this basic idea is illustrated in Figure 3.1 for better appreciation of the potential

MTFC impact. The bottleneck of Figure 3.1 is not activated (and no MTFC is needed) as

long as qin < qdown
cap , in which case qout ≈ qin. If qin grows bigger than the bottleneck capacity

qdown
cap , the bottleneck would be activated in absence of control as in Figure 2.1 and qout would

be reduced due to capacity drop; whereas MTFC can implement a controlled outflow qc such

that qout is equal to the bottleneck capacity. Clearly, the mainstream congestion cannot be

avoided via MTFC because qin > qdown
cap (otherwise MTFC would not intervene), but:

• The congestion outflow in the MTFC case is higher than in the no-control case because

the capacity drop is avoided; this eliminates the detrimental effects of capacity drop on

the infrastructure degradation.

• For the same reason (higher outflow with MTFC), the created congestion in the MTFC
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Figure 3.1: A local aspect of MTFC.

case (a) has a higher internal speed and (b) is shorter than in the no-control case. Thus

MTFC leads to a shorter and lighter mainstream congestion and hence to less blocking

of less off-ramps, which marks a potential improvement for the detrimental effects of

BOR on the infrastructure capacity.

Nevertheless, the fact that MTFC leads to the formation of (limited) mainstream congestion

implies that BOR effects may be reduced but not fully avoided. Hence, MTFC is less efficient

than ideal RM (with sufficient on-ramp storage space) which leads to complete congestion

avoidance on the mainstream; but the simulation results reported in Section 5.2 indicate that

the efficiency difference may be small. In other words, MTFC is a control measure against

CD in the first place, while any improvements related to BOR effects are due to shorter and

lighter mainstream congestion.

The advantage of MTFC, compared to ramp metering, is that its action is not compromised

by the limited ramp storage space. A combination of MTFC and ramp metering, whereby,

e.g., MTFC is only activated when the on-ramp storage is about to be exhausted, is addressed

in Chapter 5 based on optimal control. A similar approach, albeit based on simple feedback

concepts, is outlined in Chapter 4.

It should be noted that the capacity drop phenomenon, the occurrence of which has been

repeatedly confirmed with traffic data (see, e.g., [5]), is deemed to occur because of the

need for vehicles to accelerate from low speeds within the bottleneck congestion to higher

speeds as they reach the congestion head [64]. Since a mainstream controlled congestion

will be formed upstream of the flow control location, as indicated in Figure 3.1, vehicles

exiting this controlled congestion area will have a relatively low speed (depending on the

controlled mainstream flow qc), which is likely to be lower than the critical speed vcr leading

to bottleneck capacity flow qdown
cap (Figure 2.2(b)). Thus, in order to enable capacity flow

qdown
cap at the downstream bottleneck area Figure 3.1 (i.e., to actually avoid the capacity
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drop), vehicles must be allowed to accelerate to the critical speed vcr (around 70 km/h),

i.e., the speed at which capacity flow occurs, and enter the downstream bottleneck area with

a roughly critical speed vcr. To this end, the head of the deliberately created mainstream

congestion (i.e., the mainstream flow control location) should be placed sufficiently upstream

of the addressed bottleneck. According to Figure 2.7 of [26], a distance of some 700 m should

be sufficient for vehicles to accelerate from low speeds to 70 km/h. In lack of an acceleration

area, the capacity drop may not be avoided (as demonstrated in Section 5.2) and this is the

likely reason for obtaining only marginal improvements in [95].

The proposed length of the acceleration area should be understood as an upper limit which

should suffice even if the necessary controlled mainstream flow qc is very low. On the other

hand, if qc is (lower but) close to qdown
cap , the vehicles exiting the controlled congestion area will

have a relatively high speed, and hence they may not need to accelerate substantially. Thus,

to facilitate an efficient traffic flow through the bottleneck for any qc, i.e., for any vehicle

speed, it is advisable to post an appropriate speed limit for vehicles entering the acceleration

area as well as for the vehicles in the downstream bottleneck area. In fact, these speed limits

can also be explored for increased efficiency by taking advantage of increased critical density

(see Section 2.2.4 and also Section 4.7) or increased capacity as demonstrated in [66] and

further investigated in Section 6.2.4.

Clearly, this implementation concept for MTFC has not yet been tested in the field; but it is

interesting to note that an accidental (unintended) MTFC action (due to a disabled vehicle

in the median lane) upstream of a lane-drop bottleneck, as reported and analysed by [11],

may have enabled avoidance of the capacity drop and restoring of capacity in real traffic

conditions.

3.3 MTFC Applied to Different Types of Bottlenecks

In the previous section, the MTFC concept was applied to an abstract motorway bottleneck

shown in Figure 3.1. To further clarify the MTFC concept, in this section the MTFC concept

is applied to some typical motorway bottlenecks. For each type of bottleneck a new figure

equivalent to Figure 3.1 is presented. Similar to Section 2.1.1 (Figure 2.1), qin > qdown
cap ,

and the bottleneck would be activated in absence of control, i.e., a congestion would occur.

Additionally, the special case of off-ramp spill-back into the motorway, where MTFC can

hardly help, is also presented.
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3.3.1 Merging On-ramp

On-ramp merge bottleneck is one of the most common types of bottlenecks. Figure 3.2

depicts a three-lane motorway stretch with a merging on-ramp. The motorway traffic flow

qin arriving upstream of the bottleneck is the sum of the mainstream arriving traffic flow

qmin and the on-ramp inflow qrin. Likewise, the upstream capacity qupcap > qdown
cap is the sum

of the mainstream and on-ramp capacities, qmcap and qrcap, respectively. For this type of

bottleneck, the controlled outflow qc implemented by MTFC should be, approximately, the

difference between the bottleneck capacity qdown
cap and the on-ramp inflow qrin. In the case of

the existence of other on-/off-ramps within the acceleration area, the value of the controlled

outflow will be equivalently smaller/larger. In the investigations in Chapters 5 and 6 this

type of bottleneck will be addressed.

Figure 3.2: The MTFC concept applied to an on-ramp merge bottleneck.

On-ramp merge bottlenecks are of particular interest because of the opportunity of integrating

MTFC with ramp metering, whereby the control load would be shared between the MTFC

controlled outflow and the metered on-ramp outflow. This aspect is further discussed in

Sections 3.4.1 and 4.8.2.

3.3.2 Merging Motorways

Motorway-to-motorway (mtm) control by the use of traffic lights has been shown to provide

significant benefits to the management of traffic flow on motorways [25, 67]. This can be

achieved by the use of MTFC via VSLs as well, without the controversies raised by the use of

metering traffic lights. The use of MTFC for mtm control is straightforward and if MTFC is

to be applied to a single motorway, i.e., only at one of the merging motorways, the analysis

is similar the on-ramp merge case (Section 3.3.1) and the second motorway takes the role
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of the on-ramp. Additionally, MTFC may be applied simultaneously to both motorways, as

shown in Figure 3.3, in the aim of a more equitable distribution of the metering delays. In

the figure, a two-lane motorway is merging into a three lane motorway.

Figure 3.3: The MTFC concept applied to a bottleneck due to merging motorways.

The motorway traffic flow qin arriving upstream of the bottleneck is the sum of the main-

streams arriving traffic flows q1,in and q2,in. Likewise, the upstream capacity qupcap > qdown
cap

is the sum of the mainstreams capacities, q1,cap and q2,cap. For this type of bottleneck the

controlled outflow qc implemented by MTFC is given by the sum of the controlled outflow for

each mainstream q1,c and q2,c, and is approximately equal to the bottleneck capacity (when

there are no on-/off-ramps in the acceleration area). MTFC applied to merging motorways

is further discussed in Section 4.8.1.

3.3.3 Lane Drop and Work Zones

Another type of bottleneck is a lane drop. In this type of bottleneck, the number of lanes

in the motorway mainstream is reduced by one or more lanes. Lane closures in work zones

are in effect lane drops and dedicated control measures for work zone operation have been

investigated at several instances [42, 64, 87]. If MTFC is to be applied to a lane drop

bottleneck or to a work zone the approach is rather similar. In Figure 3.4 one lane is dropped

from a three-lane motorway. The interpretation for this type of bottleneck is identical to the

one in Section 3 (Figure 3.1).
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Figure 3.4: The MTFC concept applied to a lane drop bottleneck.

3.3.4 Strong Curvatures, Tunnels, Bridges, Strong Grades and Strong

Weaving Sections

The three types of bottlenecks presented so far have as a common characteristic the fact that

the number of lanes upstream of the bottleneck is bigger than the number of lanes down-

stream of the bottleneck. Assuming that all lanes have the same capacity, it is clear that

the downstream capacity is smaller than the upstream capacity by the ratio of the number

of lanes downstream and upstream of the bottleneck location. Very often, however, bottle-

necks arise even if there is no apparent physical reduction of motorway capacity. Changes

in infrastructure such as strong curvatures, tunnels, bridges, strong grades as well as strong

weaving sections are all examples of locations of potential bottlenecks. In Japan, for exam-

ple, 13 percent of congestion in 1997, measured as the product of congestion extension by

congestion duration, was located at tunnel entrances [49]. Also, some of the early works on

MTFC-like strategies (Section 3.1) were applied at bottlenecks in tunnels that also involved

strong grades. Although the San Francisco-Oakland bay bridge control system does not fit

in this category, because the number of downstream lanes is reduced, it also features an 1.2

miles incline of 3.5 percent grade at its entrance. McCalden [45] reported that “the metering

system (...) allowed heavy trucks to get up to normal speed before reaching the incline”, while

under stop-and-go traffic (without metering) heavy trucks would cover the same section at a

speed of less than 20 mph. This experience also highlights the importance of the acceleration

area.

Figure 3.5 depicts a three-lane motorway where the dotted section corresponds to any one

of the infrastructures described above, a strong curvature or a tunnel or a bridge or a strong

grade, or a section with strong weaving (origin and destinations not shown). The bottleneck,

marked by a dashed line, may be at any point of the given section, i.e., not necessarily at its

beginning. The interpretation of this figure is identical to the one in Section 3.2 (Figure 3.1).
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Figure 3.5: The MTFC concept applied to a bottleneck due to specific infrastructure change.

3.3.5 Off-ramp Spillback

Off-ramp spillback, i.e., a queue forming at a motorway off-ramp that spills back into the

mainstream is another common type of bottleneck (Figure 3.6). MTFC has a limited effect

on this type of bottleneck because the capacity-reducing events affecting the off-ramp usually

do not have their production influenced by the upstream traffic flow.

Figure 3.6: The MTFC concept may not be suitable for a bottleneck caused by off-ramp spill-back.

3.4 MTFC-related Issues

The outlined basic idea of MTFC brings along a number of questions, issues and problems

that are only partly addressed in this thesis and are considered in corresponding on-going

research.

3.4.1 Integration of MTFC with RM

MTFC may be appropriately developed either as a stand-alone control measure or in com-

bination with available or new RM. For the latter case, the developed integrated control

strategy should be able to:
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• Combine MTFC with any other available control measures for best synergy in terms of

achievable efficiency and equity.

• Allow for easy implementation of various operational policies or specifications; for ex-

ample, MTFC may only be activated if RM is about to become inactive due to full

on-ramps; or MTFC may only be activated if the on-ramp waiting time due to RM

exceeds a pre-specified threshold; or MTFC and RM may enable a pre-specified share

of capacity for mainstream versus on-ramp vehicles; or a pre-specified distribution of

unavoidable delays between mainstream and on-ramps vehicles (see also [64]).

This issue is partly addressed in Chapters 4 and 5.

3.4.2 Network-wide MTFC

The local aspects discussed with Figure 3.1 reveal only a portion of the MTFC impact.

In fact, the increased bottleneck outflow in the MTFC case corresponds to an increased

inflow for the next downstream bottleneck and may activate a (latent) bottleneck that was

not active in the no-control case. Moreover, an MTFC controlled active bottleneck queue

propagating upstream, may reach the next upstream active bottleneck and de-activate it, as

both related congestions will be integrated in a single bigger congestion. In other words, the

motorway network is a unique entity and should therefore be addressed by a unique network-

wide integrated MTFC strategy for maximum benefits. Although an utterly decentralised

control strategy would improve the no-control traffic conditions thanks to the avoidance of the

capacity drop, it may be non-optimal in the network-wide sense under certain circumstances.

More specifically, holding back traffic at some controlled bottlenecks (i.e., qc < qdown
cap ) may

provide more benefits for the traffic flow further downstream than the local losses (as, e.g.,

gating actions in urban traffic networks). These issues are partly addressed in Chapters 4

and 5.

3.4.3 Uncertain Flow Capacities

For the sake of simplicity, flow capacities have been considered so far as having infrastruc-

ture-dependent constant values. In reality, motorway flow capacities may vary due to the

prevailing environmental conditions (lighting, visibility, pavement condition); but even un-

der comparable environmental conditions, the flow value at which the first traffic breakdown
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(bottleneck activation) occurs, may vary by even 10 percent from day to day [43]. This

problem may be tackled locally via introduction of a local feedback loop that employs traffic

occupancy measurements (details are omitted for the sake of brevity) and guarantees max-

imum bottleneck outflow (equal to capacity), whatever value today’s flow capacity happens

to have similarly to [64]. Nevertheless, uncertain bottleneck capacities remain a problem to

be adequately addressed at the network-wide MTFC level. Research work is in progress with

respect to these issues.

3.4.4 MTFC Implementation

Figure 3.1 illustrates the local effect of MTFC without any reference on how to impose the

controlled flow qc on the motorway mainstream. Three alternative actuators may be envisaged

to this end:

• Special green-red traffic signals, one for each mainstream lane, placed on appropriate

gantries above the motorway and operated with asynchronous phasing as proposed and

tested in [64]. Unlike the traffic lights of urban junctions, the signals operate very short

traffic cycles with green phases that allow only 1–2 vehicles at a time to pass. Under

these conditions, vehicles upstream of the traffic lights may not really have to stop

(as in front of urban traffic lights) but merely to slow down as appropriate to create

the ordered controlled mainstream flow qc. It should be noted that traffic lights are

the most direct and immediate actuator for MTFC, and related research work is on-

going. On the other hand, the introduction of traffic lights on the motorway mainstream

may call for appropriate campaigns (until the road users are accustomed with the new

control measure) and perhaps also for change of some related traffic regulations. It

should be noted that similar difficulties were encountered in some countries prior to the

introduction of ramp metering at on-ramps, but also several decades ago, when traffic

signals were first introduced in urban road junctions.

• Variable speed limits may be used to slow down the motorway traffic flow sufficiently

in order to create the ordered controlled mainstream flow qc. As mentioned earlier, the

range of utilised VSLs in most current installations does not exceed [60, 120] km/h (see,

e.g., [12]) which is not sufficient for the implementation of low-valued controlled flows

qc. Therefore, the lower bound of the currently usual range of practiced VSLs should

be lowered to 40 km/h or less for MTFC, while appropriately designed user campaigns
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should inform the road users on the rationale and utility of the system in order to

increase compliance to the displayed VSL; currently practiced (automatic) enforcement

procedures are known to lead to high compliance as well. VSLs are considered as an

MTFC actuator in the investigations of this thesis.

• Emerging vehicle-infrastructure integration systems may be used to slow down equipped

vehicles in order to create the ordered controlled mainstream flow qc in a similar way as

with VSLs above. The required penetration level of equipped vehicles for appropriate

operation must be investigated for this particular actuator.

The aforementioned actuators should remain switched off for as long as MTFC is not needed

(e.g., in the off-peak period). A “warm-up” period with appropriate pre-signals and messages

(on variable message signs) upstream of the MTFC area should be applied before the actual

activation of the actuator (e.g., at the start of the peak period) in order to warn arriving

drivers about the imminent activation. But also during MTFC operation, the same pre-

signals and VMS should continue to warn arriving drivers about the applied mainstream

traffic control further downstream.

MTFC, by its nature, creates areas of slower moving vehicles upstream of the mainstream

control point which may be deemed a safety risk for faster vehicles approaching the tail of

the lower-speed area. Of course, the speed level in these areas under MTFC will be higher

than in uncontrolled traffic congestions (due to higher flow), and the above mentioned VMS

will timely warn the approaching drivers. Nevertheless, in order to minimise the risk for

arriving vehicles, VSLs (or VII control) may also be used between flow-controlled bottlenecks

to gradually reduce the speed of arriving vehicles to the level required at each particular

bottleneck (see Section 4.7).

