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Traffic congestion on motorways is one of the most serious problems of modern 

societies that leads to a significant reduction in motorway infrastructure capacity [1]. 

This reduction regularly occurs during peak periods, causing degradation in terms of 

travel times, traffic safety, fuel consumption, and environmental pollution. So far, 

several traffic control measures have been proposed to alleviate traffic congestion. 

However, some of them face limitations; e.g., ramp metering (RM) efficiency is 

limited by the available storage space at on-ramps [2], whereas route guidance is most 

valuable under non-recurrent traffic congestion.    

Mainstream traffic flow control (MTFC) enabled via variable speed limits (VSLs) has 

been investigated in previous studies, utilizing various control strategies. In this 

thesis, an extended feedback control strategy is proposed for MTFC enabled via 

VSLs, considering multiple-bottleneck locations. The evaluation of the proposed 
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control strategy, using a second order macroscopic traffic flow simulator, and its 

comparison with an optimal control approach, for a real network, demonstrates its 

efficiency. The feedback concept is approaching the performance of optimal control, 

is more robust (no model or demand predictions are needed), and can be immediately 

implemented in the field as it considers practical and safety constraints. 

The development and deployment of simple, yet efficient, coordinated and integrated 

control tools for motorway traffic control remains a challenge. In this thesis, a generic 

integrated feedback-based motorway traffic flow control concept is proposed. It is 

based on the combination and suitable extension of control algorithms and tools 

proposed or deployed in other studies, such as RM or VSL-enabled cascade-feedback 

mainstream traffic flow control, and allows for consideration of multiple bottlenecks. 

The new controller enables coordination of RM actions at a series of on-ramps, as 

well as integration with VSL control actions, towards a common control goal, which 

is bottleneck throughput maximization. While doing this, the approach considers a 

pre-specified (desired) balancing of the incurred delays upstream of the employed 

actuators, via a suitably designed knapsack problem. Despite the multitude of the 

offered configurations, options and possibilities, the generic control algorithm 

remains simple, efficient and suitable for field implementation. The control algorithm 

is demonstrated and evaluated using a validated macroscopic traffic flow model for a 

real infrastructure and has been compared to other control structures. The integrated 

controller is shown to be superior as it takes advantage of all the available storage 

capacity required for queueing upstream of the bottlenecks. The feedback controller is 

robust as there is no need, neither for any predictions of the demand nor for any 

model calibration or parameter identification. 
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Η κυκλοφοριακή συμφόρηση σε αυτοκινητόδρομους αποτελεί ένα από τα πιο 

σημαντικά προβλήματα των μοντέρνων κοινωνιών, το οποίο οδηγεί σε αξιοσημείωτη 

μείωση της ικανότητας της υποδομής των αυτοκινητοδρόμων [1]. Αυτή η μείωση ως 

επί των πλείστον παρατηρείται κατά τη διάρκεια των περιόδων αιχμής, προκαλώντας 

υποβιβασμό, όσον αφορά το χρόνο ταξιδίου, την κυκλοφοριακή ασφάλεια, την 

κατανάλωση καυσίμου, και τη μόλυνση του περιβάλλοντος. Μέχρι τώρα, πολλά 

κυκλοφοριακά μέτρα ελέγχου έχουν προταθεί ούτως ώστε να ανακουφίσουν την 

κυκλοφοριακή συμφόρηση. Ωστόσο, μερικά από αυτά αντιμετωπίζουν περιορισμούς, 

π.χ., η αποδοτικότητα του ελέγχου των ραμπών εισόδου περιορίζεται από το 

διαθέσιμο χώρο αποθήκευσης των ραμπών εισόδου [2], ενώ η καθοδήγηση σε 

κάποιον προορισμό είναι περισσότερο πολύτιμη σε περιπτώσεις μη 

επαναλαμβανόμενων κυκλοφοριακών συμφορήσεων.    
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Ο έλεγχος της κύριας κυκλοφοριακής ροής μέσω μεταβλητών ορίων ταχύτητας έχει  

διερευνηθεί σε προηγούμενες εργασίες, χρησιμοποιώντας διάφορες στρατηγικές 

ελέγχου. Σε αυτή τη διατριβή, προτείνεται μια εκτεταμένη στρατηγική ελέγχου με 

ανατροφοδότηση για έλεγχο σε κύρια ροή με μεταβλητά όρια ταχύτητας, 

λαμβάνοντας υπόψιν πολλαπλά σημεία συμφόρησης. Η αποτίμηση της προτεινόμενης 

στρατηγικής ελέγχου, χρησιμοποιώντας ένα μακροσκοπικό προσομοιωτή 

κυκλοφοριακής ροής δεύτερης τάξης, και η σύγκριση της με μια προσέγγιση 

βέλτιστου ελέγχου, για ένα πραγματικό δίκτυο, αναδεικνύει την αποδοτικότητα της. 

Ο έλεγχος με ανατροφοδότηση προσεγγίζει την απόδοση του βέλτιστου ελέγχου, 

είναι πιο εύρωστος (δε χρειάζεται μοντέλο ή προβλέψεις της ζήτησης), και μπορεί 

άμεσα να εφαρμοστεί στο πεδίο καθώς λαμβάνει υπόψιν της πρακτικούς 

περιορισμούς και περιορισμούς ασφάλειας.  

Η ανάπτυξη και η αξιοποίηση απλών, αλλά αποτελεσματικών, συντονισμένων και 

ολοκληρωμένων εργαλείων ελέγχου για κυκλοφοριακό έλεγχο σε αυτοκινητοδρόμους 

παραμένει μια πρόκληση. Σε αυτή τη διατριβή, προτείνεται μια γενικευμένη 

ολοκληρωμένη ιδέα βασισμένη σε κυκλοφοριακό έλεγχο αυτοκινητοδρόμων με 

ανατροφοδότηση. Βασίζεται στο συνδυασμό και την κατάλληλη επέκταση 

αλγορίθμων και εργαλείων ελέγχου που έχουν προταθεί ή αξιοποιηθεί σε άλλες 

εργασίες, όπως ο έλεγχος ραμπών εισόδου ή ο κυκλοφοριακός έλεγχος της κύριας 

ροής με ανατροφοδότηση με χρήση μεταβλητών ορίων ταχύτητας, και επιτρέπει την 

εξέταση πολλαπλών σημείων συμφόρησης. Ο νέος ελεγκτής επιτρέπει το συντονισμό 

δράσεων ελέγχου ραμπών εισόδου σε μία σειρά ραμπών, καθώς επίσης και τη 

συνεργασία με δράσεις ελέγχου με μεταβλητά όρια ταχυτήτων, προς ένα κοινό στόχο, 

ο οποίος είναι η μεγιστοποίηση της ροής σε σημεία συμφόρησης. Ενώ κάνει αυτό, η 

προσέγγιση λαμβάνει υπόψιν της μια προκαθορισμένη (επιθυμητή) εξισορρόπηση 

των προκυπτόμενων καθυστερήσεων ανάντι των απασχολούμενων ενεργοποιητών, 

μέσω ενός κατάλληλα σχεδιασμένου προβλήματος σακιδίου. Παρά την πληθώρα των 

προσφερόμενων διαμορφώσεων, επιλογών και δυνατοτήτων, ο γενικευμένος 

αλγόριθμος ελέγχου παραμένει απλός, αποδοτικός και κατάλληλος για εφαρμογές στο 

πεδίο. Ο αλγόριθμος ελέγχου παρουσιάζεται και αποτιμάται χρησιμοποιώντας ένα 

επικυρωμένο μακροσκοπικό μοντέλο κυκλοφοριακής ροής για ένα πλήθος σεναρίων. 

Ο ελεγκτής με ανατροφοδότηση είναι εύρωστος καθώς δεν υπάρχει ανάγκη, ούτε για 
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πρόβλεψη της ζήτησης ούτε για βαθμονόμηση μοντέλου ή αναγνώριση των 

παραμέτρων του.  
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1. Introduction 

 

A major community problem which has appeared in the last decades is the daily 

traffic congestion on motorways. The main reasons are the continuous increase of car 

ownership and demand that contribute to the daily appearance of recurrent and non-

recurrent motorway congestion whose expanse is continuously increasing in space 

and time.  

The motorway throughput decreases because of the traffic congestion that leads to the 

degradation of the available infrastructure [1]. As a result, the motorway 

infrastructure is underutilized when it is really needed, i.e., during the peak periods. 

The implications of the infrastructure degradation are huge considering the economic 

and social life of the influenced regions: traffic safety reduction, increased fuel 

consumption and environmental pollution and enormous delays. For instance, the 

future costs imposed on households by congestion are expected to increase for the 

UK, France, Germany and the US. These advanced economies are, on average, 

expected to witness increases in these costs of up to 50% between 2013 and 2030 [3]. 