3.4.5 User and Road Authority Acceptance

Motorways are still considered by some road users and responsible authorities as transporta-

tion facilities that should be bare of any restrictive regulation measures. This conception

belongs definitely to the past. To start with, Germany is the only country in the world where

unlimited vehicle speed can indeed be legally applied in parts of the country’s motorways, but

these are usually not within metropolitan areas. In addition, available VSL installations may

order speeds as low as 60 km/h, and existing RM systems have introduced traffic lights at

the borders of the motorway mainstream. Last not least, the average speed on metropolitan
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motorways during the peak period are very low within the extended congestions, while stop-

and go traffic conditions are a daily experience for most commuters. Thus, the original view

of the motorway infrastructure as a terrain of fast and unlimited mobility cannot be retained

any further. What is needed is the optimal utilisation of the limited capacity infrastructure

in a way that will benefit all roads users (equity) in terms of reduced travel times, improved

traffic safety and reduced environmental pollution via all appropriate traffic control measures

that can protect it from the detrimental effects of “spontaneously” (without control) forming

congestions. In view of the mentioned limitations of current control measures (RM, VSLs),

the proposed innovative MTFC concept is a natural step towards orderly, efficient, safer and

less polluting traffic conditions on metropolitan motorways. Clearly, MTFC may still sound

unconventional or even unacceptable for some road users or authorities. Similar feelings and

viewpoints were possibly encountered when traffic lights were first introduced in most urban

junctions; however, it is known today that, in the rare event of a general failure of the urban

traffic lights in an urban road network during the peak period, traffic conditions deteriorate

substantially, leading to driver complaints (rather than to a relief due to de-activation of the

annoying red lights).

3.5 MTFC via VSLs

The investigations in this thesis are carried out using VSLs as an MTFC actuator. In view

of this, the MTFC concept is revisited in this section with focus on its implementation via

VSLs. Figure 3.7 is a modified version of Figure 3.1 according to the technical aspects

imposed by the use of VSLs. In the figure, a VMS gantry labelled ‘VSL 3’ and, possibly,

other VMS gantries within the application area, display the appropriate VSL (corresponding

to a VSL rate b) that will determine the controlled outflow qc that leaves the application

area. The gantries ‘VSL 1’ and ‘VSL 2’ and, possibly, other gantries within the bottleneck

and acceleration areas, display an appropriate VSL that leads the vehicles to a a safe and

efficient speed while crossing the bottleneck area. The gantries ‘VSL N’ to ’VSL 4’ display

gradually decreasing speed limits for a safe approach of the vehicles reaching the congested

area. Additional gantries are added as the congestion moves upstream.

When VSLs are used as an MTFC actuator, if the mainstream demand qin (Figure 3.7)

arriving from upstream is higher than the VSL-induced capacity q∗cap(b), then the VSL ap-

plication area becomes an active mainstream bottleneck that limits the area’s outflow qc to

values corresponding to the (lower) VSL-induced capacity. Recall that the state transition
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Figure 3.7: A local aspect of MTFC via VSLs.

discussed in Section 2.2.3.2 yields a temporary VSL-induced mainstream flow decrease, after

which the outflow from the VSL application area returns essentially to values equal to the

upstream arriving demand qin. In contrast, in the case discussed here, the arriving demand

qin is higher than the VSL-induced capacity q∗cap(b); hence, there is the possibility of applying

a more durable mainstream flow control that persists even after the transition period, with

mainstream flow values qc depending on the applied VSL values. More specifically, if the out-

flow of the upstream VSL-controlled bottleneck is regulated such that capacity flow can be

established at the downstream bottleneck (qout ≈ qdowncap ), then the final mainstream outflow

is maximised, leading to a corresponding decrease of the total time spent in the system.

For the use of VSLs as an actuator, some restrictions apply to the posted speed limits. First,

the speed limits cannot assume arbitrary real values, since only discrete speed limits values

within the range of permitted VSL scan be used (e.g., at intervals of 10 km/h). Second, VSLs

are usually subject to constraints regarding the maximum admissible temporal and spatial

changes of displayed VSL values to avoid driver confusion and increase compliance. Therefore,

the speed limit difference between two consecutive posted VSLs at the same gantry cannot

be bigger than a pre-specified value (e.g., 20 km/h). Similarly, a difference limit between

two VSLs posted at consecutive gantries must be observed. This is particularly sensible

upstream of the VSL application area to improve traffic safety conditions in view of the

related, deliberately created shock wave (Figure 3.7). Note, however, that in absence of VSL

control, a more serious and more durable shock wave would result from the activation of the

downstream bottleneck. Hence, the VSL-induced mainstream bottleneck is likely to improve

traffic safety conditions as well (see Section 6.1.7). Finally, speed limits cannot be allowed to

change more frequently than at a predefined time interval (e.g., 1 min), which corresponds

to the control period of the control strategies to be designed in Chapter 4. Further details

on these issues are provided in Section 4.7.



Chapter 4

Feedback MTFC Design

To some extent, in most of our behaviour, we act in order to

receive feedback and most of our actions are initiated by feedback.

Life without feedback would be rather boring.

P. Albertos and I. Mareels [2]

The relevance and efficiency of the control strategy largely determines the

efficiency of the overall control system. Therefore, whenever possible, control

strategies should be designed with care, via application of powerful and

systematic methods of optimization and automatic control, rather than via

questionable heuristics.

M. Papageorgiou [52]

In this chapter, three feedback controllers are elaborated based on the MTFC concept intro-

duced in Chapter 3. Variable speed limits are used as an MTFC actuator for the feedback

controllers. The MTFC feedback control problem is introduced in Section 4.1. Then, based

on the analysis of the VSL impact and on the traffic flow modelling of Chapter 2, a control

design model is developed in Section 4.2. The control design model is used in Sections 4.3,

4.4, and 4.5 as the basis for the design of each of the three feedback controllers. In Section 4.6

some important characteristics of the designed controllers are highlighted. The application of

MTFC via VSLs brings along several practical aspects that are discussed in Section 4.7. Fi-

nally, two possible extensions of the proposed feedback controllers are outlined in Section 4.8.
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4.1 Control Setting and Control Goal

A single-input-single-output (SISO) control design model has one input, in this thesis the

VSL rates b(k) applied upstream of a bottleneck according to Figure 3.7; and one output,

in this thesis the traffic conditions at the location where the congestion is formed. The

resulting feedback control law uses real-time measurements of the output (and possibly of

other internal process variables) to calculate in real time, within a closed loop, appropriate

values for the input, so as to maintain the output close to a pre-specified reference or set

value.

In the process of Figure 3.7, the control goal is to operate the VSLs appropriately, so as to

maintain the flow qout through the bottleneck close to capacity. However, similarly to the

well-known feedback ramp metering strategy ALINEA [60, 61], it is preferable to consider

as an output the bottleneck density ρout (or the corresponding occupancy), in which case

the related set value, that leads to throughput maximisation, is the critical density ρcr. The

usage of the flow qout as a system output is discarded for two reasons; first, due to the non-

linearity of the fundamental diagram (Figure 2.2(a)), the flow qout may take the same value

under undercritical or overcritical conditions, which would clearly require different control

actions; second, the usage of a fixed flow capacity set value is not appropriate, since the actual

flow capacity may vary from day to day by as much as 10 percent (which is in the order of

the capacity drop that exploitation is being attempted) (see Section 3.4.3); in contrast, the

critical density is more stable, even under different lighting or weather conditions [63].

In conclusion, the objective is to find a SISO control design model for the process of Figure 3.7,

with input b(k) (the VSL rates applied at the VSL application area) and output ρout(k) (the

bottleneck density) or, in practice, the corresponding occupancy as in ALINEA.

4.2 Control Design Model

Traffic flow systems are highly non-linear, and feedback control design based on non-linear

models, like the one presented in Section 2.3, may be difficult and lead to complex feedback

laws. In fact, it is quite typical in control engineering to develop a simple “control design

model” of the process under control, which leads to an accordingly simple feedback law. Due

to their intrinsic robustness properties, appropriately designed feedback control strategies are

then suitable, even when applied (in simulation) to more elaborate process models and, most
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importantly, when actually applied to the real process. Following this line of development, a

simple linear model of the VSL impact on traffic flow is derived in this section via linearisation

around an operation point, i.e., a high-flow but uncongested traffic state upstream of the

bottleneck.

Section 2.2.4 listed four aspects of the effect of VSLs on aggregate traffic flow behaviour.

Aspects (i) and (iv) play a major role in the specification of the desired control design model,

and are discussed next, while aspects (ii) and (iii) are further discussed in Section 4.7.

Recall that aspect (i) induces a temporary flow reduction and can be exploited to hold back

traffic flow to retard the onset of congestion at downstream bottlenecks. Aspect (iv), by

its turn, yields a more durable flow reduction that can be used to specify a controlled flow

upstream of a potential bottleneck so as to avoid its activation.

The aspects (i) and (iv) cannot be associated to a specific VSL range in a motorway, since

they depend also on the arriving demand qin. Aspect (i) will be observed more often for

higher VSL rates and lower arriving demands, while aspect (iv) will show up for lower VSL

rates and higher arriving demands. However, as long as the arriving demand is sufficient for

(iv) to occur, the VSL-induced capacity (and hence the controlled outflow qc) will be the

same for the same VSL rate.

The two aspects mentioned above can be observed in the input-output behaviour of the

system, i.e., in the flow responses (output) to a step variation of the VSL rate b (input)1.

More specifically, a motorway stretch as in Figure 3.7 is simulated by use of METANET with

appropriate constant arriving demand qin, and an input step change ∆b < 0 of the VSL rate

is applied at time 0, i.e., a switch from b = 1 to b = 1 + ∆b (Figure 4.1(a)). Figure 4.1(a)

also includes the corresponding “step responses”, i.e., the related flows qc and qout calculated

by METANET, whereby qc is measured immediately downstream of the VSL application

area, while qout corresponds to the flow measured in the downstream bottleneck area. In the

middle case of Figure 4.1(a), the arriving demand qin was chosen lower than the VSL-affected

capacity (aspect (i)), and hence qc is seen to be initially reduced (due to the transition of

Figure 2.4(a)) but to eventually recover fully. On the other hand, qin was chosen higher than

the VSL-affected capacity for the right case of Figure 4.1(a) (aspect (iv)), and hence qc is

seen to recover only partially after the state transition.

The dynamic behaviour of flow qc (with partial or total recovery) can be modelled approxi-

1Input step response is a typical procedure in Control Engineering to deduce the main characteristics of
the process under control so as to design an appropriate controller.
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Figure 4.1: Simplified system modelling: (a) step response with temporary (aspect (i)) and lasting
(aspect (iv)) flow reduction; (b) system block diagram.

mately via a linear discrete-time z-transfer function (input-output relation):

∆qc(z)

∆b(z)
= K

z − α
z − β

(4.1)

where α, β, K > 0 are model parameters to be specified appropriately; z the discrete-time

complex variable [21]. After proper transformation from the frequency domain to the time

domain (inverse z-transform), (4.1) yields the following difference equation:

∆qc(k + 1)− β∆qc(k) = K∆b(k + 1)− αK∆b(k). (4.2)

Since ∆qc(k) = ∆b(k) = 0 for k < 0, and ∆b(k) = ∆b for k ≥ 0, the final value theorem [21]

applied to (4.2) (or (4.1)), yields for the stationary flow value ∆qc = ∆qc(∞):

∆qc(∞)− β∆qc(∞) = K(1− α)∆b⇒ ∆qc = ∆qc(∞) = K
1− α
1− β

∆b. (4.3)

Since the system is non-oscillating (Figure 4.1(a)), (4.1) must have 0 ≤ β ≤ 1. In the case

of full flow recovery, ∆qc = 0, hence, from (4.3), α = 1. In the case of partial flow recovery,

it can be deduced from Figure 4.1(a) that K∆b < K∆b(1 − α)/(1 − β) < 0, which implies

α > β and α < 1. Thus, the linearised model parameters are, in summary, K > 0 and

0 < β < α ≤ 1.

Now, consider the qout-response at the bottleneck area. Clearly, in absence of congestion
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mounting from downstream, qout is a smoothed and delayed version of qc. This behaviour

can be modelled as a simple first-order system with a time-constant roughly equal to the

time necessary for the related kinematic wave that leaves the controlled link to reach the

downstream bottleneck location, i.e.,

∆qout(z)

∆qc(z)
=

τ

z + τ − 1
. (4.4)

The desired final output at the bottleneck area, however, is the density (or occupancy). The

transition from flow ∆qout to density ρout is enabled by a linearisation of the fundamental

(flow-density) diagram around the critical density, as also done in the design of the ramp-

metering feedback control strategy ALINEA [60], i.e.:

∆ρout
∆qout

= K ′. (4.5)

The final system transfer function is given by multiplying (4.1), (4.4) and (4.5):

∆ρout(z)

∆b(z)
= KK ′

τ

z + τ − 1
· z − α
z − β

. (4.6)

The complete system is depicted in Figure 4.1(b), the first block corresponding to (4.1), the

second to (4.4), and the third to (4.5), while ∆r represents a possible external disturbance

to the system, such as the ramp inflow in case of merge bottlenecks, or an off-ramp outflow,

or both.

In principle, specific values of the model parameters α, β, τ , K and K ′ could be easily derived,

e.g., via graphical methods, for a specific simulated input step response. However, since the

system is intended to operate for the whole admissible VSL range and under different traffic

conditions, it is rather pointless to specify precise parameter values. Instead, realizing that

the values of α, β, τ , K and K ′, may vary in dependence of the application conditions (e.g.,

the length of the application area, the length of the acceleration area) of each installation and

of the traffic conditions, a feedback controller that is robust enough to achieve the control

goal efficiently under any realistic conditions must be designed. This is a feasible endeavour

in view of the intrinsic robustness properties of appropriately designed feedback controllers.
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4.3 Cascade Feedback Controller Design

The mentioned parameter variations of the linear control design model, which stem from the

non-linear characteristics of the traffic flow model (and actual traffic flow process), call for a

careful and appropriate feedback control design. Otherwise, the resulting closed-loop system

may not be sufficiently damped and may even become unstable [44]. Although a simple

dead-beat feedback controller could be immediately designed for (4.6), at an initial stage

the parameter variations imposed difficulties in the tuning of appropriate controller gains,

and the resulting control loop could be, depending on the prevailing conditions, too slow or

oscillating or even unstable. Therefore, a less direct controller design approach is pursued in

this section and two potentially simpler approaches are developed in the sections that follow.

Cascade control, widely used in the control of chemical processes [73, 79], makes use of a

second (or more) feedback measurement(s) and divides the process by the use of nested control

loops, one for each measurement, that have their references determined by the respective

outer loops. Figure 4.2 depicts a typical two-loop cascade control structure for a SISO

system with input u, output y1, intermediate output y2, and respective reference values r1

and r2 and control errors e1 and e2. Cascade control is suitable when the secondary process

G2 in the figure is subject to non-linearities or gain variations, which are then isolated from

the primary loop; while the primary process G1 presents non-minimum phase behaviour or

delay. Closing the loop around G2 also allows for disturbance rejections in G2 before they

affect G1. From the previous section it is clear that the system at hand matches several

of these characteristics. Furthermore, the adoption of cascade control is rather intuitive

given the similarity, as will be shown next, of the present system with chemical processes

where, very often, flow control loops are cascaded with other control loops [74, 79]. Finally, a

well-tuned cascade controller will respond faster, compared to a single monolithic controller,

and provides for better damping and increased robustness to uncertainties, e.g., process

parametric variations [48, 73].

Figure 4.2: Two-loop feedback cascade control structure.
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From the MTFC concept with the use of VSLs described in Section 3.5 and the resulting

linear model of the system in Section 4.2, it can be seen that the system can be divided in a

VSL-versus-flow dynamics part (first block in Figure 4.1(b)), followed by a flow propagation

part (second block in Figure 4.1(b)), that also affects the density in the bottleneck area (third

block in Figure 4.1(b)), similarly to some controlled chemical processes. Considering the first

block as the secondary process and the second and third blocks as the primary process, the

appropriate process division for applying cascade control is obtained.

The cascade control structure in Figure 4.2 is reproduced in Figure 4.3 with transfer func-

tion blocks and variables corresponding to the MTFC feedback cascade controller structure

designed in this section. In Figure 4.3, the secondary loop is affected by the VSL rate b

delivered by the secondary controller that will determine the outflow qc of Figure 3.7. This

flow is measured immediately downstream of the application area and is fed back and com-

pared to the desired (reference) flow q̂c delivered by the primary controller. The primary

loop uses the measured density ρout (or occupancy) at the bottleneck area and compares it

with the set-point density ρ̂out defined by the operator (which should be set equal to ρcr for

throughput maximisation).

Figure 4.3: MTFC feedback cascade controller structure using VSLs as an actuator.