The simple queuing systems serving capacity is not influenced by the waiting queue 

appearance, whereas a motorway congestion influences the nominal motorway 

capacity and throughput because of two reasons [1]: capacity drop at the head of the 

forming congestion and blocking of off-ramps due to the congestion body expansion. 

These two effects lead to infrastructure degradation escalation. This results in an 

accelerated congestion increase that by itself leads to further infrastructure 

degradation, further increase of congestion and so on, until a big region of the 

motorway network is covered by the formed congestion, commonly spilling over from 

one motorway to another. When generalized congestion exists, the overall arriving 

demand is generally much lower than the nominal infrastructure capacity, but due to 

the severe degraded congested infrastructure the demand cannot be served. As a 

result, congestion exists until the demand values become low enough, at the last phase 

of the peak period.  

Considering all the above, it is obvious that the extended daily congestion on 

motorways is not caused only due to the enormous demand exceeding the nominal 
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network capacity. Certainly, the demand may exceed temporarily and locally the 

motorway capacity, and as a consequence triggers local congestion. Nevertheless, the 

generalized congestion is due to the unstable escalation produced by the infrastructure 

degradation in lack of appropriate control measures that would reduce this evolution. 

An optimal utilization of the available infrastructure is necessary in order to have a 

safe, less-polluting and efficient, transportation system on motorways. This can be 

achieved via appropriate application of many traffic control measures, like ramp 

metering (RM) [4], [5] variable speed limits (VSLs) [6], [7] route guidance and driver 

information. There are various methodological approaches incorporating feedback 

control, optimal control, fuzzy systems, neural networks and expert systems, that have 

been deployed in the previous years for the design of relevant control strategies. Many 

previous works have shown that appropriate traffic control measures may give 

important improvements, under certain conditions [8], [9]. 

Nevertheless, many of these traffic control measures that have been proposed and 

partly implemented in motorway networks are known to face limitations: 

 RM is a very helpful control measure, but its benefits may be constrained due 

to limited ramp storage space [2]. 

 VSLs are helpful for traffic safety but their present usage has hardly any 

positive effect on throughput increase or average travel times decrease, 

because the utilized control strategies are quite simplistic and not able to 

increase traffic flow efficiency [10]. In addition, the applied speed limits range 

is commonly limited. 

 Route guidance and driver information systems are more helpful for non-

recurrent cases, e.g., congestion created because of an incident [11]. 

 Emerging vehicle-infrastructure integration (VII) systems offer a promising 

technological background for efficient traffic control. In the past there were no 

specified efficiency-improving implementations and relevant control 

algorithms, but there have been huge improvements in the last few years. It 

may take some time before real implementations occur. 

From all the above mentioned control measures, the display of VSLs on suitable 

variable message signs (VMSs), taking into consideration the prevailing traffic 
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conditions, is an issue that is investigated in this thesis, due to the potential benefits. 

The integration of VSLs with RM is also studied. Traffic safety enhancement, is a 

basic aim of VSLs, and thus the choice of VSL installations in many countries is 

depending on registered accidents frequency. The positive effect of VSL on traffic 

safety is due to the reduction of speed and speed homogenization that are associated 

with less accident percentages. According to many investigations performed in the 

last years, the VSL effect on traffic safety depicts a reduction in accident numbers by 

as much as 20 to 30 percent after VSL installation [12]. Furthermore, some authorities 

are foreseeing VSL as means to reduce vehicle emissions and road noise [13], [14]. In 

contrast, concerning traffic efficiency, until recently there was no evaluation of the 

VSL impact of available installations that would show a consistent and measurable 

improvement, e.g., reduced travel times. 

1.1. Traffic Problem Description 

The following statements tabulate the current state: 

 The present traffic condition in metropolitan motorways is characterized by 

heavy congestion during rush hours, and the associated cost is very high for 

the economic and social life of metropolitan areas. 

 The motorway infrastructure is greatly underutilized because of congestion. 

 High demand is only one of the reasons for heavy congestion. In case vehicles 

are permitted to use the infrastructure according to their will, i.e., without 

applying any control measure, the constricted original congestion escalates 

and leads to extended congestion areas and significant infrastructure 

degradation. The motorway control is necessary for maximum efficiency 

which is associated with traffic safety improvement and environmental impact 

reduction. 

 Various control measures are envisaged or implemented in some motorway 

network stretches, but the attainable improvements face limitations. 

Concerning VSL, it should be remarked that the ideal exploitation of the chances 

provided by VSL would be to maintain the safety and environmental benefits offered 

by the current systems together with an increase of traffic flow efficiency. It does not 

mean that VSL are not a suitable control measure for traffic flow efficiency 
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improvement, because the conducted field evaluations could not depict an efficiency 

increase. As a matter of fact: 

 The VSL effect on aggregate traffic behavior, e.g., on the fundamental 

diagram has not been adequately investigated with real data. Thus, the 

comprehension of even qualitative effects of VSL is constricted to conjectures 

and assumptions. As a result, the VSL control strategies cannot achieve traffic 

flow efficiency increase. 

 The VSL installations currently existing employ simple rule-based control 

strategies for VSL switching. These strategies decisions are based on 

predefined thresholds of traffic flow, or occupancy, or mean speed. The 

threshold selection is done in an ad hoc way that does not always exploit 

potential impact of VSL on traffic flow efficiency. 

 There are several simulation studies that proposed practical strategies that are 

yet to be considered for implementation by the authorities. 

In order to design control strategies that may increase traffic flow efficiency, an 

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

is necessary. In the past there were very few investigations dealing with the exact 

impact of VSL on aggregate traffic flow behavior. Lately, the impact of VSL on the 

aggregate traffic flow behavior was investigated in [10] and [15], using traffic data 

from a VSL-equipped European motorway. 

1.2. Research Approach 

Considering the problems discussed in the previous section, this thesis proposes and 

investigates an extended feedback control strategy for MTFC enabled via VSL, 

considering multiple bottlenecks, and a generic integrated feedback-based motorway 

traffic flow control concept. MTFC regulates the mainstream traffic flow upstream of 

a bottleneck location so as to avoid capacity drop [6]. Until recently MTFC was 

dealing only with single bottlenecks and the integration with ramp metering was 

limited. 

Thus, the following topics are addressed: 

 An extended feedback control strategy for MTFC enabled via VSL, 

considering multiple bottlenecks is proposed. Multiple bottleneck inspiration 
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and causes are described. The implementation aspects of MTFC, the feedback 

controller and some practical application aspects are analyzed. 

 The feedback controller for MTFC enabled via VSL, considering multiple 

bottlenecks is evaluated using simulation-based tests for a real motorway 

stretch using a second-order macroscopic traffic flow simulator, so as to 

demonstrate its features and compare its efficiency with a sophisticated 

optimal control approach. 

 A generic integrated feedback-based motorway traffic flow control concept is 

proposed. The feedback control structure is described and the implementation 

aspects of RM and MTFC via VSL are presented. In addition the delay 

estimation procedure and the flow distribution for delay balancing are 

discussed. 

 The feedback controller for the integrated feedback-based motorway traffic 

flow control concept is evaluated using simulation-based tests for a real 

motorway stretch using a second-order macroscopic traffic flow simulator, so 

as to demonstrate its features, for a number of scenarios. 

 In the proposals of this thesis, the MTFC concept is utilized, thus a brief 

description of the concept is first demonstrated. RM and VSL (as an MTFC 

actuator) are used as actuators, so an overview of these actuators is presented. 

1.3. Outline of the Thesis 

Chapter 2 includes a preliminary discussion on motorway traffic congestion and an 

overview of the basic motorway traffic control measures. An overview of RM 

strategies and RM effects is following. In the same chapter a VSL overview is 

included, along with the fundamental diagram description and VSL effects. MTFC is 

described below, focusing on the basic MTFC concept and bottleneck applications, 

MTFC implementation and MTFC integration with RM. The traffic flow model 

formulation is outlined as well as the optimal control problem formulation. Finally, 

the model parameter calibration procedure is analyzed.   

Chapter 3 incorporates an overview of MTFC-like strategies and the multiple 

bottleneck inspiration and causes. MTFC control for multiple bottlenecks is then 

described together with its implementation aspects, the utilized feedback controller 

and some practical application aspects.  
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In Chapter 4, a new integrated traffic flow control concept for multiple bottlenecks 

with delay balancing is proposed. This chapter begins with a literature overview of 

integrated control concepts. A description of the proposed feedback control structure 

follows. RM actuator characteristics and MTFC actuator characteristics are described 

next. The delay estimation and the flow distribution for delay balancing procedures 

are concluding this chapter. 

In Chapter 5, the control concept described in Chapter 3 is evaluated and compared in 

simulation for a network in Perth, Australia, considering several practical application 

aspects. The performance of the feedback controller is shown to approach the optimal 

control results. 