The usual procedure for controller design and tuning in cascade controllers is to start from

the most internal loop and move, one by one, to the most external loop. In what follows,

first the controllers will be designed appropriately before proceeding with the tuning of the

involved controller parameters.

The secondary controller of Figure 4.3 is designed as an integral (I) controller with transfer

function:
b(z)

eq(z)
=

KI

z − 1
, (4.7)

or, in the time domain,

b(k) = b(k − 1) +KIeq(k) (4.8)

where KI is the integral gain of the controller and eq(·) = q̂c(·)−qc(·) is the flow control error,
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given per lane. Note that, for increasing values of the controller gain KI, the closed-loop pole

originating from the controller pole at 1.0 moves along the real axis of the z-plane root locus

towards the system zero at α; while the closed-loop pole originating from the open-loop pole

β moves along the real axis in the direction of −∞. Thus, a sufficiently large controller gain

KI can be obtained so that the open-loop system zero at α is neutralised or cancelled by the

closed-loop pole moving towards it, while the other closed-loop pole, which will dominate

the closed-loop response, remains in the right-half plane, i.e., the closed-loop system is stable

and damped. This yields a first-order dominant closed-loop response that is faster than

the open-loop system. Obviously, when the zero at α equals 1.0 (flow recovers fully), the

secondary controller cannot guarantee zero stationary error. However, this is deemed of

minor importance, since full flow recoveries will usually occur in the early stage of the control

action, i.e., at a transient period, while the primary controller is updating its output (the

reference of the secondary controller) so as to drive the system closer to the reference value

of the main output.

According to the outlined controller design of the secondary loop, the resulting dynamics

of the internal loop and primary process can be approximated by a second-order system.

Hence, the primary loop controller is specified to be a Proportional-Integral (PI) controller

(Figure 4.3), which provides for a desired zero steady-state error, while keeping a satisfactory

transient response and disturbance rejection. The PI-type controller reads:

q̂c(z)

eρ(z)
=

(K ′P +K ′I)z −K ′P
z − 1

(4.9)

or, alternatively:

q̂c(k) = q̂c(k − 1) + (K ′P +K ′I)eρ(k)−K ′Peρ(k − 1) (4.10)

where K ′I and K ′P are the integral and proportional gains of the controller, respectively, and

eρ(·) = ρ̂out − ρout(·) is the density control error.

Tuning of the controllers was performed with the aid of the METANET simulator described

in Section 2.3, using different traffic flow conditions and for the whole operating range of

VSLs. The methodology adopted was the zone-based procedure, as described in [18]. The

idea behind this methodology is to decouple the controller gain tuning so that each gain can

be adjusted individually. This is rendered possible by assuming that each gain is dominant

over a certain frequency zone. Higher frequency zones are adjusted first. For the PI case, the

proportional gain K ′P is tuned first, while the integral gain K ′I is set to zero. The starting value
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for K ′P is a low value that guarantees stability; then K ′P is increased and the step response

evaluated until a (first) acceptable overshoot is obtained. Next, after K ′P is obtained, K ′I is

increased from zero until the response exhibits a (second and final) overshoot value.

For the cascade structure, the secondary controller is tuned first, with the primary controller

disconnected. Since the real system is non-linear and subject to parameter variations, it must

be tuned for the worst case. After tuning the secondary controller, the primary controller

is connected and tuned. The tuning procedure furnished the following gains for the cascade

controller, which are used in the simulations of Chapter 6: KI = 0.0007 h/veh/lane for the

secondary controller; and K ′I = 3.0 km/h/lane and K ′P = 50.0 km/h/lane for the primary

controller. The gain values obtained for the primary controller were confirmed by the use of

the SIMC PID tuning method [75]. It is expected that these regulator parameter values are

quite representative and robust for several real situations; nevertheless, modern automatic

fine-tuning tools [39] could prove useful in field implementations.

Whenever the secondary controller furnishes a VSL rate b(k) in (4.8) that exceeds one of its

bounds b(k) ∈ [bmin, 1], i.e., saturates, the value of b(k) must be truncated to the respective

bound and used as b(k − 1) in (4.8) for the next control period to avoid the wind-up effect.

The same applies for q̂c(k) in (4.10) with q̂c(k) ∈ [q̂min, q̂max] with appropriately fixed bounds

q̂min, q̂max. In addition, when the secondary controller has reached its limits, it is unable

to respond to commands q̂c(k) from the primary controller, while the primary controller

would, nevertheless, keep moving the command attempting to correct the output error. This

behaviour would configure a wind-up for the primary controller, although its own limits are

not reached [74]. Therefore, whenever the secondary controller is not able to respond to the

primary controller, because it is saturated, the primary controller’s output is only allowed to

change if it de-saturates the secondary controller.

4.4 Lookup Feedback Controller Design

An alternative design for the controller presented in the previous section is to drop its sec-

ondary loop and replace the secondary controller by use of a non-linear lookup table as

depicted in Figure 4.4. The lookup table reflects, roughly, the (stationary) relationship of

flow capacity versus VSL rates. The solid line in Figure 4.5 corresponds to the VSL-induced

capacity obtained from (2.10) with the parameter values used in Figure 2.6 (Section 2.3.3),

when there is no increase of capacity. Thus, the lookup table is a static non-linearity that is
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Figure 4.4: MTFC feedback lookup controller structure using VSLs as an actuator.
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Figure 4.5: Modeled and simulated VSL-induced capacity flow.

fed with the PI controller output q̂c to deliver the desired VSL rate b that will determine the

flow qc leaving the application area. Such a structure can be viewed as a special case of gain

scheduling [70].

A similar approach was adopted in [95] by deriving a non-linear function that maps the flow

delivered by an ALINEA (I-type) controller into a corresponding speed limit. However, as

mentioned before, the lack of an acceleration area is the likely reason for obtaining only

marginal improvements.

The design of the lookup table within a simulation environment such as METANET (Sec-

tion 2.3) is quite straightforward. A simple motorway stretch with no on-/off-ramps and

with a VSL application area is simulated, with an upstream demand equal to the (factual)

capacity flow of the stretch. Under these conditions, any applied VSL rate acts according to

aspect (iv) of Section 2.2.4 and leads (in the steady state) to a corresponding VSL-induced

capacity outflow. Thus, a set of admissible VSL rates is considered, and each of them is

applied to the application area, allowing sufficient time for the system to reach steady-state

conditions, before the corresponding stretch outflow is recorded. The dotted line in Figure 4.5

corresponds to the VSL-induced capacity obtained from this simulation-based exercise (along

with linear interpolation of points corresponding to specific VSL rate values). Note that the
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difference of both curves in Figure 4.5 is due to the dynamic terms included in the simulator

(2.20), but not included in (2.10).

Taking into account discrete admissible VSL values, the lookup table may then be constructed

from Figure 4.5 via appropriate discretisation, as in Figure 4.6, to be used in the Lookup

Controller for the investigations of Section 6.2.
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Figure 4.6: Lookup table.

In practice, the design of the lookup table may be more challenging, since the aforementioned

experiments can hardly be effectuated; hence, one may have to rely on more or less accurate

estimations, based on simulation and/or any available data with specific VSLs. When the

system starts operating, a fine-tuning of the lookup table may be performed as new data

become available. It should be emphasised that the (practically inevitable) errors resulting

from the ignored dynamics between b and qc, from ignoring of aspect (i) of Section 2.2.4,

from the open-loop nature of the lookup table and from any other error sources may be

handled by the feedback controller if it proves sufficiently robust; the robustness of the Lookup

Controller to mismatches in the lookup table is discussed in Section 4.7.8 and investigated in

Section 6.2.5.

The closed-loop reference-output behaviour of the secondary loop in the Cascade Controller

case is reasonably fast, as is the non-linear compensation provided by the lookup table;

therefore, the PI controller in use in the Cascade Controller is deemed suitable for the Lookup

Controller as well. Surprisingly, any effort of re-tuning the PI controller in the lookup case

resulted in only marginal improvements or undesired (non-smooth) outputs from a traffic

operation point of view; hence the same gains of the cascade primary controller are used for

the Lookup Controller in Section 6.2.
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Similarly to the Cascade Controller, whenever the PI controller furnishes an ordered flow

q̂c(k) in (4.10) that exceeds one of its bounds q̂c(k) ∈ [q̂min, q̂max], i.e. saturates, the value of

q̂c(k) must be truncated to the respective bound and used as q̂c(k − 1) in (4.10) for the next

control period to avoid the wind-up effect.

4.5 PI Feedback Controller Design

Field implementations call for simple and efficient systems that would expedite their appli-

cation. Realizing that the simulated capacity flow curve (dotted line) in Figure 4.5 is quite

flat and could be, to some extent, approximated by a straight line (particularly for low VSL

rates), an even simpler linear PI Controller may be envisaged for local MTFC via VSLs. In

this case, the controller structure is similar to the one in Figure 4.4, albeit with the lookup

table block dropped, i.e., the PI controller, with appropriate gains, delivers directly the VSL

rate b:

b(k) = b(k − 1) + (K̂P + K̂I)eρ(k)− K̂Peρ(k − 1) (4.11)

where the variables are as defined previously, and K̂P and K̂I are the proportional and integral

gains of the controller, respectively. The controller gains in this case should be roughly the

same gains used for the Lookup Controller, scaled by the slope of the line used to approximate

the VSL-induced capacity curve (dotted curve in Figure 4.5) which is, approximately, 0.0007.

Some minor fine-tuning was nevertheless performed around the scaled values via trial-and-

error, and the final gains obtained are K̂I = 0.003 km/veh/lane and K̂P = 0.04 km/veh/lane.

Similarly to the Cascade and Lookup Controllers, whenever the PI controller furnishes a VSL

rate b(k) in (4.11) that exceeds one of its bounds b(k) ∈ [bmin, 1], i.e. saturates, the value of

b(k) must be truncated to the respective bound and used as b(k − 1) in (4.11) for the next

control period to avoid the wind-up effect.

4.6 Some Characteristics of the Designed Controllers

Some significant characteristics of the designed controllers should be emphasised at this point:

• The Cascade Controller makes use of two real-time measurements of flow qc and density

ρout (or occupancy) according to Figure 4.3 to execute (4.8) and (4.10). The Lookup
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and PI Controllers make use of one real-time measurement of density ρout (or occu-

pancy) according to Figure 4.4 to execute (4.8) and (4.11), respectively. There are no

other requirements, in particular no measurements of the arriving demand qin or of

any on-ramp or off-ramp flows that may exist between the VSL application area and

the downstream bottleneck. All these disturbances are automatically rejected by the

feedback loops. Note that stochastic measurement errors have a minor impact on the

feedback control efficiency (as, e.g., witnessed in many field applications of ALINEA

[61]).

• The feedback controllers do not make use of any model. The only quantity needed

for their application is the density set value ρ̂out = ρcr (for throughput maximisation)

which can be pre-specified, as frequently done for the ALINEA ramp metering regulator,

albeit taking into account that the application of a VSL at the downstream bottleneck

may increase its value according to Figure 2.4(b).

• The designed feedback regulators deliver VSL rates b ∈ [bmin, 1] which are convenient for

use in the simulation investigations of Chapter 6. For field application, the controllers

can be readily modified (i.e., multiplied with vf according to (2.6)) to deliver VSLs in

km/h for direct display.

• In case of limited driver compliance to the displayed VSL, the corresponding qc will be

higher than at full compliance. However, thanks to the integral term in the controllers,

this would lead automatically to even lower VSLs, until the required level of qc is

actually reached. Thus, limited compliance would have a minor impact on the feedback

dynamics (as red-light violations have a minor impact on ALINEA), but could lead

earlier to a controller saturation, i.e., to earlier reaching of the lower bound bmin (where

applicable).

• Parts of the designed controllers may be used also for different actuators that would

enable MTFC (with appropriate retuning). For example, if mainstream traffic lights

would be used for MTFC instead of VSLs (mainline metering), q̂c could be directly

and promptly implemented, similarly to ramp metering installations [57]. In this case

a lookup table or a mathematical function could be used to translate the ordered flow

into green times, similarly to the Lookup Controller. In fact, the outer PI-controllers

of Figures 4.3 and 4.4 are identical to the one proposed in [82] for ramp metering with

a distant downstream bottleneck, which controls essentially the same flow propagation

process as in the outer loop of Figure 4.3. Remarkably, the controller parameters tuning
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in this thesis led to very similar values with those in [82] despite using different tuning

procedures. Moreover, it is very encouraging for the present control design, that the

distant-bottleneck PI ramp metering controller was successfully field-implemented, see

[68].

4.7 Practical Application Aspects

The field application of MTFC via VSLs calls for the consideration of the practical imple-

mentation aspects mentioned in Section 3.5, along with an additional issue of interest, the

control period for VSL switching.

4.7.1 Discrete VSLs

The designed feedback regulator delivers real-valued VSL rates while only discrete VSL values,

out of a pre-specified set of such values, can be displayed in practice. For example, a possible

set of allowed speed limits could be V SL ∈ {40, 50, . . . , 120} km/h, but, for convenience, a

set of allowed discrete VSL rates b ∈ {0.2, 0.3, . . . , 1.0} is defined for use in the simulation

investigations. Thus, the VSL rate to be applied is obtained by rounding the VSL rate b(k)

given by the control strategy (4.8) in the Cascade Controller case or by the control strategy

(4.11) in the PI Controller case to the closest allowed discrete VSL rate, while the Lookup

Controller has discrete VSL rates naturally defined in the design of the corresponding lookup

table. It is important to note that the rounded value of b(k) is used only for display, not as

b(k − 1) in (4.8) or (4.11).

4.7.2 Limited VSL Time-Variation

The difference between two consecutive speed limits at the same VSL sign can be limited

to a pre-specified value, e.g. 20 km/h. Again, the VSL rate variation is limited instead, by

disallowing a difference of more than 0.2. Similarly to when discrete VSL values are used,

the limited value of b(k) is used for display only.
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4.7.3 Limited VSL Space-Variation

The designed feedback controllers deliver appropriate VSLs to be displayed sufficiently up-

stream of the bottleneck area, so as to create an appropriate mainstream flow qc according

to Figure 3.7. This creates a controlled congestion (Figure 3.7) whose tail may propagate

upstream. Thus, vehicles arriving to the congestion tail will have to decelerate to join the

congestion, which may be deemed a safety risk. Although (for reasons mentioned in Chap-

ter 3) the related speed gradient (and hence the safety risk) is lower in the MTFC case

compared to the “natural” congestion without control, it is advisable to further reduce the

safety risk by appropriate activation of VSLs upstream of the controlled congestion. Clearly,

this calls for availability of VSL gantries at reasonable spacing (e.g., every 1–2 km) on the

upstream part of the motorway, i.e., upstream of the gantries that implement the regulator’s

VSL decisions. The basic idea of operation of these upstream VSLs is to limit the space/time

gradients of vehicle speeds along and upstream of the controlled congestion to reduce the

safety risk (see also Section 6.1.7). The following rules may be applied to the upstream VSLs

via a corresponding algorithm:

(i) No gantry displays a lower VSL than the next downstream gantry. The difference

between the VSLs displayed at two consecutive gantries is limited to, e.g., 20 km/h, as

discussed in Section 4.7.2.

(ii) The displayed VSL should not be much higher than the (measured) mean speed around

the corresponding gantry. This is in order to avoid situations where drivers are forced

(due to the controlled congestion) to drive at a relatively low speed while facing much

higher speed limits displayed.

(iii) Starting from the regulator’s VSL and proceeding in upstream direction, the VSL of

each gantry is increased, compared to the VSL of the next downstream gantry, by, e.g.,

20 km/h, unless the limits (i) or (ii) apply.

These rules lead to equal VSL displays along the motorway stretch occupied by the con-

trolled congestion; while vehicles driving towards the congestion tail will encounter gradually

decreasing VSLs that will “guide” them to a safe joining of the controlled congestion.
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4.7.4 Downstream VSLs

Vehicles exiting the controlled congestion should accelerate (if necessary) and cross the down-

stream bottleneck at a stationary speed. To “guide” drivers accordingly, a VSL could be

activated at the acceleration and bottleneck areas. For example, a constant VSL rate of 0.9

may be applied in these areas, whenever MTFC via VSLs is active. This action might even

improve the system’s performance in cases where the motorway capacity can be increased

by the display of moderate speed limits, see Section 4.7.7. Independent of the possibility of

capacity increase or not, a VSL applied at the bottleneck area will shift the location’s critical

density to higher values according to aspect (ii) of Section 2.2.4. Therefore, this should be

taken into account when determining the set-point for the feedback control strategies.

4.7.5 Downstream Congestion

For the beneficial MTFC effect of increasing the bottleneck throughput it is necessary to

have free-flow conditions downstream of the bottleneck. If there is another congestion (con-

trolled or not) mounting from downstream and reaching the bottleneck, then the throughput

is dictated by the mounting congestion and MTFC actions become obsolete. Thus, if appro-

priately placed speed detectors indicate a congestion mounting from downstream, then the

MTFC area becomes essentially part of a downstream congestion and, hence, all included

VSL gantries should operate as described in Section 4.7.3.

4.7.6 VSL Control Period

Some directions for the choice of the control time step of discrete-time feedback controllers

have been established in Control Engineering since long. For the feedback MTFC via VSLs,

this choice determines the frequency of posted VSL changes which should be limited. In this

thesis, except where otherwise stated, the control period is chosen as Tc = 60 s. This control

period seems to be suitable for practical purposes as it is quite widespread in current VSL

installations in various countries. In fact, even if a VSL panel is visible from few hundred

meters upstream, it is very unlikely that a driver will see the same panel changing the speed

limit more than once, something that could be deemed as confusing. Note, however, that

longer control periods may be desired or required by traffic operators and policy makers.

Therefore, the choice of the control period and its effect on the controllers’ performance is

specifically investigated and discussed in Section 6.2.3.
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4.7.7 Increase of Capacity

Another practical issue is related to aspect (iii) of Section 2.2.4 with respect to the possibility

of capacity increase due to the application of VSLs (as, e.g., in Figure 4.7 with parameters of

Section 6.2.4), since capacity increases were indeed observed in some occasions and locations

[63]. As a matter of fact, additional benefits can be achieved by the use of MTFC via VSLs in

the case of actual capacity increase for some VSL values, and the designed controllers should,

preferably, be able to take advantage of this possibility. A preliminary study has demonstrated

the application of MTFC via VSLs with capacity increase via an optimal control approach

[66] and this issue is further investigated in Section 6.2.4 for the three feedback controllers.

 

 

b = 0.2

b = 0.3

b = 0.4

b = 0.5

b = 0.6

b = 0.7

b = 0.8

b = 0.9

b = 1.0

F
lo

w
(v

eh
/h

)

Density (veh/km/lane)

0 10 20 30 40 50 60

0

1000

2000

3000

4000

5000

6000
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4.7.8 Robustness of the Lookup Controller

It was seen earlier that the design of the lookup table must be performed empirically based

on data sets and operator experience. This leads, unavoidably, to design inaccuracies, partic-

ularly in the initial stage of the table design. Thus, the Lookup Controller is also evaluated

in Section 6.2.5 with respect to its robustness to mismatches in the lookup table.
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4.8 Further Extensions

In this section, further extensions of the feedback controllers designed in this chapter are

outlined. These extensions address some of the MTFC-related issues discussed in Section 3.4.

First, the MTFC application concept of Section 3.5 is applied to two merging motorways in

Section 4.8.1. To this end, the MTFC feedback controllers developed in Section 4.3 could be

extended such that the VSL control action is introduced to both motorways so as to balance

the respective experienced delays while maintaining capacity flow at the merge area. An

outline of the extension of the MTFC feedback cascade controller for two merging motorways

is presented.

Second, the local integrated control problem, involving MTFC via VSLs and ramp metering

is addressed in Section 4.8.2. In this case, any of the feedback controllers developed in

Section 4.3 could be extended such that the control action is shared by applying VSLs at

the mainstream while traffic lights are applied at the merging on-ramp. An outline of the

extension of the MTFC feedback cascade controller for the integrated case is presented.

4.8.1 Feedback MTFC via VSLs for Two Merging Motorways

The case of two merging motorways, as in Figure 3.3, is considered. A merge congestion

(and hence a capacity drop) will appear in absence of control if the sum of the arriving flows

exceeds the bottleneck capacity as described in Section 3.3.2. If the MTFC feedback concept

of Section 3.5 is applied to one motorway only, maximum bottleneck throughput may be

achieved, but a corresponding controlled congestion may be created only on the controlled

motorway, while vehicles on the other motorway may have free access to the merge area, which

may be deemed unfair. A more balanced approach can be achieved if MTFC is applied to

both merging motorways, via separate VSL for each of them and corresponding controllable

mainstream flows q1,c and q2,c (Figure 3.3). This creates an additional degree of freedom that

may be exploited to enable a predefined ratio of experienced delays for vehicles arriving from

the two motorways.

As for a single motorway, the idea is to specify flow values q1,c and q2,c upstream of the

bottleneck location in order to keep the bottleneck density ρout around the critical density,

i.e., maximise the bottleneck throughput. To this end, the feedback cascade control structure

of Figure 4.3 is extended to consider two VSL rates and a split-range-like control scheme [79]
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as depicted in Figure 4.8. The primary loop is almost identical as in Figure 4.3 but delivers

a reference q̂c for the total bottleneck inflow that is split to q̂1,c and q̂2,c, which are handled

(as in Figure 4.3) by two respective secondary loops to produce the real respective outflows

that enter the bottleneck area.

Figure 4.8: Two merging motorways MTFC feedback cascade controller structure using VSLs as an
actuator.

The splitting of q̂c may be effectuated in a fixed way (e.g. according to the merging motorway

capacities); or in a data-dependent way (e.g. according to both arriving demands); or in other

possible ways that materialise a specific operational policy, e.g. delay balancing (or any other

prescribed delay ratio) for vehicles crossing the two respective controlled congestion areas of

Figure 3.3. Delay balancing is the locally most equitable splitting policy and more elaborate

to implement compared to other mentioned possibilities. Delay is defined as the actual travel

time minus the travel time under free-flow conditions (the latter having a fixed value for a

specific motorway stretch). Delay balancing calls for availability of real-time estimates of

delay of the vehicles exiting the controlled congestions of each merging motorway. The delay

experienced by exiting vehicles can be readily calculated if mean speed detectors are available

upstream of the flow control point at a sufficient resolution (e.g., 500 m) and suitable methods

of travel time or delay calculation [65] may be used, otherwise a suitable estimation scheme

may be employed [83], see dashed lines entering the SPLIT box in Figure 4.8.

The split control is designed to achieve the balancing of experienced delays by drivers on

both motorways by the use of a PI controller. To reduce the burden of the PI controller

and achieve smoother control reactions a feed forward controller [73] is added to the control

scheme. More details about the system and preliminary results can be found in [4].
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4.8.2 Integrated MTFC via VSLs and Ramp Metering

The case of integrated MTFC via VSLs and ramp metering for on-ramp merge bottlenecks,

as in Figure 3.2, is considered. A merge congestion (and hence a capacity drop) will appear in

absence of control if the sum of the arriving flows exceeds the bottleneck capacity as described

in Section 3.3.1. The equity problem is also relevant for this case, as it was for the case of

merging motorways and an analogous interpretation is applicable here albeit by the use of

VSLs in the mainstream or by the use of traffic light at the on-ramp. However, ramp metering

may be preferable over MTFC via VSLs but, as discussed earlier, ramp storage capacity is

a major limitation of ramp metering and congestion may appear after the ramp is full. An

integrated approach allows to keep operating the motorway at maximum efficiency if MTFC

via VSLs is applied to the motorway mainstream and ramp metering by the use of traffic

lights is applied at the on-ramp.

The idea is to specify flow values qm,c upstream of the bottleneck location and qr,c at the

on-ramp in order to keep the bottleneck density ρout around the critical density. To this end,

the feedback cascade control structure of Figure 4.3 is extended to consider a split-range-like

control scheme [79] as depicted in Figure 4.9. The primary loop is almost identical as in

Figure 4.3 but delivers a reference q̂c for the total bottleneck inflow that is split to q̂m,c which

is handled by the respective secondary loop (as in Figure 4.3) and to q̂r,c applied via an

appropriate metering police [56, 57] so as to produce the real respective outflows that enter

the bottleneck area.

Figure 4.9: Integrated ramp metering and MTFC feedback cascade controller structure using VSLs
as an actuator.

The splitting of q̂c may be performed by different policies, as already discussed for the merg-

ing of motorways case in the previous section. A possible policy is to apply ramp metering

until the capacity of the on-ramp is exhausted, then the ramp begins to operate in queue
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management mode and MTFC is applied at the mainstream. This splitting is actually im-

plicitly applied by optimal control in Chapter 5. This application is straightforward and,

initially, all the flow reduction ordered by the primary loop is performed by the ramp meter-

ing. Meanwhile a queue management controller operates in an override control scheme [74].

Every time that the ordered flow reduction by the primary loop is bigger than what can be

provided by the ramp-metering, MTFC starts operating. The lower bound of ramp metering

is defined by two values, the minimum allowed ramp metering rate (maximum ramp closure)

or by the ramp queue management. The development of this integrated control scheme is

ongoing.





Chapter 5

Optimal Control Results

The optimal decisions resulting from the solution of the formulated optimal

control problem may in many cases surprise the designer and may even call for

an a posteriori interpretation, thus challenging his/her technical judgement and

extending or correcting his/her presumed expertise.

A. Kotsialos, M. Papageorgiou, M. Mangeas and H. Haj-Salem [38]

In this chapter the optimal control approach presented in Section 2.4 is applied to two different

motorway networks. In Section 5.1 a hypothetical motorway stretch is investigated, while a

large scale network with realistic demands is investigated in Section 5.2. The interpretations

of the content of this chapter assisted in the development of the MTFC concept introduced in

the Chapter 3. Indeed, the results of this chapter show that optimal control behaves according

to the MTFC concept despite the fact that the concept is not explicitly implemented in the

optimal controller. Optimal control is applied using VSLs as an actuator. The integration of

VSLs and ramp metering is also investigated.

5.1 Local Control

In this section a hypothetical motorway stretch is studied under all possible traffic states

(free flow, critical, and congested). The investigation is carried out for a localized bottleneck

using VSLs and ramp metering. The sensitivity of the controller to lower bounds on the VSL

rates is investigated.
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5.1.1 Network Model and Demand

For the purposes of this study, a hypothetical three-lane motorway stretch of 6.5 km, depicted

in Figure 5.1, is considered. The mainstream is divided into five links (L0 to L4). There are

two on-ramps (O1 and O2) on this motorway and one off-ramp (D1) in between. The demand

profiles shown in Figure 5.2 are used for the motorway input (U1) and for the two on-ramps,

whereby the last 30 min is a cool-down period with zero inflows in the on-ramps and only

1,000 veh/h in the mainstream. This was introduced to have equal traffic conditions on the

stretch at the end of the simulation and hence comparable TTS values for all investigated

scenarios. The exit rate, i.e., the percentage of the mainstream flow that leaves the motorway

at the off-ramp D1 is set to five percent; the model time step used is T = 10 s. A number

of different control scenarios are examined in the following, each for a time horizon of 2.5

hours. The scenarios and respective TTS results calculated over the 2.5 hours of simulation

are summarised in Table 5.1.

Figure 5.1: Hypothetical motorway stretch.

5.1.2 No-control Case

Figure 5.3 shows the resulting ramp queue, density, speed, and flow profiles for both merge

areas, when no control measures are applied. The flow in the merge area of O2 is seen to

reach the factual capacity (6,240 veh/h) at t = 1 h. As arriving flows continue to increase, a

mainstream congestion appears after 1 h in the merge area of the O2 on-ramp; this leads to

a visible gradual mainstream flow decrease (capacity drop). The created congestion (shock

wave) travels upstream and reaches the merge area of the O1 on-ramp at around t = 1.2 h,

leading to a visible speed drop and flow decrease there as well. In this scenario, the short

queue (18 veh) that forms at the O2 on-ramp is because of the reduction of the on-ramp’s

flow capacity caused by the mainstream congestion (see (2.15)). The resulting TTS is equal

to 1,167 veh·h.
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Figure 5.2: Demands at the network origins.

Table 5.1: Summary of simulated control scenarios.

Strategy Description TTS
(veh·h)

%

No-control - 1,167 -

Coordinated
RM

Optimal coordinated ramp metering (AMOC)
applied at O1 and O2 with maximum admissi-
ble queues of 50 veh for each on-ramp.

1,060 −9.2

MTFC via
VSLs

(bmin,m = 0.5)

Optimal MTFC with VSLs (AMOC) applied at
L11, L12–L13 and L14 with bmin,m = 0.5.

1,078 −7.6

MTFC via
VSLs

(bmin,m = 0.2)

Optimal MTFC with VSLs (AMOC) applied at
L11, L12–L13 and L14 with bmin,m = 0.2.

988 −15.3

Integrated
Control

(bmin,m = 0.5)

Coordinated RM and MTFC via VSLs with
bmin,m = 0.5

992 −15.0

Integrated
Control

(bmin,m = 0.2)

Coordinated RM and MTFC via VSLs with
bmin,m = 0.2

939 −19.5
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Figure 5.3: No-control: conditions at the merge-areas.

5.1.3 Coordinated Ramp Metering

AMOC is now applied for coordinated ramp metering with maximum admissible queue equal

to 50 veh for each on-ramp. The ramp metering rates are allowed to change every 30 s with

a minimum admissible value equal to 0.05 (to avoid ramp closure). The resulting TTS value

is equal to 1,060 veh·h, which is a 9.2 percent improvement compared to the no-control case.

The related ramp queue, density, speed, and flow profiles for both merge areas are shown

in Figure 5.4. The dotted curves appearing in the queue plots correspond to the utilised

maximum admissible ramp queues.

The situation is identical to the no-control case until short before t = 1 h, but eventually

the optimal solution maintains the density and the flow at the O2 merge area close to the

critical density and factual capacity values, respectively, as long as possible, to maximise the
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Figure 5.4: Coordinated ramp metering: conditions at the merge-areas.

motorway exit flow (which leads to minimisation of TTS). To achieve this, ramp queues are

created quasi-simultaneously in both ramps. The congestion appearing at the O2 merge area

at around t = 1.2 h is unavoidable in view of the high involved demands and the exhausted

limited ramp storage.

5.1.4 MTFC via VSLs

For the application of MTFC via VSLs, the mainstream is divided into four clusters of links,

each with its own VSL rate. The first cluster comprises L0 where no VSL control is applied,

i.e., bL0(k) = 1, k = 0, 1, . . . ,KP − 1; the second cluster comprises L1; the third cluster

comprises L2 and L3, i.e., one single VSL rate is used for both L2 and L3 (bL2 = bL3);

and the fourth cluster comprises L4. The VSL rates are allowed to change every 300 s and
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Figure 5.5: MTFC via VSLs (bmin,m = 0.5): conditions at the merge-areas.

two cases are examined for the value of the minimum admissible VSL. In the first case,

bmin,m = 0.5 for all controlled link clusters, and in the second case, bmin,m = 0.2. Maximum

ramp queue constraints are not taken into account when only MTFC via VSLs is applied.

When bmin,m = 0.5 is adopted, the resulting TTS value is equal to 1,078 veh·h, which is a

7.6 percent improvement compared to the no-control case. The related ramp queue, density,

speed, and flow profiles for both merge areas are shown in Figure 5.5 and the optimal VSL

rate trajectories are shown in Figure 5.6.

The situation is here also virtually identical to the no-control case until t = 1 h, because no

congestion appears yet. At t = 1 h, the VSL rate of L4 is seen to switch gradually to values

around 0.85; this allows the O2 merge area to accommodate a higher number of vehicles

(because of higher critical density) without any real loss in flow capacity (Figure 2.6). The

next issue is the need to keep the O2 merge area density close to its (increased) critical density
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Figure 5.6: Optimal VSL rates for MTFC via VSLs (bmin,m = 0.5).

for as long as possible to avoid the congestion appearing there after t = 1 h in the no-control

case scenario and enable maximum motorway exit flow (which leads to TTS minimisation).

Indeed, the VSL rate for L1 is seen to switch from one to (the lower admissible bound) 0.5

in essentially two steps (Figure 5.6) shortly after t = 1 h. According to Section 2.2.3.2, the

corresponding state transitions create temporary mainstream flow reductions that are clearly

visible in the flow curve of merge area O1 (Figure 5.5) as short negative pulses. Because

the (factual) mainstream capacity for a VSL rate of 0.5 is still higher than the upstream

arriving demand, the mainstream flow is seen to fully recover after the state transition.

These temporary flow reductions are effectuated to keep the O2 merge area density close

to its critical value for as long as possible, but after reaching the lower bound of 0.5, no

further flow decrease is possible and the O2 merge area congestion (and corresponding flow

reduction) after t = 1.2 h becomes unavoidable similarly to the ramp metering case.