In Chapter 6, the control concept described in Chapter 4 is evaluated and compared in 

simulation for a network in United Kingdom, for a number of scenarios. 

Finally, Chapter 7 concludes this thesis and annotates about potential future research 

directions. 

1.4.  Publications  

In this section, the journals and the conference papers that have been produced from 

this thesis, are listed. 

1.4.1. Journals 

 Iordanidou G.R., Roncoli C., Papamichail I. and Papageorgiou M. Feedback-

based mainstream traffic flow control for multiple bottlenecks on motorways. 

IEEE Transactions on Intelligent Transportation Systems, Vol. 15, No. 2, pp. 

610-621, April 2015. 

 Iordanidou G.R., Papamichail I., Roncoli C. and Papageorgiou M. Feedback-

based integrated motorway traffic flow control with delay balancing. IEEE 

Transactions on Intelligent Transportation Systems, accepted (doi: 

10.1109/TITS.2016.2636302). 

1.4.2. Conferences 

 Iordanidou G.R., Papamichail I., Roncoli C. and Papageorgiou M. A 

Feedback-Based Approach for Mainstream Traffic Flow Control of Multiple 

Bottlenecks on Motorways. 19th IFAC World Congress (IFAC'14), Cape 

Town, South Africa, August 24-29, 2014, pp. 11344-11349. 
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 Iordanidou G.R., Papamichail I., Roncoli C. and Papageorgiou M. Feedback-

Based Integrated Motorway Traffic Flow Control with Delay Balancing. 14th 

IFAC Symposium on Control in Transportation Systems, Istanbul, Turkey, 

May 18-20, 2016, pp. 315-322. 
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2. Theoretical Background 

 

Chapter 2 contains the theoretical background that was used for the developments 

presented in this thesis. The motorway traffic congestion causes and effects, as well as 

the control measures, are explained in section 2.1. Section 2.2 reviews RM strategies 

and effects, whereas section 2.3 reviews the VSL strategies and effects. The MTFC 

concept, applications, implementation and integration with RM, are analyzed in 

section 2.4. The basics of traffic flow model formulation are described in section 2.5. 

Section 2.6 presents the optimal control problem formulation. Finally, section 2.7 

describes the model parameter calibration procedure. 

2.1. Motorway Traffic Congestion and Control Measures  

The location where the upstream flow capacity is higher than the downstream flow 

capacity down

capq , is the definition of a (latent) bottleneck on a motorway (Figure 1).  

 

Figure 1: Active bottleneck notions. 

A bottleneck can be activated due to various reasons. The most frequent reason is the 

on-ramp flow that merges with the mainstream flow. Another reason is the motorway 

infrastructure, namely, lane-drop, curvature, strong grade. Also, due to some special 

traffic conditions, e.g., strong weaving sections, which are created when a merge 

junction is followed closely by a diverge junction. The control measures could also be 

a cause of congestion, e.g., fixed speed limits on specific motorway locations. In 
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addition, non-recurring events that cause a reduction of roadway capacity may be a 

reason for congestion, e.g., incidents and reconstruction projects.  

The activation of a potential bottleneck, depends on the traffic flow inq , arriving 

upstream of the bottleneck location. In case inq  has the same value with down

capq , the 

nominal bottleneck capacity down

capq  is reached, and the bottleneck is not activated. The 

value of down

capq  is the maximum traffic flow that the bottleneck can accommodate. In 

the other case, where inq  is higher than down

capq , the bottleneck is activated, and as a 

result congestion is formed. The head of the congestion is located at the bottleneck, 

whereas the tail of the congestion is moving upstream while the upstream arriving 

flow is sufficiently high (Figure 1). When a bottleneck is activated, causing 

congestion, two detrimental effects are appearing, named capacity drop and blocking 

of off-ramps [1]. 

1) Capacity drop is a 5%-20% reduction of the active bottleneck outflow outq

compared with the nominal capacity down

capq (Figure 1). The capacity drop 

phenomenon is observed at the congestion head, and the speed reduction 

upstream of the bottleneck location, is the reason of its appearance. More 

specifically, the vehicles need to accelerate from lower speeds, in the formed 

congestion, to higher speeds, downstream of the bottleneck. There are many 

research publications in which capacity drop is observed in an empirical way, 

such as [16]. The avoidance of capacity drop at active bottlenecks would 

ameliorate the traffic flow conditions on motorways, and the throughput 

would be increased. 

2) Blocking of off-ramps (BOR), upstream of active bottlenecks, is created 

because the tail of a formed congestion usually propagates many kilometers 

upstream (Figure 1). Several on-ramps and off-ramps upstream of the 

bottleneck are covered from the congestion. As a result the off-ramp flow is 

decreased, due to the lower traffic flow around the congested area, compared 

with the upstream arriving flow. Except of the vehicles within the congestion, 

also the vehicles that are bound for exits upstream of the active bottleneck are 

delayed. As the congestion expands, BOR expands also and deteriorate the 
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traffic conditions. Thus, if congestion mitigates spatially, throughput will be 

improved. 

To deal with traffic congestion, traffic control measures are used, to decrease or 

ideally avoid traffic congestion effects. Traffic control measures can be categorized as 

follows: Ramp Metering (RM), Variable Speed Limits (VSL), Route Guidance (RG), 

and emerging vehicle- infrastructure integration (VII) systems. 

Ramp metering (RM), controls the on-ramp inflow to the mainstream, and is 

implemented traffic lights. The goal of RM is to preserve capacity flow at the 

mainstream and avoid congestion [1]. Due to the restriction or avoidance of the 

congestion by RM, the mainstream throughput is increased, and also, the mainstream 

delays are reduced, leading to smaller total travel times for most drivers, despite the 

inevitable ramp queue delays. It is a fact that RM can improve mainstream traffic 

flow efficiency, but on the other hand it has a strict limitation. The limitation is that 

the RM created queue, should not spill back to the adjacent upstream infrastructure. 

The ramp storage space is usually restricted, so when the ramp queue has reached its 

storage capacity, RM is typically released. Despite the offered advantages of RM, 

which are the delay of the congestion onset, the acceleration of congestion dissolution 

and the decrease of congestion expansion, it has also some serious disadvantages. One 

of the disadvantages is that due to full ramps, RM should be de-activated, usually for 

the most of the peak periods duration or enter a queue management state. The unfair 

mainstream traffic inclination, compared with the on-ramp inflow, is another 

disadvantage of RM, which affect the drivers not to select the on-ramps route, 

considering the traffic lights [17]. For road users the criterion of equity is very 

important, so as to accept and use a control measure. There are RM strategies, called 

coordinated RM strategies, which use measurements for a whole region of a network, 

and control all the metered ramps included in this region [1]. Equity could be 

achieved, with RM actions coordination, at successive on-ramps, in contrast to local 

RM actions. Even for coordinated strategies, the storage space is substantial, to avoid 

mainstream congestion [2]. Sophisticated methods such as multivariable control 

strategies [18], optimal control strategies ([8], [19], [20], [21], [22]), and further 

heuristic algorithms [23], have been developed for coordinated RM. 
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Variable speed limits (VSLs) are speed limits that change based on road, traffic and 

weather conditions, and are displayed on road-side variable message signs (VMS). 

The range of VSLs, depends on legislative bodies of national or local governments, 

but on average the range is a subset of [60,120] km h . The main impact of VSL is 

improved traffic safety, due to the homogenization of speeds of individual vehicles 

and of the mean speeds of different motorway lanes. So far, there was no field 

implementation evaluation of the VSL impact on traffic flow efficiency improvement, 

e.g., reduced travel times, except from the SPECIALIST approach ([24], [25]). 

Route Guidance (RG) recommends optimal vehicle routes based on current traffic 

conditions, for travelling from the beacon location toward various destination zones. 

Usually, RG is important for drivers, when non recurrent events are happening, where 

the traffic conditions are unpredictable, e.g., accidents [26]. The RG proposed routes, 

should ensure that the available free capacity is enough, so as to accommodate the 

drivers. 

Vehicle-infrastructure-integration (VII) systems, are at the top of the interest the last 

few years, and concerted research on these systems is done, in academia and industry 

[27]. Vehicles in such systems have a lot of capabilities, like computing, 

communication and sensing capabilities, as well as user interfaces. The position, the 

speed and the inter-vehicle distance of each vehicle is known, because vehicles are 

behaving like mobile sensors. Communication between vehicles, and between 

vehicles and infrastructure, is feasible, using wireless communication technologies. 

The messages a vehicle can receive are related usually with warnings, traffic 

information and speed limits that are sometimes automatically enforced. Research and 

development projects are focused on deployment, testing and demonstration of VII 

systems. A lot of applications have emerged, exploiting VII systems technologies that 

enhance traffic safety and efficiency, and also provide new or integrate existing 

services for drivers and passengers.  

2.2. Ramp Metering 

The current section contains an overview of RM strategies and RM effects. 
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2.2.1. Overview of Ramp Metering Strategies 

The RM strategies could be categorized into 4 categories: fixed-time strategies, 

reactive RM strategies, nonlinear optimal RM strategies and integrated freeway 

network traffic control [1].  

Fixed-time RM strategies are applied off-line for specific times of day, taking into 

account constant historical demands, with no use of real-time measurements. These 

strategies are based on simple static models. A motorway containing a number of on-

ramps and off-ramps is subdivided into sections, where each section includes one on-

ramp. So we have  

 

1

j

j ij i

i

q a r


  (1) 

where jq  is the mainline flow of section j , ir  is the on ramp volume, in veh h , of 

section i , and  0,1ija  reflects the (known) portion of vehicles that enter the 

freeway in section i  and do not leave the freeway upstream of section j . In order to 

avoid congestion the following inequality must hold 

 
,j cap jq q j   (2) 

where ,cap jq  is the capacity of section j . Some more constraints are 

  ,min ,maxmin ,j j j jr r r d   (3) 

where jd is the demand, whereas ,maxjr  is the ramp capacity at on-ramp j , and ,minjr  

is the minimum flow, that always must be permitted to get in the freeway. 

Wattleworth [28], was the first that proposed this approach. Such formulations can be 

found in [29], [30], [31]. 

The objective function that could be used is the maximization of the served vehicles 

number, that is equivalent to the minimization of the total time spent 

 maxj

j

r   (4) 

or the maximization of the total traveled distance 

 maxj j

j

q   (5) 
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where j is the length of section j , or the balancing of the ramp queues 

  
2

minj j

j

d r   (6) 

The formulations described above result in linear-programming or quadratic-

programming problems, which could be solved readily with computer codes which 

are widely available. In [32], an extension οf these methods is proposed that renders 

the static model (1) dynamic, with the introduction of constant travel times for each 

section. 

The basic disadvantage of fixed-time strategies is that their settings rely on historical 

data and not on real-time data. This might be a bad simplification, because of the 

following reasons. 

 Even within a time of day, demands are not constant. 

 Demands are possible to differ at different days. 

 In the long term, demands are changing and as a result the optimized settings 

are becoming old. 

 As the demands are changing, also the portions ija  are changing. A reason of 

the portions’ change is the drivers’ response to the new optimized signal 

settings, where the drivers exploit them so as to minimize their individual 

travel times. 

 External disturbances, e.g., incidents, might affect traffic conditions in a non-

predictable way. 

Thus, fixed-time RM strategies, because of the absence of real-time measurements, 

lead either to an overload of the mainstream flow (congestion) or to underutilization 

of the freeway. 

Reactive RM strategies are widely used and have as a goal the maintenance of the 

traffic conditions of the freeway close to preselected set values, relying on real-time 

measurements. Local RM strategies and multivariable regulator strategies belong to 

reactive RM strategies. 

Local RM strategies compute appropriate RM values, using traffic measurements 

around a ramp. The demand-capacity strategy [33] applies 
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else

 out cro k o
 (7) 

where (see Figure 2) capq  is the freeway capacity downstream of the ramp, inq  is the 

freeway flow measurement upstream of the ramp, outo  is the freeway occupancy 

measurement downstream of the ramp, cro  is the critical occupancy, and minr  is a 

preselected minimum ramp flow value. The strategy described with (7), tries to add to 

the measured upstream flow  1inq k   as much ramp flow  r k  as needed to reach 

the downstream freeway capacity capq . In case the downstream measured occupancy 

 outo k  becomes overcritical (i.e., a possible forming of congestion) the ramp flow 

 r k  is decreased to the minimum flow minr , so as to avoid or dissolve the congestion. 

In fact, strategy (7) does not depict a closed-loop strategy but an open-loop 

disturbance-rejection policy (see Figure 2(a)) that is widely known to be sensitive to 

various non-measurable disturbances. 

 

 

Figure 2: Local RM strategies: a) Demand-capacity, b) ALINEA, c) 

Fundamental diagram. 
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The occupancy strategy [33] is based on the same philosophy as the demand-capacity, 

with the difference that relies on occupancy-based estimation of inq . This might 

decrease the corresponding implementation cost, under specific conditions. 

In [34], an alternative closed loop RM strategy, called ALINEA , is proposed that 

reads 

      ˆ1 R outr k r k K o o k         (8) 

where (see Figure 2(b)) 0RK   is a regulator parameter and ô  is a set (desired) value 

for the downstream occupancy. Usually, ˆ
cro o  may be set, whereby the downstream 

freeway flow becomes close to capq  (see Figure 2(c)) (the fundamental diagram 

presented in this Figure is described in more details in section 2.3). The selection of 

the regulator parameter RK  for ALINEA, is not very sensitive in field 

implementations. The value  1r k   of equation (8) must be the value of the previous 

time step after the bounding so as to prevent the well-known wind-up phenomenon 

for I-type regulators. 

The demand-capacity strategy counteracts in a rather crude way, to enormous 

occupancies outo , only if a threshold value ( cro ) is exceeded, whereas ALINEA 

counteracts smoothly, also for very small differences  ˆ
outo o k . So, ALINEA 

stabilizes the traffic flow at a high throughput level and as a result may avoid 

congestion. At a stationary state (i.e., if inq  is constant), it is obvious that   ˆ
outo k o

results from (8), even though the measurements of the inflow inq  are not explicitly 

used in the strategy. 

The set value ô  can be changed at any time, so ALINEA may be incorporated into a 

hierarchical control system with the set values of the individual ramps being defined 

in real time by a superior coordination level or by an operator. 

Appropriate ramp volumes r  are being calculated by all the control strategies [1]. If 

traffic-cycle realization of RM is selected, ramp volume r  is converted to a green-

phase duration, g  using 
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  satg r r c     (9) 

where c  is the fixed cycle time and satr  is the ramp’s saturation flow. The constraints 

of the green-phase duration g  are:  min max,g g g , where min 0g   in order to prevent 

ramp closure, and maxg c . When the one-car-per-green realization holds, a constant-

duration green phase allows only one vehicle to pass. So, the ramp volume r  is 

controlled by varying the red-phase between a minimum (zero) and a maximum 

value. It is noteworthy that ALINEA can be applied directly to the green or red phase 

duration, by combining (8) and (9) 

      ˆ1 R outg k g k K o o k         (10) 

where R R satK K c r  . The value  1g k  of equation (10) must be the value of the 

previous time step after the bounding (i.e., after the constraints application, of the 

ming and maxg ) so as to prevent the wind-up phenomenon in the regulator. 

In case a very big ramp queue of vehicles is created, interference with the adjacent 

street traffic may occur. Appropriately located detectors (upstream of the on-ramp) 

could detect this case, leading to regulator decisions override, to permit more vehicles 

to enter the freeway and decrease the ramp queue. 

The previously described specifications and constraints are applied in the same way to 

any RM strategy. 

The efficiency of local RM strategies has been estimated and compared in various 

countries with comparative field tests, see, e.g., [35]. The result from these tests is that 

ALINEA prevails compared over other local strategies and over the no-control case, 

taking into account any performance criterion, like total time spent, total travelled 

distance, mean (daily) congestion duration, mean speed. The local RM strategies 

improvements of the total time spent (incorporating the ramps’ waiting time), can 

reach 20%. 

Multivariable regulator strategies for RM aim at the same objective as local RM 

strategies, because they are trying to keep the traffic conditions close to some 

predefined set (desired) values. Local RM is implemented independently for each 

ramp, relying on local measurements, whereas multivariable regulators exploit all the 
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available mainstream measurements   , 1, ,io k i n , on a freeway stretch, to 

calculate at the same time the ramp volume values   , 1, ,ir k i m  for the ramps that 

are controlled and included in the same stretch [36]. This difference between local 

RM and multivariable regulators, leads to multivariable regulators superiority, due to 

more complete information forecasting and due to coordinated control actions. Some 

of the reported approaches for RM with multivariable regulators are in [36], [37], 

[38], [39], [40]. A generalization of ALINEA is the multivariable regulator strategy 

METALINE, with the difference that the metered on-ramp volumes are calculated 

from (vectors and matrices are displayed with bold variables)  

          1 2
ˆ1 1k k k k k           

r r K o o K O O    (11) 

where  
T

i mr rr is the vector of m controllable on-ramp volumes,  1

T

no oo  is 

the vector of n  measured occupancies on the freeway stretch, 
1
ˆ ˆ

T

mO O 
 

O is a 

subset of o  that comprises m  occupancy locations for which predefined set values 

1
ˆ ˆ ˆ

T

mO O 
 

O could be given. The number of set-valued occupancies, must not be 

higher than the number of controlled on-ramps, because of control-theoretic reasons. 