Remarkably, AMOC decides to create a mainstream bottleneck by use of the VSL of L1

rather than of L2–L3. The reason for this may be found in Chapter 3: the VSL application

area of L2–L3 is used as an acceleration area for vehicles exiting the low-VSL link L1 to avoid

capacity drop at the O2 merge area. In fact, if AMOC is rerun with uncontrolled L1 (not

shown here), it refuses to create a VSL-induced mainstream bottleneck at L2–L3, because this

would not bring real benefits (capacity drop is not avoided). Further interpretation details

(e.g., regarding the VSL switch-off period after t = 1.5 h) are deemed less significant and are
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omitted here for the sake of brevity.

Allowing MTFC via VSLs to go to even lower values (bmin,m = 0.2) results in a TTS value

equal to 988 veh·h, which is a 15.3 percent improvement compared to the no-control case.

The related ramp queue, density, speed and flow profiles for both merge areas are shown in

Figure 5.7 and the optimal VSL rate trajectories are shown in Figure 5.8.
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Figure 5.7: MTFC via VSLs (bmin,m = 0.2): conditions at the merge-areas.

The interpretation of these results is similar to the previous case with one notable difference.

The (factual) mainstream capacity for the new (lower) admissible limit of 0.2 is now lower

than the arriving mainstream demand. Hence, the flow at the O1 merge area (Figure 5.7)

is seen to not recover fully after the third VSL switch at L1 (Figure 5.8). This leads to a

stronger and more durable flow reduction, because of which the O2 merge area density is

maintained near critical values (with maximum motorway exit flow) over a longer period

and the (unavoidable) congestion appearing there around t = 1.4 h is seen (Figure 5.7) to
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Figure 5.8: Optimal VSL rates for MTFC via VSLs (bmin,m = 0.2).

be weaker than in previous cases. Note also the more prolonged VSL application at L1

(Figure 5.8) and its gradual switch off leading to increased flow in the O1 merge area at

t ∈ [1.6, 2] h because of opposite state transitions (from lower to higher VSL values).

5.1.5 Integrated Control

When both coordinated ramp metering and MTFC via VSLs with bmin,m = 0.5 are applied,

i.e., integrated traffic control, TTS is reduced to 992 veh·h, which is a 15.0 percent im-

provement compared to the no-control case. The related profiles are omitted for the sake of

brevity.

The optimal results indicate a similar behaviour of each control measure (ramp metering

and VSLs) to previous control scenarios. Because the integration of both measures increases

the possibilities to hold more traffic back from the O2 merge area, the density there can be

maintained close to its (now VSL modified) critical value up to t = 1.4 h after which an

unavoidable (but less strong) congestion appears.

Finally, when both coordinated ramp metering and VSL control with bmin,m = 0.2 are applied,

TTS is reduced further to 939 veh·h, which is a 19.5 percent improvement compared to the

no-control case. The related ramp queue, density, speed, and flow profiles for both merge

areas are shown in Figure 5.9 and the optimal VSL rate trajectories are shown in Figure 5.10.
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Figure 5.9: Integrated control, i.e., coordinated ramp metering and MTFC via VSLs (bmin,m = 0.2):
conditions at the merge-areas.
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Figure 5.10: Optimal VSL rates for the integrated control, i.e., coordinated ramp metering and
MTFC via VSLs (bmin,m = 0.2).

The optimal results in Figures 5.9 and 5.10 indicate a similar control behaviour as in previous

cases, with the notable difference that traffic can be held back at a sufficient level to completely

avoid congestion. In fact, the O2 merge area density is maintained close to its (now VSL

modified) critical value for as long as is necessary and the motorway exit flow is accordingly

maximised, which lead to the above mentioned further decrease in TTS. Remarkably, the

available storage space for ramp metering is fully utilised while the L1 VSL rate values

(which are responsible for creating the mainstream bottleneck) do not reach the admissible

lower bound of 0.2 because that is not needed.

5.2 Network Control

In this section a large-scale motorway network based on a real infrastructure with realistic

demand is investigated. Ramp metering and VSLs are compared and their integration is

evaluated.

5.2.1 The Amsterdam Network

For the purposes of this study, the counter-clockwise direction of the Amsterdam ring-road

A10, which is about 32 km long, is considered. There are 21 on-ramps on this motorway,
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including the motorway-to-motorway (mtm) junctions with the merging motorways A8, A4,

A2 and A1 and 20 off-ramps, including the connections with A8, A4, A2 and A1. The

topological network model may be seen in Figure 5.11. The ring-road has been divided into

76 segments with average length of 421 m. This means that the state vector is 173-dimensional

(including the 21 on-ramp queues). The disturbance vector is 41-dimensional (21 on-ramp

demands and 20 off-ramp exit rates) while the dimension of the control vector is equal to the

number of controlled on-ramps plus the number of controlled VSL clusters.

Figure 5.11: The Amsterdam ring-road A10.

The basic model parameters τ , ν, κ and ρ for all links in this network were determined

from validation of the network traffic flow model against real data [37] and are provided

in Section 2.3; while the specific parameters of the speed-density characteristic (2.9) were

different for different groups of links according to Table 5.2. Since, for the study in this section,

the interest is in exploiting the impact of MTFC without the possibility of capacity increase

via VSLs, the parameter values of A and E were specified accordingly. In other words, the

respective VSL-specific parameters A and E were chosen such that the VSL-induced capacity

q∗cap,m(bm) is not higher than the non-VSL qcap,m for any VSL value (Table 5.2). Figure 5.12
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displays the bm-dependent flow-density curves resulting from (2.9) with the values of the first

row of Table 5.2. The simulation time step is T = 10 s.

The ring-road was studied for a time horizon of 4 h using realistic historical demands from

the site.

Table 5.2: Non-VSL and VSL-related parameters.

Links m
qcap,m

(veh/h/lane)
vf,m

(km/h)
ρcr,m

(veh/km/lane)
αm Em Am

L1, L2, L3, L4, L5, L6, L7, L8, 2212 102 33.3 2.34 1.82 0.67
L9, L10, L11, L12, L13, L14,
L15, L82, L84, L86, L89,
L90, L91

L34, L35, L41 2390 102 35.9 2.34 1.82 0.67
L92, L94, L96, L97, L98, L99, 1840 102 27.7 2.34 1.82 0.67

L100, L101, L102, L105,
L107, L108, L109, L111,
L112, L115, L116, L117,
L119, L120, L121

L80 2212 102 35.9 1.98 1.69 0.67
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Figure 5.12: Fundamental diagrams for different VSL rates using the parameters of the first row of
Table 5.2: b = 1.0 means no VSL applied, decreasing b-values correspond to decreasing VSLs.
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5.2.2 Control Scenarios

In what follows, different control scenarios, introduced in Table 5.3, are considered. First

the network is simulated without control serving as a reference for comparison of the benefits

achieved with control. Scenarios 1–10 include ramp metering only, to enable comparisons with

MTFC via VSLs as well as integrated traffic control. Scenario 1 reflects an (unrealistic) upper

limit of traffic flow efficiency because all on-ramps are assumed to have unlimited storage

space. Scenarios 2–6 consider an admissible storage limit of 30 veh for the, typically limited-

size, urban on-ramps; while the usually more spacious mtm interconnections are considered

either not controlled (Scenario 2) or with gradually increasing storage space of 100 veh, 200

veh, 300 veh, and 400 veh for scenarios 3, 4, 5 and 6, respectively. In Scenarios 7–10, the

urban ramps are assumed not controlled while the mtm ramps have increasing respective

storage spaces as above. Scenario 11 applies only MTFC via VSLs at all motorway links with

a range of VSL rates bm ∈ [0.2, 1.0]. Finally, Scenarios 12–21 are replications of the respective

ramp metering Scenarios 1–10 but with the addition of MTFC via VSLs (integrated traffic

control).

Clearly, all reported solutions for any controlled scenario are ideal in the sense that they

consider a perfect model and perfect information with respect to the future disturbances for

the entire time horizon. Practical application (e.g., by use of rolling horizon) would inevitably

reduce the achievable performance as demonstrated in [67]. Nevertheless the conducted

investigation and comparison is useful to demonstrate the potential of MTFC and its relative

performance against optimal ramp metering actions.

5.2.3 No-control Case

When simulating the network by use of the METANET simulator without any control mea-

sures, heavy congestion appears in the motorway and large queues are built in some on-ramps.

The density evolution and the corresponding queue profile are displayed in Figure 5.13. The

excessive demand, coupled with the uncontrolled entrance of the drivers into the mainstream,

causes congestion shortly after the beginning of the time horizon (Figure 5.13(a)). This con-

gestion originates at the junction of A1 with A10 and propagates upstream, blocking A4 and

a large part of the A10-West. After this congestion is partially dissolved, a new one appears

and propagates upstream until it reaches the first congestion whose trend of resolving is

thereby reversed leading to a single more severe congestion. This strong congestion keeps the
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Table 5.3: Simulated control scenarios for the Amsterdam ring-road.

Scenario Admissible ramp
queues for con-
trolled urban on-
ramps (veh)

Admissible ramp
queues for con-
trolled mtm on-
ramps (veh)

Range of VSL
rates

TTS
(veh·h)

%

No-control Not controlled Not controlled Not controlled 14,163 -
1 ∞ ∞ Not controlled 7,017 −50.5
2 30 Not controlled Not controlled 11,023 −22.2
3 30 100 Not controlled 7,856 −44.5
4 30 200 Not controlled 7,071 −50.1
5 30 300 Not controlled 7,081 −50.0
6 30 400 Not controlled 7,041 −50.3
7 Not controlled 100 Not controlled 8,913 −37.1
8 Not controlled 200 Not controlled 7,882 −44.3
9 Not controlled 300 Not controlled 7,161 −49.4
10 Not controlled 400 Not controlled 7,151 −49.5
11 Not controlled Not controlled 0.2–1.0 7,454 −47.4
12 ∞ ∞ 0.2–1.0 6,997 −50.6
13 30 Not controlled 0.2–1.0 7,256 −48.8
14 30 100 0.2–1.0 7,076 −50.0
15 30 200 0.2–1.0 7,018 −50.4
16 30 300 0.2–1.0 7,007 −50.5
17 30 400 0.2–1.0 7,002 −50.6
18 Not controlled 100 0.2–1.0 7,136 −49.6
19 Not controlled 200 0.2–1.0 7,029 −50.4
20 Not controlled 300 0.2–1.0 7,004 −50.5
21 Not controlled 400 0.2–1.0 6,998 −50.6

A4 entrance to A10 blocked, which results in the accumulation of many vehicles at the mtm

on-ramp of A4, with a queue that exceeds 1200 veh (in real life the congestion spills back

onto A4 itself), and at the surrounding on-ramps (Figure 5.13(b)). The TTS for this scenario

is equal to 14,163 veh·h. The described no-control simulation results are very similar to the

corresponding real traffic conditions [37].

5.2.4 Coordinated Ramp Metering

When AMOC is applied for coordinated ramp metering without maximum queue constraints

(Scenario 1), the resulting TTS is 7,017 veh·h, which is an improvement of 50.5 percent

compared to the no-control case. As mentioned earlier, this optimal solution serves as an

“upper bound” for the achievable efficiency of any of the other ramp metering scenario as it

relies on ideal conditions of unlimited ramp storage space. The related density evolution and

queue profile are displayed in Figure 5.14. It is obvious that, when unlimited ramp storage
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Figure 5.13: No-control case: (a) density profile and (b) ramp queue profile.
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Figure 5.14: Scenario 1: (a) density profile and (b) ramp queue profile.

space is available, the mainstream congestion can be completely avoided (Figure 5.14(a)) at

the cost of forming queues on the on-ramps, which, remarkably, are generally smaller than in

the no-control case due to avoidance of the infrastructure degradation that leads to highest

traffic flow efficiency. On the other hand, it may be concluded from Table 5.3 and Figure 5.15,

that:

• When only urban on-ramps are controlled with maximum storage space of 30 veh (Sce-

nario 2), the achieved improvement is moderate (22.2 %) as the congestions can be

reduced but not fully resolved due to full ramps. But if the four mtm on-ramps are also

controllable (Scenarios 3–6), the achievable performance increases and reaches the one
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Figure 5.15: TTS values when coordinated ramp metering and integrated control are applied with
different admissible ramp queues at the mtm on-ramps.

of Scenario 1 for a storage space of 200 vehicles (Scenario 4); while any further increase

of the storage space (Scenarios 5 and 6) does not lead to further improvements.

• When urban on-ramps are not controllable but mtm ramps are (Scenarios 7–10), the

achievable performance is reduced compared to the respective scenarios with control-

lable urban on-ramps; but the performance reduction becomes negligible for mtm ramp

storages of 300 vehicles or more.

For further details and discussion of ramp metering results for the Amsterdam ring-road the

reader is referred to [67].1

5.2.5 MTFC via VSLs

For the application of MTFC via VSLs, every link is considered as a cluster, that is, every

link has its own VSL rate. This approach may not be needed or may not be acceptable

in real applications, e.g., in the case of short links, but allows here to extract maximum

information about the optimal MTFC application (under maximum flexibility) and potential

impact. The VSL rates are allowed to change every 300 s with a minimum admissible VSL

1Note that the TTS values in this section differ slightly from [67], due to numerical improvements in
METANET and AMOC tools.
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rate of bmin,m = 0.2 which is chosen sufficiently low to enable the maximum achievable impact

of this control measure. Maximum ramp queue constraints are not taken into account when

only VSL control is applied.

The resulting TTS value when only VSLs are applied (Scenario 11) is equal to 7,454 veh·h,

which is a 47.4 percent improvement compared to the no-control case. The related density

and ramp queue profiles are shown in Figure 5.16, while the optimal VSL rate trajectories

are shown in Figure 5.17.

(a)

A1
A2

A4
A8

t(h)
Segment

D
en

si
ty

(v
eh

/k
m

/l
an

e)

0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

10
20

30
40

50
60

0

20

40

60

80

100

120

140

(b)

A1
A2

A4

A8

t(h)
On-ramp

Q
u
eu

e
(v

eh
)

0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

1

6

11

16

21

0

200

400

600

800

1000

1200

Figure 5.16: Scenario 11: (a) density profile and (b) ramp queue profile.

Figure 5.16(a) indicates that there are two congestions forming, but, in contrast to the no-

control case, these congestions are much less extended in space and time. Note that, up to
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Figure 5.17: Scenario 11: VSL rate trajectories.

t = 0.3 h (Figure 5.16(a)) the traffic density at the A1 merge area is around or below the

critical value and a congestion is formed a few segments upstream. In fact, this controlled

congestion is not the direct result of the bottleneck in the merge area of A1 with A10 (as

in the no-control case), but due to holding back of traffic upstream of the A1/A10-junction

bottleneck via appropriate (optimal) VSL control. However, a light congestion starts forming

at the merge area of A1, despite the fact that the VSL rates have not reached the lower bound.

As a matter of fact, this light congestion forming at the merge area of A1 could have been

completely avoided by MTFC via VSLs. Instead, AMOC decides to use the space at the merge

area, and also at some of the upstream links (L105 alone is 1200 m long), to store more vehicles

via higher densities. In that way, AMOC manages the congestion length and intensity so as

to reduce the BOR effect, particularly at the exit to A4. This more than counterbalances the

reduction of throughput due to the short term infrastructure degradation at the merge area

of A1 and the reduced outflow of off-ramps immediately upstream of the bottleneck. Next,

just after t = 0.6 h (Figure 5.17), VSLs are strongly applied at links L101 and L102 (located

one link upstream of the A1/A10-junction) dissolving the congestion in order to maintain
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critical density and speed for as long as possible in the A1 merge area (link L107) (i.e., up

to t = 1.4 h), with the aim of recovering from the traffic breakdown and capacity drop to

enable maximum motorway throughput (which eventually leads to TTS minimisation). At

the same time period, VSL rates of around bm ≈ 0.8 are applied at links L105 and L107,

which allow the A1 merge area to accommodate a higher number of vehicles (due to higher

critical density) (Figure 5.12). Ramp queues forming in some on-ramps (Figure 5.16) due to

congestion spill-back are rather small, not exceeding 80 vehicles.

Remarkably, AMOC decides to create a mainstream congestion by use of VSLs at links L101

and L102 rather than at link L105 which is the one located immediately upstream of the

problematic bottleneck A1/A10. The reason for this intelligent behaviour may be found in

Section 3: whenever congestion at the merge area of A1 is avoided, the link L105 is used as

an acceleration area for vehicles exiting the low-VSL (hence low-speed) link L102, in order

to avoid capacity drop at the A1 merge area which is located 1200 m further downstream.

Further analysis of the VSL trajectories in Figure 5.17 shows that from link L34 to link

to L13 and from link L108 to link L120, VSL is virtually not applied at all. These links

comprise segments 1–21 and 48–69 which remain at undercritical densities (Figure 5.16(a));

hence there is no need for the application of VSLs there. On the other hand, at links L80–

L97, VSLs are applied with increasingly stronger VSL rates from upstream to downstream,

thereby increasing the respective links’ critical densities.