Usually, one bottleneck location is selected downstream of each controlled on-ramp, 

for inclusion in the vector O . At the end, 1K  and 2K  are the constant gain matrices of 

the regulators that must be designed appropriately, see [36] and [41] for details. 

Concerning METALINE versus ALINEA efficiency, field implementations and 

simulations results have concluded in the following [35]:  

 ALINEA does not require any design effort, whereas METALINE application 

needs a sophisticated design procedure that relies on advanced control-

theoretic methods (LQ optimal control). 

 In case of urban freeways with high on-ramps density, METALINE did not 

provide advantages over ALINEA (ALINEA applied independently at each 

controllable on-ramp) under recurrent congestion. 

 In case of non-recurrent congestion (e.g. because of an incident), METALINE 

prevails compared to ALINEA, because of more completed measurement 

information. 
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There is reluctance in some system operators, to implement RM due to the possibility 

that congestion will be moved from the freeway to the adjacent street network. In 

reality, an RM application could create both positive and negative effects on the 

adjacent road network traffic. It is obvious, based on previously notions and 

declarations, that in case an efficient control strategy is applied for RM, the 

throughput of the freeway will be increased. In more details, when the rush hour 

begins, queues at the on-ramps may be created, so as to avoid congestion forming on 

the freeway, that may results in the temporarily diversion toward the urban network. 

Nevertheless, because of the avoidance or reduction of the congestion, the freeway 

will be able to accommodate a higher throughput, so the drivers from urban network 

will be attracted and the overall network performance will be improved. In the 

Corridor Peripherique in Paris, France, a specially designed field evaluation had been 

done, that depicted the positive effect of RM on the freeway and the adjacent road 

network traffic conditions [42]. 

Nonlinear optimal RM strategies prevail, compared to reactive RM strategies, because 

the latter may assist until a certain extent, but they require suitable set values, and also 

they have more or less a local character. A superior coordination level is needed for 

freeway networks or long stretches, that calculates in real time optimal and equitable 

set of values from a preventive, strategic point of view. An optimal control strategy 

like this, should clearly take into consideration: 

 the prevailing traffic state, both on the freeway and on the on-ramps 

 predictions of the demand over a sufficiently long time period 

 the restricted on-ramps storage capacity 

 constraints of RM mentioned above 

 nonlinear traffic flow dynamics, comprising the restricted capacity of the 

infrastructure 

 the incidents currently appearing in the freeway network. 

The control strategy, relying on this complete information, should deliver set values 

for the whole freeway network, over a time period, in order to respect all present 

constraints and minimize an objective criterion, like the total time spent in the overall 

network (comprising the on-ramps). 
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Appropriate dynamic models, can express the nonlinear traffic dynamics, in the form  

        1 , ,k k k k    x f x r d    (12) 

where the state vector x  includes all traffic densities and mean speeds of freeway 

sections, as well as all the ramp queues; the control vector r  includes all controllable 

ramp volumes; and the disturbance vector d  includes all on-ramp demands and 

turning rates (at network bifurcations or at off-ramps). The constraints of RM are 

given by (3) and the constraints of the queue read 

   ,maxi il k l    (13) 

where il  queue length (in vehicles) for each on-ramp i . The total time spent in the 

whole system over a time period K may be defined as 
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0 1 1

K n m

s i i i

k i i

T T k l k
  

 
   

 
      (14) 

where  i k  is the traffic density (in veh km ) in segment i  at time k T . 

So, for a given current (initial) state  0x  from corresponding measurements or 

estimates, and given demand predictions  kd , 0, , 1k K  , the problem 

composes in defining the ramp flows  kr , 0, , 1k K  , in order to minimize the 

total time spent (14) subject to the nonlinear traffic flow dynamics (12) and the 

constraints (3) and (13). 

Plenty of reported works have considered and solved the previously described 

problem, and variations of it [19], [20], [43]-[44].  

Integrated freeway network traffic control comprises different types of control 

measures which coordinate. The corresponding control strategies, ordinarily are 

designed and applied independently, thus failing to take advantage of the synergistic 

impacts that may be obtained from coordination of the respective control actions. An 

appropriate extension of the optimal control approach described above, gives a 

sophisticated concept for integrated freeway network traffic control. More 

specifically, the dynamic model (12) of freeway traffic flow could be extended, so as 

to be able to incorporate more control measures, in addition to RM rates  kr . Then 
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 kr  is replaced in (12) by a general control input vector  ku  that includes all 

applied control measures of any type. An approach like this was implemented in the 

integrated, generic freeway network control tool AMOC [45], [46], where RM and 

route guidance, as also RM and VSL are considered simultaneously. 

2.2.2. Ramp Metering Effects 

In Figure 3 there are two instances for a motorway on-ramp, the first instance (a) is 

without RM, and the second (b) is with RM, where inq  is the upstream motorway 

flow, d  is the ramp demand, conq  is the mainstream outflow in presence of 

congestion, and capq  is the freeway capacity. If congestion exists, it is known that conq   

 

Figure 3: Two instances: (a) without RM and (b) with RM, the grey areas show 

congestion zones. 
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is lower by some 5%-10%, compared to the motorway capacity [1]. In Figure 3(b), 

RM is implemented, so as to keep capacity flow on the mainstream. An impact of RM 

is the creation of a queue at the on-ramp, but because capq  is higher than conq , RM has 

as a result the reduction of the total time spent (incorporating the waiting time at 

ramps). The total time spent improvement on sT  (in %) [47], is given by 

 

 
100

cap con

s

in con

q q
T

q d q


 

 
   (15) 

In Figure 4 there are two instances of a motorway stretch that contains an on-ramp 

and an off-ramp, the first instance (a) is without RM control, and the second (b) is 

with RM control. The assumption that con capq q  is considered, i.e., no capacity drop 

phenomenon because of congestion, so as to clearly distinguish the different impacts 

of RM. The part of the upstream flow that leaves at the off-ramp, is defined with the 

exit rate  0 1   , so it can be easily proved [47] that the exit flow with no control 

 

Figure 4: Two instances: (a) without RM and (b) with RM. 
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is given by  
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
   (16) 

whereas with metering control  

 rm

ins q   .  (17) 

For the reason that  1 in capq d q    holds (otherwise no congestion would have 

been created), it follows that ncs  is less than rms , so RM increases the outflow thus 

decreasing the total time spent in the system. The improvement of the total time spent 

in this case can be easily shown that is equal to 

 100sT     .  (18) 

The selection of the routes, from the road users, toward their destinations, has as a 

goal, the minimization of their individual travel times. In case a control measure (e.g., 

RM) is introduced that might affect the delay experienced in some network links (e.g., 

on-ramps), a part of the drivers consequently will change their ordinary route, so as to 

take advantage from, or avoid disadvantages due to the new network conditions. In 

Figure 3(b), for example, the upstream flow inq  will possibly increase, whereas the 

ramp demand d  will decrease as compared to Figure 3(a). The route choice behavior 

of drivers is predictable to a large extent, so RM could be used also in order to enforce 

an operationally desired traffic flow distribution in the whole network, e.g., rat-

running phenomenon avoidance, increased or decreased use of underutilized or 

overloaded, respectively, parallel arterials, etc. For sure, the amended routing 

behavior of drivers should be taken into consideration in the design and evaluation 

procedures of RM control strategies. 

Many field evaluation conclusions (see e.g., [48]) depict that RM enhances the 

merging behavior of traffic flow at freeway intersections which possibly have an 

important positive effect on traffic safety because of less lane changes and decreased 

driver stress. In addition, the network efficiency increase is anticipated to lead to 

accordingly improved network traffic safety and reduced pollutant emissions to the 

environment. 
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2.3. Variable Speed Limits 

This section includes an overview of VSL strategies, a description for the 

fundamental diagram and the VSL impacts. 

2.3.1. Overview of VSL strategies 

Field implementations of VSLs are numerous; the oldest one dates from the 1960s, in 

USA [49]. Some of the countries that have implemented VSL are Australia, Canada, 

England, Germany, Greece, USA, Sweden [50], [51], [52], [53]. The scope of this 

section is not to describe in detail the VSL implementations, but to present the main 

common characteristics of VSL strategies. 

VSLs are used to define the maximum or in some cases the minimum speed, at which 

vehicles can legally drive on specific motorway stretches, and they are changed, 

taking into account the current traffic and weather conditions. The speed limit in each 

location is indicated with VMS on appropriate gantries, or on roadside poles, that are 

usually spaced 0.5-2 km. Across work zones, VSLs are displayed on portable trailers, 

that allow drivers to keep the most efficient and safe speeds, so as not to put 

themselves, the others drivers and the workers in danger. VSLs can be used either as a 

standalone system or as a part of a managed motorway, such as a congestion 

management system. 

The biggest part of the mentioned VSL systems, have a common structure. Firstly, 

they have the data collection and processing, then the control algorithm or decision 

logic, and at the end the display. Among these elements there is a communication 

system, for data exchange. 