The outlined and interpreted optimal MTFC via VSLs actions during the period t ∈ [0.3, 1.4] h

cease when the deliberately created mainstream congestion is also dissolved, but the increased

demand at around t = 2 h leads to a second period of MTFC via VSLs activation that ends

at around t = 3.3 h with the resolution of the related mainstream congestion. This sec-

ond control-activation period is very similar in form and interpretation to the first period

analysed above, with one minor exception: a second bottleneck at link L100 is about to be

activated due to the merging of on-ramp O33 (Figure 5.11) and lower capacity (Table 5.2).

To address this potential bottleneck, AMOC applies a strong VSL rate at link L98 at the

start of this second control period (Figure 5.17) while the immediately downstream link L99

with bm ≈ 0.8 acts as an acceleration area to avoid capacity drop at the L100 bottleneck.

Some 10 min later, strong VSL actions are applied to address again the A1/A10 bottleneck

as in the first control period. The created controlled congestion propagates backwards and

covers the upstream located O33/A10 bottleneck thus rendering the strong MTFC action

there obsolete. Indeed, AMOC is seen (Figure 5.11) to rapidly increase the applied VSL
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rates at link L98, and eventually the whole situation becomes very similar as in the first

control period, i.e., all control actions are focused again on the major bottleneck A1/A10.

Note that, by the end of the congestion period VSLs are released and a light congestion is

again formed in the merge area of A1, so as to reduce the BOR effect. In contrast to the

previous congested period, VSLs are not applied again and the congested is dissolved due to

the reduction of the demand.

As a global remark, optimal MTFC via AMOC is seen to render a rather complex no-control

traffic situation (Figure 5.13) quite simple: there is only one major bottleneck identified

during the studied period of the afternoon peak, and all MTFC actions are directed towards

highest possible throughput at that location in a way that was expected on the basis of the

discussion of Section 2.2.3, except when it is beneficial to manage the congestion length and

intensity so that the BOR effect at important off-ramps is reduced. Note that the BOR

effect by creating short term congestions at the merge area of A1 is reduced compared to

an MTFC application that would completely avoid congestion at the same location. Even in

the latter case, the BOR effect would still be smaller than the no-control case as discussed

in Section 3.2. Remarkably, despite the inherent inability of MTFC to completely avoid

mainstream congestion (in contrast to ramp metering with sufficient storage space), the

achieved TTS improvement is very close to the one of Scenario 1, albeit with only minor

creation of on-ramp queues.

In summary, optimal MTFC via VSLs for the studied peak period may be grouped as fol-

lows: strong VSL control at L101, L102 creates the mainstream bottleneck for MTFC; weak

VSL control is applied to L105 (acceleration area just upstream of the addressed bottleneck

A1/A10), to L107 (merge bottleneck A1/A10), and to L80–L100 (upstream of the MTFC

bottleneck); light congestion is timely created at the merge area of A1 so as to manage the

congestion length and intensity, and its impact on the off-ramps outflows; all other links

remaining without VSL activation. An interesting arising question refers to the individual

importance and contribution of each of these groups for the achieved significant amelioration.

To answer this question, several sub-scenarios of Scenario 11 were created, whereby VSLs are

enabled at only few selected links in each sub-scenario according to Table 5.4.

The reported TTS results of Table 5.4 indicate that the major part of the improvement

is due to the VSL control in links L101 and L102; in fact, Scenario 11.4 (with VSL control

enabled only at L101 and L102) leads to an improvement of 39.5 percent (TTS of 8,551 veh·h)

compared to the no-control case. The impact of enabling VSL control also at the downstream
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(acceleration) link L105 (Scenario 11.5) is negligible, whereas controlling in addition to L101

and L102, both links L105 and L107 (Scenario 11.6) leads to a TTS of 7,834 veh·h, i.e., an

additional five percent improvement. Enabling VSL control at upstream links in addition to

links L101 and L102 in various combinations (Scenarios 11.1–11.3) leads to very small TTS

improvements for each additional link. In terms of congestion length, the impact of removing

VSL control from some links is more significant (Table 5.4) and affects also the ramp queue

lengths in the congestion-covered areas.

Table 5.4: TTS values when only selected links are VSL-controlled.

Scenario Controlled links TTS (veh·h) % Extent of mainstream congestion:
from L102 until

11 All 7,454 −47.4 L12
11.1 L98–L102 8,119 −42.7 L6
11.2 L99–L102 8,195 −42.1 L6
11.3 L100–L102 8,240 −41.8 L6
11.4 L101–L102 8,567 −39.5 L4
11.5 L101–L105 8,551 −39.6 L4
11.6 L101–L107 7,834 −44.7 L8/L7

A further interesting scenario (not displayed in Table 5.4) was to disable VSLs in the critical

links L101 and L102, but allow it anywhere else. In this case, the optimal solution selects the

immediately upstream links L98–L100 to apply strong VSL actions, i.e., to create an MTFC

bottleneck, while similar VSL actions as in Scenario 11 are applied in all other controllable

links. In other words, AMOC recognises MTFC upstream of the A1/A10 bottleneck as the

major control measure to undertake and applies it to L98–L100 since L101 and L102 are not

available for control. The resulting TTS in this case amounts to 7,566 veh·h, slightly higher

than in Scenario 11.

In conclusion, the sub-scenarios of Table 5.4 underline the importance and potential of MTFC,

i.e., the possibility to obtain a significant amelioration of the motorway traffic conditions by

creating deliberately controlled mainstream congestion at the right time(s) and location(s).

5.2.6 Integrated Traffic Control

The application of both ramp metering and MTFC via VSLs, i.e., integrated traffic control, is

considered in this section, with different combinations of available ramp storage. The results

for the corresponding Scenarios 12–21 are presented in Table 5.3 and Figure 5.15. Scenario 12

achieves the best TTS among all presented scenarios, 6996 veh·h, which is an improvement
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of 50.6 percent compared to the no-control case. The TTS values in the other scenarios

converge to Scenario 12 as ramp storage is increased. As a matter of fact, Scenario 12 has

very similar queue and density profiles as Scenario 1, since VSL control is barely applied;

with unlimited ramp queue storage, coordinated ramp metering is preferable to MTFC via

VSLs since, as discussed in Section 3, ramp metering with sufficient storage space dissolves

the mainstream congestion completely and hence avoids blocking of off-ramps upstream of

the bottleneck location.

When on-ramps have very limited storage space, integrated control is seen to substantially

improve the TTS compared to scenarios with ramp metering only (compare TTS values for

Scenarios 2 versus 13, and Scenarios 3 versus 14). Density and ramp queue profiles for

Scenario 13 are shown in Figure 5.18 while the optimal corresponding VSL rate trajectories

are shown in Figure 5.19. As expected the mainline (controlled) congestion in Scenario 13 is

smaller than in Scenario 11 (Figure 5.18) because, roughly speaking, the vehicles stored in

the on-ramps are taken out of the mainline congestion. The resulting (not controlled) mtm

on-ramp queues are very small or non-existent and admissible ramp queues are respected,

except for O5 (on-ramp 6 in Figure 5.18(b)) where some exceed the queue constraints seems

unavoidable due to limited ramp storage, high ramp demand and the spill-back of downstream

congestion. However, compared to the corresponding fellow Scenario 2 where queues were

exceeding 600 vehicles at the O4 mtm on-ramp, results are significantly better thanks to the

addition of MTFC.

The VSL rates for Scenario 13 (Figure 5.19) are very close to the VSL rates of Scenario 11

(Figure 5.19). The main area for strong VSL-application remains at links L101 and L102,

upstream of the A1/A10 bottleneck. The strong and short VSL activation at L98 during

the second congestion period that was observed in Scenario 11 is not present here while a

new one is now created at L87. Evidently, these minor control variations result due to the

additional application of ramp metering.
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Figure 5.18: Scenario 13: (a) density profile and (b) ramp queue profile.
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Figure 5.19: Scenario 13: VSL rate trajectories.



Chapter 6

Feedback Control Results

In some cases, proposed traffic control strategies are not even thoroughly and

properly tested via simulation (...)

M. Papageorgiou [52]

In this chapter the feedback controllers developed in Chapter 4 are evaluated and compared

in simulation. The feedback controllers also have their efficiency compared to the optimal

control approach of Section 2.4. In Section 6.1 the Cascade Controller is first evaluated for

an hypothetical motorway and hypothetical demand under all possible traffic flow conditions

(free flow, critical, and congested). The analysis in this section covers several aspects and the

capabilities of MTFC by the use of feedback control and VSLs. In Section 6.2 all three feed-

back controllers and the optimal controller are evaluated and compared using more strongly

time-varying demands and turning rates with added noise. The aim is at demonstrating

the feedback controller performance under more dynamically changing conditions. Several

of the practical aspects discussed in Section 4.7 are investigated in this section and, based

on the simulations results, additional recommendations are provided for the operation of the

feedback controllers.

6.1 Cascade Feedback Control

This section presents the simulation results obtained with the METANET simulator and the

AMOC optimal control tool presented in Sections 2.3 and 2.4 for various control scenarios,

including application of the Cascade Controller developed in Chapter 4.
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6.1.1 Network Model and Demand

A hypothetical 21.5 km long three-lane motorway stretch, depicted in Figure 6.1 (upper

part), is used in the simulations that follow. The mainstream is divided in 15 links (L00–

L14). There are two on-ramps (O1 and O2) and one off-ramp (D1) in-between. The main

area where congestion is formed and MTFC is applied is zoomed in Figure 6.1 (lower part).

The long stretch upstream of this area was added to allow for the application of upstream

VSLs due to safety reasons. In Figure 6.1 (lower part) the potentially active bottleneck is the

merge area of on-ramp O2, which receives both the mainstream flow from upstream and the

O2 merging flow. Only the arriving mainstream flow is controlled (using MTFC via VSLs) in

the reported simulations while (in absence of ramp-metering), the O1 and O2 flows are not

controlled in the investigations that follow. The VSL application area (for MTFC) and the

acceleration area, as well as both measurements for cascade control are also indicated in the

lower part of Figure 6.1.

Figure 6.1: Hypothetical motorway stretch.

The demand profiles displayed in Figure 6.2 are used for the motorway input (U1) and for both

on-ramps and extend over a 2.5-hour simulation horizon, whereby the last 30 min represent

a cool-down period with reduced flows in the network entrances, which was introduced in

order to have equal traffic conditions on the stretch at the end of the simulation, and hence

comparable TTS values for all investigated scenarios. The demand scenario allows for control

testing under all possible traffic flow conditions (free, critical, congested). The exit rate, i.e.,

the percentage of the mainstream flow that leaves the motorway at the off-ramp D1, is set

to 8 percent; the model time step is T = 10 s, while the control time step is Tc = 60 s for all

controlled scenarios. The model parameters were provided in Section 2.3. In particular, the
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Figure 6.2: Demands at the network origins.

modelled impact of VSLs on the fundamental diagram is according to Figure 2.6.

A number of different control scenarios are examined in the following, each for a time horizon

of 2.5 hours, using METANET for no-control and feedback control, and AMOC for optimal

control. First the network is simulated for no-control (as a basic reference case) and then for

optimal control (as an upper limit of achievable performance under ideal conditions). Next,

three scenarios are simulated for feedback control, starting with the MTFC system in its

simplest form and incorporating gradually features necessary to address practical concerns.

This gradual investigation allows for the quantification of the impact of specific practical

procedures on the efficiency (TTS) of the feedback concept. The scenarios and the respective

TTS results are summarised in Table 6.1.

6.1.2 No-control

This is the basic reference case that allows any potential improvements of MTFC to be

quantified. When no control measures are applied, the resulting density, speed and flow

profiles for both on-ramp merge areas are shown in Figure 6.3. The flow in the merge area
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Table 6.1: Summary of simulated control scenarios.

Strategy Description TTS
(veh·h)

%

No-control - 3,540 -

Scenario 1 Optimal MTFC via VSLs (AMOC) applied at L11 and
at L12-L13-L14.

2,993 −15.4

Scenario 2 Feedback MTFC via VSLs applied at L11. 3,015 −14.8

Scenario 3 As Scenario 2, but with discrete speed limits and lim-
ited rate of change.

3,016 −14.8

Scenario 4 As Scenario 3, but with lower speed limit downstream
(L12-L13-L14).

3,021 −14.7

Scenario 5 As Scenario 4, but with safety speed limits upstream. 3,004 −15.1

of O2 is seen to reach the factual capacity (6,240 veh/h) at t = 0.4 h but, as arriving flows

continue to increase, a mainstream congestion appears after t = 0.5 h in the merge area of

the O2 on-ramp; this leads to a visible gradual mainstream flow decrease (capacity drop).

The created congestion (shock wave) travels upstream and reaches the merge area of the O1

on-ramp at around t = 0.7 h, leading to a visible speed drop and flow decrease there as well.

The congestion lasts for 1.7 h and extends about 13 km upstream of the O2 on-ramp. The

resulting TTS is equal to 3,540 veh·h.

6.1.3 Scenario 1 (Optimal Control)

As stated earlier, the derivation of optimal MTFC (via AMOC) is based on ideal assumptions

(perfect model and demand/turning rate predictions) and provides therefore an upper limit

of achievable performance that allows for simpler feedback concepts to be assessed in terms

of efficiency (TTS) and control reactions.

For the application of MTFC via VSLs using optimal control, the concerned mainstream area

in Figure 6.1 is divided into two clusters of links. The first cluster comprises L11, and the

second cluster comprises L12, L13 and L14. All other links are left uncontrolled. Although

AMOC achieves similar performance for higher control periods (see Chapter 5), the same

control period Tc that will be used for feedback control is used here, i.e., the VSL rates are

allowed to change every 60 s. The minimum admissible VSL rate is bmin,m = 0.2. Note

that, in this section of the thesis, results for higher values of minimum admissible VSL rate,

e.g., bmin,m = 0.5, are omitted. Higher values limit the performance of MTFC, since, for the

severe congestions seen in the no-control scenario above, the resulting improvement would be
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Figure 6.3: No-control: traffic conditions at the merge-areas.

limited to postponing (rather than avoiding) the bottleneck congestion, as already observed

in 5.1.

The resulting TTS for this scenario is 2,993 veh·h, which is a 15.4 percent improvement com-

pared to the no-control case. The related density, speed and flow profiles for both merge areas

are shown in Figure 6.4, while the optimal VSL rate trajectories are shown in Figure 6.5(a).

The situation is identical to the no-control case until short before t = 0.5 h, but eventually

the optimal solution maintains the density and flow at the O2 merge area close to the critical

density and factual capacity value, respectively, in order to maximise the motorway exit flow

(which leads to minimisation of TTS). At around t = 0.5 h, the VSL rate at the L12-L13-L14

cluster is seen to switch gradually to values around 0.95; this allows the O2 merge area to

accommodate a higher number of vehicles (due to higher critical density) with hardly any

loss in flow capacity (Figure 2.6).

In order to keep the O2 merge area density close to its (increased) critical density, the

VSL rate for L11 is seen in Figure 6.5(a) to switch gradually from 1.0 to almost 0.2 (the

lower admissible bound), thus creating a controlled mainstream congestion upstream of the

acceleration area. In fact, the (factual) mainstream capacity under MTFC control is lower



102 6. Feedback Control Results

O2

t(h)

F
lo

w
(v

eh
/h

)

O1

t(h)

F
lo

w
(v

eh
/h

)

O2

t(h)
S
p
ee

d
(k

m
/h

)

O1

t(h)

S
p
ee

d
(k

m
/h

)

O2

t(h)

D
en

si
ty

(v
eh

/k
m

/l
)

O1

t(h)

D
en

si
ty

(v
eh

/k
m

/l
)

0 0.5 1 1.5 2 2.50 0.5 1 1.5 2 2.5

0 0.5 1 1.5 2 2.50 0.5 1 1.5 2 2.5

0 0.5 1 1.5 2 2.50 0.5 1 1.5 2 2.5

0

2000

4000

6000

0

2000

4000

6000

0

50

100

150

0

50

100

150

0

50

100

0

50

100

Figure 6.4: Scenario 1: traffic conditions at the merge-areas.

than the arriving demand, leading to a durable flow reduction, such that the O2 merge

area density is maintained near critical values with capacity flow. The controlled congestion

extends over some 8 km for some 1.5 h, which is smaller (in space and time) than in the

no-control case, but has also higher internal speed (due to higher outflows).

6.1.4 Scenario 2

Cascade feedback MTFC via VSLs is now applied in its simplest form, i.e., speed limits assume

real values within the admissible VSL rates range, as in Scenario 1 (Optimal Control), but

are applied only at the application area (L11). The set-point for the primary controller is

ρ̂out = 30 veh/km/lane.

The resulting TTS for this scenario is 3,015 veh·h, which is a 14.8 percent improvement

compared to the no-control case, and very close to Scenario 1, even though the cluster L12–

L13–L14 is left uncontrolled. The related density, speed and flow profiles for both merge areas

are shown in Figure 6.6 while the feedback VSL rate trajectories are shown in Figure 6.5(b).

The interpretation of these results is very similar to the previous scenario with some slight
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Figure 6.5: VSL rates: (a) Scenario 1; (b) Scenario 2; and (c) Scenario 3.

differences. In this scenario, the density at the O2 merge-area (Figure 6.6) is seen to slightly

overshoot the set-point ρ̂out (dashed line in the O2 merge-area density plot). This overshoot

may be influenced by the choice of the integral gain K ′I of the primary controller, as is usual

for PI controllers. The VSL rate at L11 (Figure 6.5(b)) is seen to gradually decrease from

1.0, but this time it stays on the lower bound for a few control periods. The effect of VSLs

on the controlled variable qc can be seen in the flow plot of the O1 merge-area (Figure 6.6).

On the same diagram, the dashed line shows the output q̂c of the primary controller which

serves as a reference for the secondary controller, and, indeed, is followed very closely by

the controlled variable whenever possible (i.e., when there is sufficient demand). The VSL

control starts releasing a few minutes later than in the previous scenario.
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Figure 6.6: Scenario 2: traffic conditions at the merge-areas.

6.1.5 Scenario 3

In this scenario, cascade feedback MTFC via VSLs is applied in the same way as in Scenario

2, except that the speed limits assume discrete values according to Section 4.7.1, and the

difference between two consecutive posted VSL rates at the same speed limit panel are limited,

as discussed in Section 4.7.2.

The resulting TTS for this scenario is 3,016 veh·h, which is a 14.8 percent improvement

compared to the no-control case, and virtually identical to Scenario 2. The related density,

speed and flow profiles for both merge areas are omitted, since the only difference from the

previous scenario is that the traffic variables are more scattered around the values observed in

Figure 6.6 (see Section 6.2 for additional figures with scattered traffic variables). This is due

to stronger (discrete-valued) changes of the VSL rate trajectory, as observed in Figure 6.5(c).

Thus, constraining the VSL rates and their changes in time to discrete and maximum values,

respectively, has hardly any impact on the controller efficiency.
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6.1.6 Scenario 4

This scenario is similar to Scenario 3, the only difference being that VSLs are now also

applied to links L12, L13 (the acceleration area) and L14 (the bottleneck area) according to

Section 4.7.4. More specifically, the VSL rate in these links is set equal to 0.9, whenever a

VSL is activated at L11. Note that:

• The optimal control solution (Scenario 1, Figure 6.5(a)) established a (virtually con-

stant) value of 0.95 for links L12, L13, L14.

• In the present case, it is assumed, according to Figure 2.6, that no VSL value increases

the motorway capacity.

• The set-point for the cascade controller was increased to ρ̂out = 32 veh/km/lane in this

scenario to account for the increase of the critical density (according to Figure 2.6) due

to the application of a VSL rate equal to 0.9.

The resulting TTS for this scenario is 3,021 veh·h, which is a 14.7 percent improvement

compared to the no-control case, and again, virtually the same as Scenario 1 and Scenario

2. An additional improvement would be achievable if the employed VSLs would increase the

motorway capacity as investigated in Section 6.2.4.

6.1.7 Scenario 5

Scenario 5 extends Scenario 4 by also applying VSLs upstream of the application area for

safety reasons according to Section 3.4.4. Each upstream link from L01 to L10 is considered

to include an individual VSL, and only L00 is left uncontrollable. These link-specific VSLs

are operated in this scenario according to the rules of Section 4.7.3.

The resulting TTS for this scenario is 3,004 veh·h, which is a 15.1 percent improvement

compared to the no-control case and virtually the same as in Scenario 1. The related density,

speed, and flow profiles are quite similar to the previous ones and are, therefore, omitted.

Figure 6.7 depicts the VSL rates for all links in this scenario. It can be seen that, as long

as the VSL of the application area (L11) is active, the downstream VSLs (L12–L13–L14)

are switched to a constant value of 0.9 according to Section 4.7.4. The upstream VSLs,

on the other hand, are activated gradually to values that are in accordance with the rules

of Section 4.7.3, so as to reduce the speed gradients and improve the safety conditions for
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Figure 6.7: Scenario 5: VSL rates given by the feedback controller.

vehicles arriving from upstream. In fact, Figure 6.8 compares this scenario with the no-

control scenario by means of a snapshot of speeds at t = 1.5 h. This time instant is close to

the time of the maximum reach of the congestion in the no-control case and also close to the

start of the gradual release of the feedback controller. It may be seen that the VSLs comply

with the rules of Section 4.7.3 and that the spatial speed gradients are accordingly moderate

in the MTFC case. In contrast, a huge gradient (from 100 km/h to 20 km/h within 1 km) is

observed at distance 8–9 km in the no-control case, which may bear safety risks for vehicles

approaching the tail of the uncontrolled congestion. It may also be seen in Figure 6.8 that the

MTFC controlled congestion has higher internal speed than the uncontrolled congestion. This



6.2. Comparison of MTFC Feedback Controllers 107

 

 

Displayed VSL

Scenario 5

No-control

VSL app. area

O2O1

L00

Distance (km)

S
p
ee

d
(k

m
/h

)
Snapshot at simulation time 1.5 h

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

0

10

20

30

40

50

60

70

80

90

100

110

120

Figure 6.8: Comparison of speeds between Scenario 5 and No-control at simulation time 1.5 h.

was indeed observed for every controlled scenario and is visible in Figure 6.8 for kilometres

9.0–20.0.

The source of the demonstrated benefits of MTFC can be evidenced by contrasting the

outflows at D1 (off-ramp) and D2 (mainstream exit) of the no-control scenario with the

controlled scenarios as in Figure 6.9. The no-control case features clearly lower throughput

at both motorway exits, which is due to capacity drop (at D2) and due to lower congestion

flow (at D1) compared with the control scenarios. As a consequence, Scenario 1 and Scenario

5 are seen to have vehicles exiting the network earlier than in the no-control case which is

the reason for the accordingly reduced TTS. At D1, the outflow of Scenario 5 is seen to vary

around the outflow established by the optimal control (Scenario 1) due to the discretisation

of the VSL rates delivered by the feedback controller; while at D2 the outflows of both control

scenarios are very close to each other.

The absence of on/off-ramps in the long stretch upstream of the O1 merge area is certainly an

unrealistic simplification. However, this simplification is “harmful” for MTFC since, except

for D1, there is no further degradation due to BOR effects.

6.2 Comparison of MTFC Feedback Controllers

In this section, the features of all three proposed MTFC feedback controllers are demon-

strated and evaluated in a simulation-based test for a hypothetical motorway stretch using

the METANET simulator (Section 2.3). The feedback controllers are compared between
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Figure 6.9: Motorway outflows for No-control, Scenario 1 and Scenario 5.

them, and their efficiency is also compared against an optimal control approach, via the

optimal control tool AMOC [38] (Section 2.4).

In the previous section, the control scenarios explored MTFC via VSLs in a motorway under

all possible traffic conditions, free flow, critical and congested. However, the used demands

and exit rates (at D1) were deterministic and indeed constant over long periods. In this

section a new demand scenario that reflects a more realistic situation where the demand and

exit rate are noisy and also subject to strong time-variations. Hence, the dynamic properties

of the feedback controllers are more challenged by this case.

A number of different control scenarios are examined for a hypothetical motorway network

and demand, each for a time horizon of 3 hours, using METANET for the no-control and

feedback control cases, and AMOC for optimal control.

First, the network is simulated for five basic control scenarios: for no-control as a base refer-

ence, for optimal control as an upper limit of achievable performance under ideal conditions,

and for each of the three feedback controllers, i.e., the Cascade Controller, the Lookup Con-

troller and the PI Controller.

Eventually, additional simulations elaborate on the issues discussed in Section 4.7, namely

the choice of the control period, the exploitation of possible VSL-induced capacity increases,

and the robustness of the Lookup Controller to mismatches in the lookup table. Finally,

based on the achieved results, some recommendations are given with respect to the use and

operation of the feedback controllers.

The model parameters used in the simulation were taken from Section 2.3, and the modelled
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impact of VSLs on the fundamental diagram is according to Figure 2.6 for all scenarios

without capacity increase. In the case of increase of capacity, appropriate parameter values,

as obtained from real data (see Section 6.2.4), are used, and the modelled impact of VSLs on

the fundamental diagram is according to Figure 4.7.

6.2.1 Network Model and Demand

The simulated hypothetical network is exactly the same as the one used in Section 6.1 and

depicted in Figure 6.1. The demand profiles and exit rates displayed in Figure 6.10 are used

for the motorway input (U1) and for both on-ramps (O1 and O2) and the off-ramp (D1);

and extend over a 3-hour simulation horizon, whereby the last hour represents a cool-down

period with reduced flows in the network entrances and constant (average) exit rates, which

was introduced in order to have equal traffic conditions on the stretch at the end of the

simulation, and hence comparable TTS values, for all investigated scenarios. The demand

scenario allows for control testing under all possible traffic flow conditions (free, critical,

congested), including dynamic transitions among them. The model time step is T = 10 s.

The minimum admissible VSL rate is bmin,m = 0.2 for all scenarios. The control period,

that determines the frequency of posted VSL changes, is chosen as Tc = 60 s, except where

otherwise stated.
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Figure 6.10: Demands at the network origins and turning rates.

6.2.2 Basic Scenarios

The simulated basic scenarios and respective results are summarised in Table 6.2.
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Table 6.2: Summary of simulated basic scenarios.

Strategy Description TTS
(veh·h)

%

No-control - 4,196 -

AMOC Optimal MTFC via VSLs applied at L11 and at L12-
L13-L14.

3,363 −19.8

Cascade
Controller

Feedback MTFC via VSLs applied at L11 with the
VSLs restrictions of Section 4.7.

3,370 −19.7

Lookup
Controller

Feedback MTFC via VSLs applied at L11 with the
VSLs restrictions of Section 4.7.

3,376 −19.5

PI
Controller

Feedback MTFC via VSLs applied at L11 with the
VSLs restrictions of Section 4.7.

3,410 −18.7

6.2.2.1 No-control

This is the basic reference case that allows for any potential improvements of MTFC to be

quantified. In absence of control, the resulting density and flow profiles for both on-ramp

merge areas are shown in Figure 6.11. The flow in the merge area of O2 reaches the factual

capacity (6,240 veh/h) at t = 0.4 h, and, despite the strong reduction of inflow at the origins

and increase of exit rate at D1 that follows, a continuous mainstream congestion appears there

after t = 0.5 h; this leads to a visible gradual mainstream flow decrease (capacity drop). The

tail of the created congestion (shock wave) travels upstream and reaches the merge area of

the O1 on-ramp at around t = 0.6 h, leading to a visible flow decrease there as well. Note

that, despite the low demand entering the network after t = 2 h, it takes about 40 minutes

before congestion is completely dissolved. The resulting TTS is equal to 4,196 veh·h.
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Figure 6.11: No control: traffic conditions at the merge areas.
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6.2.2.2 Optimal Control (AMOC)

The control setup is the same that was applied in Section 6.1.3. The resulting TTS for this

scenario is 3,363 veh·h, which is a 19.8 percent improvement compared to the no-control case.

The related density and flow profiles for both merge areas are shown in Figure 6.12, while the

optimal VSL rate trajectories are shown in Figure 6.13(a). The situation is identical to the

no-control case until t = 0.4 h, when VSL is first activated (Figure 6.13(a)) at both clusters

of links so as to increase the critical density in the merge area of O1 and to decrease the

flow arriving at the bottleneck, respectively. This short VSL action is sufficient to avoid the

onset of congestion, and thus further VSL action is barely needed for the next 20 minutes.

(Recall that in the no-control case the first demand peak creates a congestion that lasts

uninterrupted for the next two hours despite the intermediate decrease in the demand.) A

second control action is started short before t = 1.3 h, this time stronger and more durable,

leading to VSL rates lower than 0.3. The bottleneck congestion is again avoided and the

outflow is maintained close to capacity (Figure 6.12) by maintaining the bottleneck density

close to its critical value.
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Figure 6.12: AMOC: traffic conditions at the merge areas.

6.2.2.3 Cascade Controller

The control setup is the same that was applied in Section 6.1.7. The resulting TTS is 3,370

veh·h, which is a 19.7 percent improvement compared to the no-control case and very close

to the corresponding optimal control scenario. The related density and flow profiles for both

merge areas are shown in Figure 6.14, while the feedback VSL rate trajectories are shown in
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Figure 6.13: VSL rates: (a) AMOC; (b) Cascade Controller; (c) Lookup Controller; and (d) PI
Controller.

Figure 6.13(b). The interpretation of these results is similar to the previous scenario with

some slight differences. In this scenario, the density at the O2 merge-area (Figure 6.14) is seen

to slightly overshoot the set-point ρ̂out (dashed line in the density plot) at both occasions

where VSL is first activated. Also, the traffic variable values are more scattered around

values close to the ones of Figure 6.12 because of the discrete-valued changes of the VSL

rate trajectory (Figure 6.13(b)). The effect of VSLs on the controlled variable qc can be seen

in the flow plot of the O1 merge-area (Figure 6.14). On the same diagram, the dashed line

shows the output q̂c of the primary controller which serves as a reference for the secondary

controller, and, indeed, is followed very closely by the controlled variable whenever possible.
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Figure 6.14: Cascade Controller: traffic conditions at the merge areas.

6.2.2.4 Lookup Controller

In this section, the Cascade Controller is replaced by the Lookup Controller (Section 4.4).

The clusters of links are the same as before and the VSL rate delivered by the controller by

means of the lookup table (Figure 4.6) is applied at L11. The set-point remains unchanged.

The density measurement is taken as shown in Figure 6.1, while the flow measurement is

not needed. The controller gains are the same as for the primary controller of the cascade

structure.

The resulting TTS is 3,376 veh·h, which is a 19.5 percent improvement compared to the

no-control case and very close to the Cascade Controller case. The related density and

flow profiles for both merge areas are shown in Figure 6.15, while the feedback VSL rate

trajectories are shown in Figure 6.13(c). Again, the interpretation of these results is very

similar to the previous control scenarios with some slight differences. In this scenario, the

density at the O2 merge-area (Figure 6.15) exhibits a stronger overshoot over the set-point

ρ̂out , along with some more pronounced departures from the set-point at the second VSL

action. Remarkably, the Lookup Controller (Figure 6.13(c)) VSL rate is subject to (slightly)

less variation than the corresponding trajectory of the Cascade Controller (Figure 6.13(b)).

This may be due to the fact that the lookup table is insensitive to variations of flow in

the acceleration area, while the Cascade Controller has some sensitivity, because of the flow

measurement of the secondary controller.
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Figure 6.15: Lookup Controller: traffic conditions at the merge areas.

6.2.2.5 PI Controller

In this section, the PI Controller (Section 4.5) is applied. The system setup remains un-

changed compared to the Lookup Controller, the controller itself being the only difference.

The resulting TTS is 3,410 veh·h, which is a 18.7 percent improvement compared to the

no-control case and slightly worse than the Cascade and Lookup Controllers. The related

density and flow profiles for both merge areas are shown in Figure 6.16, while the feedback

VSL rate trajectories are shown in Figure 6.13(d). In this case, the density at the O2 merge-

area (Figure 6.16) overshoots the set-point ρ̂out slightly stronger than in the Lookup case at

the first VSL control action; and, at the second VSL control action, it takes slightly longer

to approach and stay in the vicinity of the set-point. Finally, the VSL rate trajectory for

the PI Controller case (Figure 6.16(d)) shows a slightly slower reaction for high VSL rates

compared to the other two feedback controllers.

6.2.3 VSL Control Period

The choice of the control period Tc in an MTFC via VSLs system determines the frequency

of posted VSL changes, which should be limited. Defining a good control period may be a

non-trivial task, and several generic guidelines and rules of thumb have been developed to

assist control engineers in this task [73]. Several of these rules are based on characteristics

of the time response of the system. However, other aspects should be considered as well.

In the case considered here, the controllers have to reject disturbances in traffic flow that
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Figure 6.16: PI Controller: traffic conditions at the merge areas.

may cause serious variations within few minutes. Moreover, the adoption of discrete VSL

rates introduces noise and errors, that may also affect the performance for a given control

period. Finally, the system is non-linear and the chosen control period must be suitable for

the whole VSL operating range. A thorough analysis of the choice of the control period is

beyond the scope of this thesis and may indeed not be necessary from a practical point of

view. Therefore, the investigation that follows is limited to the empirical evaluation of the

controllers’ behaviour for different control periods.