The data collection procedure is performed with various types of detectors and 

sensors, according to the application. Normally, traffic detectors are measuring, 

speed, flow and occupancy. Many applications use as inputs weather conditions, thus 

measurements like temperature, rain and snow intensity, humidity, wind speed and 

direction, are important. Surface measurements, i.e., measurements of pavement 

conditions, like wet, salted, snowy, are sometimes helpful, for some applications. 

After the data collection, data are processed and then transmitted to the control logic 

of the system. At this stage, faulty or missing data is treated. Events like, congestion, 

incidents, constructions are affecting the system operation. 
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The control logic, of a VSL system is the most important part of the system, and 

makes it responsive to dynamic conditions. The biggest limitation in most of VSL 

systems is the control logic. The problem is, that VSL systems rely on simple 

threshold based control logics, but these thresholds are very sensitive to day-to-day 

stochastic variations, requiring tuning of the parameters, which is a painful procedure. 

In addition, most of the strategies were designed with a lack of a proper knowledge on 

VSL traffic impacts and on the operation which lead to successful objectives. The 

control logic contains the application of coordination between displayed VSL, and the 

application of standard rules and restrictions. VSL systems are usually automated, but 

nevertheless, manual operators are also considered, together with a closed-circuit 

television system. 

Display updating is common every one or two minutes. The display of the speed 

limits is in speed intervals of multiples of 5 and 10, for miles per hour and kilometers 

per hour, respectively. In some implementations, not only the VSL is displayed, but 

also the minimum admissible speed limit. Sometimes there are auxiliary signs which 

provide the users with real time information, like advices, warning messages and 

others, that seem to improve the operation and the users’ perception about the system. 

Variable speed limits can be either advisory or mandatory, but usually are mandatory, 

i.e., they must be obeyed by the law, and in some cases they are automatically 

enforced, for better driver compliance. 

There are numerous VSL objectives that can be categorized in three groups: improve 

safety, more efficient use of highway and environmental effect reduction. It is usual 

for some systems to have objectives that belong to more than one of the three 

aforementioned groups. Most of the systems are focusing on safety improvement, so 

they are displaying appropriate speed limits, encountering traffic conditions. For the 

cases of safety improvement, some specific objectives are: reduction of driver error, 

maximization of driver compliance, infractions reduction. The systems that aim to 

highway efficiency improvement, aim to reduce the travel times by stabilizing the 

traffic flow, because of more uniform speeds. So far, very few applications indicate a 

traffic flow efficiency improvement, and if there is an improvement, it is very small. 

Concerning the reduction of the environmental effect, very few systems are 

considered it. There are some applications that reported a very small reduction on 
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pollutants emissions. Further research based on environmental aspects is needed, see, 

e.g., [54], [55]. 

The conclusions from existing VSL applications are not clear. Concerning the 

accidents rates reduction, in some applications it reaches the 20-30 percent, whereas 

on others applications the reduction is minor. In most applications the average speed 

and lane changing is reduced, the drivers’ compliance is increased and the distribution 

of lane use is better. Improvements on the traffic flow throughput and reductions of 

travel times are, if any, minor. 

2.3.2. Fundamental Diagram Description 

The fundamental diagram represents approximately the traffic flow states in the 

steady state (i.e., traffic conditions changes are minor in space and time), in a given 

road-section, and can be a flow-occupancy or flow-density diagram, which have an 

inverse U shape, or a speed-flow diagram, which has a left-turned U shape, (see 

Figure 5). For the case of a flow-occupancy diagram (see Figure 5(a)), the mean speed 

of a particular traffic state is proportional to the slope of the line that connects the 

particular traffic state point with the origin. For the production of a fundamental 

diagram for a specific motorway location, traffic variables measurements (flow,  

 

Figure 5: α) Flow-occupancy and, b) speed-flow diagrams, where: q  is flow (

veh h ), o is occupancy (%), v  is mean speed, capq is capacity flow, cr
o is critical 

occupancy, fv  is free speed, and cr
v is critical mean speed. 
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occupancy, mean speed) are needed, that are fitted in an appropriate mathematical 

function. However, if the underlying spatiotemporal traffic flow phenomena are not 

considered appropriately, the procedure of the fundamental diagram production may 

lead to faulty results. More specifically, in order to be able to recognize the area 

around the critical occupancy (capacity flow), using real data, measurements from 

active bottleneck locations are required (see [15] for more details). 

2.3.3. VSL Effects 

This section contains a description of the preliminary results and the potential VSL 

impact.  

2.3.3.1. Preliminary Results 

In the past, there were very few investigations reporting the exact impact of VSL on 

aggregate traffic flow behaviour, e.g., on the fundamental diagram (flow-density 

curve). Zackor [56], summarized some early investigations, using traffic data with and 

without VSL, for a two-lane German motorway. A speed homogenization is observed, 

for individual vehicles, and for motorway lanes, under the impact of VSL. Zackor’s 

results are helpful for a better VSL impact comprehension on individual vehicle speed  

distribution, whereas the impact of VSL on aggregate traffic flow behavior is not of 

the critical occupancy or critical density, under the impact of VSL.indicated. This 

notification was reported also in [56], but somehow in a qualitative way. In Figure 

6(a) it is depicted 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 

stabilizing effect. Thus, both capacity and speed rise by about 5 to 10 percent at the 

same time” [56]. Zackor [56] did not address the potential increase of the critical 

occupancy or critical density, under the impact of VSL. 

Figure 6(b) depicts the VSL-induced fundamental diagram change, using a 

quantitative model proposed in [57]. The results addressed in [56] were the basis for 

this proposal. b  in this figure is the ratio of the applied VSL divided by the free speed

fv  without considering VSL; b  equal to 1, by convention, corresponds to no-VSL 

case. The depicted capacity flow increase is rather excessive. Some later Dutch 

investigations did not observe any capacity increase, that could be assigned to 

VSL[58], although under advisory and not mandatory VSL. 

In more lately research concerning VSL control, the considered VSL impact was to 
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Figure 6: α) Fundamental diagram change due to speed limits [22]; b) Cremer 

model for VSL impact [23], where b = 1, corresponds to no speed limit, b = 0.8 

corresponds to VSL = 0.8 , and b = 0.6 corresponds to VSL = 0.6 ; c) Hegyi model 

for VSL impact. 

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

corresponding to the displayed VSL, (see Figure 6(c)) [59]. Various subjects 

concerning the impact of VSL in modelling and control have been explored recently, 

see, e.g. [50], [60], [61], [62]. 

Concluding, the empirical proof seems to be very limited, and in fact no real 

consensus on the possible impact of VSL on aggregate traffic flow behavior. The 

prospects of VSL impact, along with a summary of the basic findings by [10], are 

following below. 

2.3.3.2. Mean Speed Reduction at Undercritical Occupancies 

The assumption that a VSL, displayed at undercritical occupancies, will decrease 

(with the appropriate driver compliance) the (otherwise higher) mean speed (Figure 

7(a)), seems to be reasonable enough. The displayed VSL and the driver compliance 

are likely to be responsible for the range of this effect. The VSL-affected states serve 

the same flow but at lower speed and higher occupancy, that entails increased travel  
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Figure 7: α) Potential impact of VSL on undercritical mean speeds; b) diagrams 

cross-point, with and without VSL. 

times accordingly. The implementation of VSL at undercritical occupancies is very 

possible to increase travel times and as a result exacerbate traffic flow efficiency. The 

state transition described above, when implementing VSLs at undercritical 

occupancies, could be exploited in a different way. When VSLs are implemented 

upstream of a bottleneck, that soon is going to become active, provisionally (for the 

traffic state transition period, triggered by the VSL) will decrease the mainstream 

flow arriving in the bottleneck area, and as a result, the bottleneck activation and the 

resulting congestion are retarded. The reason of the temporary flow decrease, during 

the VSL-triggered traffic state transition, is that in the VSL state, the occupancy (and 

density) is higher than in the non-VSL state. Thereby, the flow is 

temporarilydecreased during the transition, to create the higher traffic density of the 

VSL state. This VSL impact is the main one exploited by Hegyi [59]. 