To evaluate the effect of the control period in the controllers’ performance the simulations

of Section 6.2.2 were repeated for eight further control periods, ranging from 90 s to 300 s

at intervals of 30 s. For this experiment the gains of the feedback controllers were not

retuned, since any efforts of retuning the controllers for larger control periods resulted in

minor improvements in the smoothness of the output and no improvement in TTS. The

resulting TTS values are plotted in Figure 6.17.

In Figure 6.17 it is seen that AMOC’s TTS remains virtually unchanged as the control period

is increased from 60 to 300 s; all model and external disturbance predictions being accurate

within AMOC, a more dynamic VSL variation does not seem necessary to preserve the

achieved level of beneficial VSL impact on traffic flow. Thus the open-loop optimal control

approach (AMOC) with perfect knowledge would probably maintain a good performance

even for longer control periods.

The feedback controllers, on the other hand, lack any predictive mechanisms; thus they

exhibit a clear and increasing drop of performance for increasing control periods, because the
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real-time measurements they rely on for their action become increasingly outdated due to

the dynamics of the disturbances and the traffic flow process.

Besides the TTS, the smoothness of the output is a major requirement in traffic control

systems to decide on a suitable control period. Although not shown, the system output is

smooth with AMOC for the whole range of investigated control periods. On the other hand,

the feedback controllers cannot really cope with much longer control periods, as their output

deteriorates considerably (exhibiting increasingly strong time variations) for increased control

periods, despite the relatively reasonable TTS values shown in Figure 6.17. As a matter of

fact, the output of the PI and Lookup Controllers may be unacceptable for control periods

longer than 90 s; while 120 s is the corresponding limit in the Cascade Controller case.

Any attempt to re-tune the feedback gain values to reduce output oscillations for longer

control periods leads to an accordingly slower control behaviour and TTS deterioration. In

conclusion, Tc = 60 s is a suitable choice, and care must be taken when choosing longer

control periods.

6.2.4 Increase of Capacity

In this section the case of possible VSL-induced capacity increases (for high VSL values

according to Figure 4.7) is investigated. The simulation scenario (network and demand)

remains unchanged compared to Section 6.2.2, except for the two constants Am and Em

that affect two out of three bm-dependent parameters of (2.9) according to (2.7) and (2.8),

respectively. The new parameter values were also obtained via real-data fitting, albeit from

a different motorway location than the previous ones, and are Am = 0.67 and Em = 2.4 and
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for all links m. The resulting fundamental diagrams obtained from (2.9) for these parameters

give a maximum capacity at around b = 0.89 with an increase of approximately 1.7 percent

(see Figure 4.7).

The network is simulated for Optimal Control and the Cascade, Lookup and PI Controllers,

and the results are roughly comparable with the previous ones (Section 6.2.2). The figures

showing the traffic variables are omitted, since the only outstanding difference is the increased

outflows (leading to slightly shorter periods of operation at capacity), which are translated

in the correspondingly reduced TTS in Table 6.3.

Table 6.3: Summary of simulated scenarios with increase of capacity.

Strategy Description TTS
(veh·h)

%

AMOC Optimal MTFC via VSLs applied at L11 and at L12-
L13-L14.

3,280 −21.8

Cascade
Controller

Feedback MTFC via VSLs applied at L11 with the
VSL restrictions of Section 4.7.

3,283 −21.8

Lookup
Controller

Feedback MTFC via VSLs applied at L11 with the
VSL restrictions of Section 4.7.

3,301 −21.3

PI
Controller

Feedback MTFC via VSLs applied at L11 with the
VSL restrictions of Section 4.7.

3,315 −21.0

The resulting TTS for Optimal Control is 3,280 veh·h, which is a 21.8 percent improvement

compared to the no-control case and better than the corresponding scenario without increase

of capacity. Figure 6.18 shows the optimal VSL rates for this scenario. The VSL rates at

L11 have a similar profile to the ones in Figure 6.13(a) (optimal control without capacity

increase) but are slightly shorter in time and have higher values, since the possibility of

increasing the bottleneck capacity renders the case less critical. The cluster L12-L13-L14 is

seen to reach a value near b = 0.87 that corresponds to the VSL rate with maximum factual

VSL-induced capacity, with an increase of approximately 1.3 percent in capacity. These

values differ slightly from the ones resulting from (2.10) because of the contribution of the

other terms of the dynamic speed equation (2.3).

The Cascade Controller is applied in the same way as in Section 6.2.2. Because discrete values

of VSL rates are used (Section 4.7.1), the VSL rate applied at the acceleration and bottleneck

areas is kept at 0.9 and the controller set-point remains unchanged. The consequence is a

smaller capacity increase compared to the optimal control. Nevertheless, the resulting TTS

for this scenario is 3,283 veh·h, which is an improvement of 21.8 percent and virtually the

same as the capacity-increased optimal control scenario.
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Figure 6.18: VSL rates: AMOC (with increase of capacity).

For the application of the Lookup Controller, a new lookup table is needed, and the same

remarks provided for the Cascade Controller apply here also. New values were obtained in

the same way as described in Section 4.4, and the resulting curve used for the generation of

a lookup table is shown in Figure 6.19. Since the curve is now not monotonically increasing

for increasing VSL rates, care must be taken to avoid overlapping flow ranges that would

yield non-unique VSL rates; to this end, the curve is used only up to the (discrete) VSL rate

b∗ that yields highest capacity; while even higher flows are mapped to b = 1, i.e., no VSL

application; and no (discrete) VSL rates are allowed between b∗ and 1. It should be noted

that, in the present case, b∗ = 0.9, and hence no discrete VSL rate needs to be omitted. The

resulting TTS for this scenario is 3,301 veh·h which is an improvement of 21.3 percent.
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The PI Controller is applied in the same way as in Section 6.2.2 and the same remarks

provided for the Cascade Controller apply here also. The resulting TTS for the PI Controller

is 3,315 veh·h, which is an improvement of 21.0 percent and very close to the other controllers.

In conclusion, the possibility of a VSL-induced capacity increase does not affect the feedback

controllers. In fact, they prove capable of exploiting this feature (wherever and whenever it

may appear in practice) to improve their performance accordingly, while their outputs remain

as smooth as in the case without increase of capacity.

6.2.5 Robustness of the Lookup Controller

The performance of the Lookup Controller is dependent on the design of the lookup table.

Any mismatch in these values acts as a disturbance that, in absence of a secondary loop (as

in the Cascade Controller), can only be compensated by the PI controller in the (primary)

loop. In this section, the robustness of the Lookup Controller is evaluated with respect to

mismatches in the lookup table. To this end, the (accurate) flow capacity values correspond-

ing to specific VSL rates, obtained in Section 4.4 (Figure 4.5), are replaced by inaccurate

values. More specifically, four scenarios are created, with respective capacity changes of

−20 %, −10 %, 10 %, 20 %; albeit without allowing an increase of the non-VSL capacity (see

Figure 6.19). Then, the new values are used to generate corresponding lookup tables, similar

to the one in Figure 4.6.

The simulation results are shown in Table 6.4. All the scenarios show a merely slight decrease

in performance with respect to TTS, compared to the nominal case. On the other hand, as

Figure 6.20 indicates, the actual control results may differ in a more visible way; in this

particular scenario, the 20 %-increase case looks even slightly better (from a set-point control

point of view) than the nominal case.

In summary, a non-accurately designed lookup table can still provide good performance for
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Figure 6.20: (a) Lookup Controller (+20 %); and (b) Lookup Controller (-20 %).
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Table 6.4: Summary of simulated scenarios with modified lookup tables.

Strategy Description TTS
(veh·h)

%

Lookup
(+20 %)

As Lookup Controller, but the values of the lookup
table are bigger than the nominal lookup table by up
to +20 %.

3,380 −19.4

Lookup
(+10 %)

As Lookup Controller, but the values of the lookup
table are bigger than the nominal lookup table by up
to +10 %.

3,391 −19.2

Lookup
(-10 %)

As Lookup Controller, but the values of the lookup
table are smaller than the nominal lookup table by up
to -10 %.

3,393 −19.1

Lookup
(-20 %)

As Lookup Controller, but the values of the lookup
table are smaller than the nominal lookup table by up
to -20 %.

3,406 −18.8

the Lookup Controller; further improvements may be attempted eventually via lookup table

fine-tuning.

6.2.6 Remarks and Recommendations

The performance of the feedback controllers was found to be consistent also for other demand

scenarios that are not reported here, with the Cascade Controller usually performing slightly

better and faster. The Lookup Controller tends to perform slightly worse than what was

shown in this section when compared to the Cascade Controller, having most of the time its

performance in-between the Cascade and PI Controllers.

There are some minor differences between the presented controllers that should nevertheless

be pointed out. The first one is that the Lookup and PI Controllers have one less controller

gain to be tuned because of the suppression of the secondary loop. Even if there is little or

no need for major re-tuning of the secondary loop from one location to another, this may

be seen as a potential advantage of both (simpler) controllers, as controller tuning requires

qualified personnel and should be performed with care, to avoid poor performance or even

system instability. The investigations in Section 6.2.5 have shown that the Lookup Controller

is fairly robust with respect to mismatches in the lookup table, but an initial, at least roughly

accurate table is still needed, along with a possible limited fine-tuning effort.

Another difference is that the Lookup and PI Controllers, again because of the suppression

of the secondary loop, do not need the flow measurement; however the cost related to the

addition of such a measurement, if it is not available, is rather negligible. On the other hand,
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in some cases, the measurement of flow may help for early detection and compensation of

possible disturbances, which is a potential advantage for the Cascade Controller.

Note that at the location of the mainstream flow measurement in Figure 6.1, the inflow from

the on-ramp to the motorway has already merged with the flow delivered from the application

area. This gives the opportunity for the secondary loop of the cascade controller to reject

this on-ramp disturbance faster. If the detector was placed upstream of the on-ramp, the

performance of the Cascade Controller would worsen slightly, since the disturbance would be

rejected only after reaching the merge area of O1, as with the Lookup and PI Controllers.

If a detector is not present downstream of the on-ramp merge, but a dedicated detector

measures the outflow of the on-ramp into the motorway, this measurement can be added

to the measured flow upstream of the on-ramp, with appropriate treatment for the number

of lanes, before being fed to the Cascade Controller. Analogous reasoning applies in the

case of an off-ramp. However, the placement of the detector even further downstream than

immediately after the application area, should be considered with care; a sensor placed too

far downstream might shift most of the dynamics between qc and qout (Figure 4.2)) into the

secondary loop, thus spoiling the design of the Cascade Controller.

Assuming that the Cascade Controller is adopted, the Lookup or the PI Controllers can be

implemented as back-up controllers that would enter in operation in case of failure of the

flow detector used by the Cascade Controller. Given the good performances reported in

this thesis, the developed feedback controllers could be used as an element in other control

schemes as outlined in Section 4.8.





Chapter 7

Conclusions and Future Work

(...) the major challenge in the coming decade is the deployment of advanced

and efficient traffic control strategies in the field.

M. Papageorgiou [52]

In this final chapter, the findings and results of this thesis are summarised, along with com-

ments on further research on the topic. Section 7.1 gives a summary of the mains findings

while the main contributions of this thesis are highlighted in Section 7.2. Finally, in Sec-

tion 7.3, aspects that should be considered for further research are presented.

7.1 Concluding Remarks

Mainstream traffic flow control (MTFC), along with several related issues, is proposed and

analysed as a new and innovative control measure for motorway traffic management. MTFC

is aimed at avoiding the capacity drop that sets in case of uncontrolled bottleneck acti-

vation, thereby increasing the motorway throughput and significantly alleviating motorway

congestion. Among several potential actuators for MTFC, variable speed limits (VSLs) are

employed in this thesis in order to demonstrate the potential efficiency of the new control

measure.

After the qualitative elaboration of the opportunities offered by the operation of VSLs to

improve the traffic flow efficiency on motorways, a quantitative model for the impact of

VSLs on aggregate traffic flow behaviour, which resulted from a related previous validation
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study with real traffic data, was proposed. VSLs were incorporated in a general macroscopic

second-order traffic flow model as an additional control component leading to an accordingly

extended general optimal control formulation and its numerical solution via the also-extended

AMOC tool.

Optimal MTFC via VSLs was applied in simulation to a hypothetical motorway and also to

a busy large-scale motorway ring road either as a standalone control tool or in combination

with ramp metering. A series of appropriately designed control scenarios shed light on the

properties and application procedures of MTFC and allowed to reveal, analyse and demon-

strate the benefits of MTFC, which stem from its potential to avoid the capacity drop and its

detrimental effects on traffic flow efficiency. In particular, it was shown in detail that traffic

flow efficiency can be substantially improved when VSL control measures are used appropri-

ately (particularly in integration with coordinated ramp metering) mainly by retarding or

avoiding the capacity drop at active bottlenecks. The appropriate application of VSLs on

motorways was shown to resemble ramp metering actions, albeit by holding traffic back on

the mainstream rather than on the ramps. Conditions for temporary or durable mainstream

flow reduction with VSLs were elaborated. The mainstream flow reduction via VSLs was ex-

ploited within the MTFC concept to avoid the appearance of the detrimental capacity drop

at active bottlenecks.

Because of various inherent uncertainties, the open-loop optimal solution delivered by optimal

control approaches becomes suboptimal when directly applied to the motorway traffic process

[67]. However, the optimal results can be used in a rolling horizon mode or can be utilised

to extract useful conclusions for the development of similarly efficient but simpler feedback

control strategies.

Indeed, three simple MTFC feedback controllers using VSLs as an actuator were developed,

examined and compared to the sophisticated optimal control approach. The proposed feed-

back control strategies are simple yet efficient as evidenced by their evaluation using the

METANET macroscopic traffic simulator and their comparison with the optimal control ap-

proach for a hypothetical motorway stretch. All feedback controllers were found to be stable

and robust, and to approach the optimal control performance without any need for on-line

model calculations or future demand predictions. The feedback strategies consider several

practical and safety requirements that may be necessary for the application of MTFC via

VSLs in the field and, thanks to their simplicity, they are suitable for ready field implemen-

tation. Some recommendations for the choice and operation of the feedback controllers were
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also provided.

7.2 Main Contributions

The main contributions of this thesis can be summarized as follows:

• A new control method for traffic management on motorways that can drastically im-

prove current traffic conditions on known otherwise active bottlenecks called main-

stream traffic flow control (MTFC). MTFC is complementary to existing measures and

can be applied to different types of motorway bottlenecks via different types of actua-

tors.

• A better understanding of the impact of VSLs on aggregate traffic flow behaviour and

how it can be appropriately used for motorway traffic flow control.

• An extended general second-order traffic flow model and corresponding optimal control

formulation that can be solved efficiently even for large-scale networks, and that was

validated against real field data with VSLs.

• Three MTFC feedback controllers developed based on methods of the control theory.

The proposed feedback controllers take into account several safety and practical require-

ments and are simple yet efficient and robust, and are deemed suitable for immediate

application in the field.

7.3 Further Research

In this thesis, MTFC was applied to on-ramp merge bottlenecks with the use of VSLs as an

actuator. Investigations using other MTFC actuators such as traffic lights or VII systems

and the application to other types of bottlenecks should be carried out for both the optimal

control and feedback control approaches.

The integration of MTFC via VSLs with ramp metering was studied for the optimal control

case. The integration of feedback MTFC with feedback ramp metering control at the local

level was outlined. The integrated control via feedback control strategies at the local and

global levels, along with a single coordinated MTFC strategy for large-scale networks are

necessary and worth further investigation. The extension and integration of the feedback
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controllers with other motorway control strategies and measures should be also investigated.

Additionally, the optimal control problem presented in Chapter 2 could be cast into a rolling

horizon mode and be applied to large-scale networks and lead to additional insights.

The outlined extension of MTFC for merging motorways could benefit from a queue man-

agement scheme. This scheme would override the delay balancing in order to avoid, for as

long as possible, situations where controlled congestion in one motorway covers an important

off-ramp while a longer controlled congestion would not be harmful in the other motorway.

Further research could address the detailed application of MTFC at local level by use of

microscopic simulation, along with a rigorous validation effort of the microsimulation model.

As already mentioned in Chapter 2, more investigation and validation work with VSL data

are necessary for a quantitatively accurate and reliable description of the VSL impact on

traffic flow.

Finally, and most importantly, a field test of the MTFC concept by the presented feedback

strategies should be attempted in the near future.
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