A significant issue is that the impact of VSL activation upstream of a possible 

bottleneck at undercritical occupancies, as depicted in the state transition of Figure 

7(a), presents many similarities with the impact of local RM, in the case of limited 

ramp storage space. The similarities are following: The mainstream flow arriving at 

the bottleneck area, during the state transition of Figure 7(a), is decreased similarly to 

RM, with the difference that the ramp flow is decreased instead of the mainstream 

flow, so as to avoid or delay the congestion onset of the merge area. The mainstream 

density during the state transition of Figure 7(a), is increased similarly to RM, with 

the difference that in RM the vehicles are stored in the ramp and not in the 

mainstream. When the state transition has been finished, the mainstream flow returns 

to its pre-transition values (nearly equal to the upstream arriving mainstream 
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demand), similarly to RM where the ramp queue is released, when it covers the whole 

ramp, so as to avoid interference with the adjacent motorway. In more details, when 

the free storage space is about to be exhausted, RM actions are stopped and queue 

control is activated, trying to keep a maximum admissible ramp queue (see [4], [63], 

[64]), where the ramp outflow becomes significantly equal to the arriving ramp 

demand. When the state transition has been finished, the mainstream density keeps its 

increased value similarly to RM, where the queue of the on-ramp remains full until 

the arriving demand falls to sufficiently low values.  In case of VSL activation 

upstream of a mainstream bottleneck in undercritical conditions, delays are produced 

for the concerned vehicles, due to the lower speed, similarly to RM, where the 

vehicles queueing on the ramp are delayed, but this impact is compensated by the 

avoidance or retarding of the bottleneck congestion and its related vehicle delays. 

A theoretical analysis of VSL and RM application, and their similarities, are referred 

in [65], [66]. 

2.3.3.3. Throughput Increase and Congestion Delay at Overcritical 

Occupancies 

The flow-density curves (for VSL and non-VSL), according to the Hegyi model [59] 

(Figure 6(c)), meet but do not cross, whereas according to Zackor [56], there is a 

genuine cross-point of both curves, somewhere near the critical occupancy (Figure 

6(a)). If indeed there are cross-points, they likely lie at increasing occupancy values 

for decreasing VSL, due to the accordingly decreasing slope of the undercritical VSL-

affected curves. It is possible that there is no cross-point for very low VSL. Since the 

VSL impact is assessed at occupancies near or higher than the cross-point, the 

following, partly overlapping questions are essential. 

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

occupancy? 

 Are VSL-induced critical occupancies higher than their non-VSL 

counterparts? 

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

counterparts? 

 Is there a flow capacity increase for some VSL? 
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The above aspects are partly examined by [10], and the corresponding conclusions are 

summarized in the following section. 

2.3.4. Variable Speed Limit Impact on Aggregate Traffic Flow 

Behaviour 

The variable speed limits impact on aggregate traffic flow behaviour, in the form of 

the flow-occupancy diagram, was studied in [10], using traffic data from a European 

motorway, where a flow/speed threshold-based VSL control algorithm was 

implemented. The basic interest of this work was to confirm some long-held 

conjectures (Section 2.3.3) concerning the VSL impact on the shape of the flow-

occupancy diagram. 

Some conclusions of the work reported previously, are summarized in what follows. 

 When speed limits are implemented at undercritical occupancies, they have 

the effect of decreasing the slope of the flow-occupancy diagram. In addition, 

the smaller the imposed speed limit, the larger the decrease in the slope of the 

flow-occupancy diagram. This impact may be helpful to keep the traffic flow 

back and retard the congestion onset at downstream bottlenecks, as discussed 

in Section 2.3.3.2. 

 The VSL-affected flow-occupancy curve intersects (at least for some VSL) the 

non-VSL curve, and the critical occupancy is moving to higher values in the 

flow-occupancy diagram. The most cross-points were depicted to lie around or 

beyond the non-VSL critical occupancy. This impact could be used to keep 

more vehicles in the motorway, without getting into the congestion. These 

cross-points reveal that the mean speed at overcritical densities is higher when 

a speed limit is imposed than in no-VSL cases, and a reason of that may be 

due to the homogenization effects, that were discussed earlier. 

 Concerning the possible capacity flow increase, the data investigation was 

rather inconclusive, because while a slight increase is visible for some VSL at 

some locations, at other locations there is no observable capacity increase for 

any VSL value. An appropriately designed control strategy, for throughput 

maximization could be used at the locations where VSL yield a capacity 

increase, as practiced in [67]. 
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 For sufficiently low VSL values, capacity flow is lower in the fundamental 

diagram compared with the non-VSL cases, independently of the fact that 

capacity flow may increase for some VSL values or not. This effect has as a 

result the deliberately creation of a controllable mainstream congestion with 

benefit upstream of an uncontrolled potential bottleneck, to avoid its activation 

and the throughput reduction, because of the capacity drop. 

2.4. Mainstream Traffic Flow Control  

This section consists of the basic MTFC concept, its implementation as well as its 

integration with RM. 

2.4.1. MTFC Basic Concept  

The basic idea of MTFC is to regulate the mainstream traffic flow upstream of a 

bottleneck location with a suitable control strategy, so as to avoid capacity drop. In 

Figure 8, a local aspect of this basic idea is illustrated. As long as down

in capq q  holds, 

the bottleneck in Figure 8 is not activated (and no MTFC is needed): In that case 

out inq q . The bottleneck would be activated in case inq  becomes higher than down

capq , 

causing the reduction of outq . Using MTFC, a controlled outflow cq is implemented 

equal to the bottleneck capacity (or less if the bottleneck is because of a merging on-

ramp). Clearly, MTFC cannot avoid mainstream congestion completely because

down

in capq q ; nevertheless it has some benefits as follows. 

 The congestion outflow in the MTFC case is bigger than in the no-control 

case, because the capacity drop is avoided; thus the harmful effects of capacity 

drop are reduced. 

 Because of the bigger outflow with MTFC, the created congestion in the 

MTFC case (a) has higher internal speed and (b) compared to the no-control 

case is space-time shorter. As a result the harmful effects of BOR are 

potentially improved, because of blocked off-ramps reduction. 

The effects of BOR cannot completely avoided with MTFC, because anyway the 

MTFC strategy leads to a (controlled) mainstream congestion. Hence, MTFC is less 

efficient than RM (with sufficient on-ramp storage space), which is able to completely  
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Figure 8: MTFC local aspect. 

avoid congestion. However, the simulation results reported in [68] and [69] indicate 

that the difference in terms of cost function may be small.  

The reason of the capacity drop phenomenon occurrence, seems to be the need for 

vehicles to accelerate from low speeds within the bottleneck congestion to higher as 

they reach the congestion head [70]. As shown in Figure 8, a mainstream controlled 

congestion will be created upstream of the flow control location and vehicles exiting 

this controlled congestion area will have a relatively low speed, that is possible to be 

lower than the critical speed crv  leading to bottleneck capacity flow down

capq  (Figure 

5(b)). In order to achieve to have capacity flow down

capq  at the downstream bottleneck 

area Figure 8, vehicles must be permitted to accelerate to the critical speed crv  (around 

70 km h ), i.e., the speed that succeed capacity flow, and get in the downstream 

bottleneck area with a critical speed around  crv . Considering all the above, the head 

of the intentionally produced mainstream congestion (i.e., the location of the 

mainstream flow control) should be located sufficiently upstream of the addressed 

bottleneck. A distance of about 700 m should be appropriate for vehicles to accelerate 

from low speeds to 70 km h , taking into account Figure 2.7 of [71]. In case of 

absence of acceleration area, the capacity drop might not be avoided, and this is the 

most possible reason for having very small improvements in [72]. 

The meaning of the acceleration area proposed length, is to consider it as an upper 

limit, which should suffice even if the appropriate controlled mainstream flow cq  is 
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very low. In case cq is lower but close to down

capq , the vehicles leaving the controlled 

congestion area will have a relatively increased speed, thus it would not be necessary 

to accelerate significantly. In order to have an efficient traffic flow through the 

bottleneck for any value of cq , i.e., for any vehicle speed, it is prudent to post a 

suitable speed limit for vehicles getting in the acceleration area, as also for vehicles in 

the downstream bottleneck area. 

The MTFC concept can be applied to many types of motorway bottlenecks. An on-

ramp merge bottleneck is one of the most ordinary types of bottleneck. Other types of 

bottlenecks are: merging motorways, lane-drop areas and work zones, strong 

curvatures, tunnels, bridges, strong grades, and strong weaving sections. 

2.4.2. Implementation of MTFC  

The controlled outflow cq , delivered by the MTFC strategy, can be implemented on 

the motorway mainstream using three alternative actuators. 

The first alternative actuator is special green-red traffic signals, one for each 

mainstream lane. They are located on suitable gantries above the motorway and are 

operated with asynchronous phasing as proposed and tested in [70]. The traffic cycles 

of the signals are very short, with green phases permitting just 1-2 vehicles to pass at 

a time, in contrast to urban junctions traffic lights. Thus, vehicles coming from 

upstream may not have to stop (as in front of urban traffic lights), but instead just 

slow down as needed so as to create the ordered controlled mainstream flow cq . 

Traffic lights is the most immediate and direct actuator for MTFC, however 

appropriate campaigns may be needed in order to make the new control measure 

familiar to the road users, and also some related traffic regulations might have to be 

changed. 

The second alternative actuator is variable speed limits, which is the actuator used in 

this thesis. This actuator could be used to slow down the motorway traffic flow 

sufficiently so as to produce the ordered controlled mainstream flow cq . The VSL 

range utilized in the majority of current installations does not overcome  60,120  

km h , which is not enough for the implementation of low values of controlled flows 

cq . Consequently, the lower admissible bound of the usual range of implemented 
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VSL should be decreased for MTFC, and appropriate campaigns should inform the 

road users on the rationale and usefulness of MTFC system, so as to make the 

compliance to the displayed VSL higher. 

Emerging vehicle-infrastructure integration systems is the third alternative actuator. 

Also this actuator could be used, in the same way as VSL above, to slow down 

equipped vehicles, so as to produce the ordered controlled mainstream flow cq . An 

issue that appears for this actuator is that an investigation must be done concerning 

the required penetration level of equipped vehicles for appropriate operation. 

The actuators described above should not be activated for the period that MTFC is not 

needed (e.g., in the free flow period). Upstream of the MTFC area suitable pre-signals 

and messages on variable message signs should be applied before the actual activation 

of the actuator (e.g., in the beginning of the peak period), so as to warn arriving 

drivers for the impending activation. However, the same pre-signals and messages 

should not stop warning arriving drivers, also during MTFC, concerning the applied 

mainstream traffic control further downstream.   

2.4.3. Integrate MTFC with RM 

MTFC can be suitably developed as a stand-alone control measure, but also as a 

combination with available or new RM. In case of combination with available or new 

RM, the developed integrated control strategy should be capable to: 

 combine MTFC with every available control measure, in order to succeed 

efficiency and equity; and 

 permit for easy implementation of several operational policies or 

specifications. Some examples of this could be that MTFC will be active only 

if RM is close to become inactive because of full on-ramps; or MTFC will be 

active only if the on-ramp waiting time, due to RM, overcomes a pre-

specified threshold; or MTFC and RM might enable a predefined division of 

capacity; or a predefined distribution of delays among mainstream and on-

ramps vehicles (see also [73]). 

2.5. Traffic Flow Model Formulation 

METANET [74], the traffic flow model used in this thesis, is a macroscopic second-

order traffic flow model. It has been validated for numerous networks (see e.g. [18], 
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[75]) using real traffic data and it was found to reproduce the real traffic conditions 

(free flow, critical, congested) with notable accuracy. METANET comprises the 

model without taking into account VSL control measures, whereas in this thesis VSL 

control measures are also incorporated in the model as suggested by [76]. 

2.5.1. Introduction 

A directed graph represents the motorway network. The graph nodes are placed at 

locations where a major change in road geometry occurs, as well at junctions, 

bifurcations, on-ramps and off-ramps. The graph links represent motorway stretches. 

Each link has homogeneous geometric characteristics, i.e., number of lanes, curvature, 

no on-ramps or off-ramps. 

The aggregate traffic behavior at certain times and locations is defined by appropriate 

variables. The time and space arguments are discretized. The discrete time step is 

defined by T  (typically 10T  s). A motorway link m  is divided into mN  segments 

of equal length mL  (typically 500mL   m). The traffic in each segment i  of link m  at 

discrete time , 0,1, ,t kT k K  , is macroscopically characterized via the following 

variables: The traffic density , ( )m i k (in veh km lane ) is the number of vehicles 

traveling along segment i  of link m  at time t kT , divided by mL  and  by the 

number of lanes m ; the mean speed , ( )m iv k (in km h ) is the mean speed of the 

 

Figure 9: Discretized motorway link. 
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vehicles included in segment i  of link m  at time t kT ; and the traffic volume or 

flow , ( )m iq k (in veh h ) is the number of vehicles leaving segment i  of link m during 

time period  , ( 1)kT k T , divided by T . 

2.5.2. Modeling of the Motorway Link 

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

time step k  by the following equations: 

 
       , , , 1 ,1m i m i m i m i

m m

T
k k q k q k

L
 




       (19) 

      , , ,m i m i m i mq k k v k   (20) 
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 (21) 
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 (22) 

where equation (19) reflects the conservation equation, equation (20) reflects the 

flows to be replaced in (19), equation (21) reflects an empirical dynamic mean speed 

equation, where equation (22) must be replaced, equation (22) reflects the static 

speed-density relationship corresponding to the fundamental diagram, and   which is 

a time constant,   which is an anticipation constant and  , are model parameters that 

are the same for all the network links. For increased accuracy under certain 

conditions, two additional terms could be added to equation (21) [18]. 

The model without the VSL impact comprises three link-specific constant parameters 

in the speed-density curve (22). These parameters are the free speed ,f mv  encountered 

at zero density ( , 0m i  ), the critical density ,cr m  at which traffic flow is near to 

capacity ,cap mq , and m . The capacity of the fundamental diagram (flow-density curve) 

is given by combining equations (20)-(22) under stationary (i.e.,    , ,1m i m iv k v k   ) 

and spatially homogeneous (i.e., , 1 ,m i m iv v   and , 1 ,m i m i   ) conditions for 

, ,m i cr m   (i.e., the critical density). 
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  , , , exp 1cap m f m cr m mq v      (23) 

2.5.3. Modeling VSL impact 

The impact of VSL can be incorporated in the previously described link model, taking 

into account the assumption that in each link, a single VSL value (if any) is displayed. 

In real field implementations, the number of the VMS depends on the link length. 

Nevertheless the above assumption is not very restrictive, for two reasons. The first 

reason is that if a higher spatial resolution of VSL is desired, then maybe the links 

should be selected accordingly short. The second reason is that if a lower resolution of 

VSL values is desired it is likely for the user of the related software tools METANET 

(simulator) and AMOC (optimal control, see Section 2.6) to produce clusters of links, 

where each cluster will have the same VSL value. 

The VSL values are reflected to the link-specific VSL rates  mb k , that prevail, by 

definition, during   , 1kT k T . The VSL rates correspond to naturally control 

variables, with an allowable value range   min, ,1m mb k b   , where  min 0,1b  is a 

lower allowable bound for VSL rates. Below, the appropriate incorporation of the 

previously defined VSL rates into the link model (19)-(22), is executed. Following the 

lines of previous works ([59], [77], [78]), the incorporation is implemented by 

rendering the static speed-density relationship (22), mb -dependent. Based on available 

real data, evidenced in [10], [76] this is enabled by rendering the three parameters 

included in (22) mb -dependent using the following linear function: 

    , , ,f m m f m mv b k v b k     (24) 

and using the following affine functions: 

     , , 1 1cr m m cr m m mb k A b k            (25) 

      1 ,m m m m m mb k E E b k            (26) 

where ,f mv , ,cr m , m  denote the specific non-VSL values for these parameters as in 

(22), whereas mA  and mE  are constant parameters that are estimated based on real 

data. 
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Equation (24) disclose that mb  is equal to the VSL-induced 
,f mv  divided by the non-

VSL ,f mv  or approximately equal to the displayed VSL divided by the legal speed 

limit without VSL. As a result, if   1mb k  , there is no VSL applied , else   1mb k  . 

The parameters of equations (24)-(26), are taking their non-VSL values, if   1mb k  .  

For 0mA  and 1mE  , equations (25) and (26) propose that 
,cr m  and m

  are affine 

increasing functions for decreasing mb  beginning from their non-VSL values for 

  1mb k  . 

Equation (22) is replaced for the extended model by: 
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 (27) 

and the VSL-induced capacity flow is defined by:  
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, , ,

1
expcap m m f m m cr m m

m m

q b k v b k b k
a b k
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                    

. (28) 

Traffic data from a European VSL-equipped motorway location, were used to 

calibrate the extended speed-density curve (27) that includes equations (24)-(26) [76]. 

The legal speed limit in this motorway is 70 mph and the applied VSL values are 60 

mph, 50 mph, and 40 mph, that correspond to VSL rates  1,0.86,0.71,0.57mb  . The 

calibration procedure gave different parameter values for different motorway 

locations; namely for some locations the real data and resulting values of A and E

show a VSL-induced capacity  ,cap m mq b  increase, for some VSL values, compared to 

the non-VSL capacity ,cap mq , whereas at other locations, capacity increase was not 

notified for any VSL.  

2.5.4. Modeling of the Origin Link 

Origin links are links that receive traffic demand od and forward it into the motorway 

network. For the modelling of these links, a simple queue model is used (Figure 10).  
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Figure 10: The queue model of the origin link. 

The origin link outflow oq  depends on the arriving demand, on the corresponding 

mainstream segment  ,1  traffic conditions, and on the RM control measures 

existence. In case RM is applied, the outflow  oq k leaving origin o during period k  

is a portion  or k  of the outflow  ˆ
oq k that would leave without RM. The value of 

  min, ,1o or k r   , is the metering rate for the origin link o , i.e., a control variable 

where min,or  is a minimum admissible value. No RM is applied if   1or k  , else 

  1or k  . The following conservation equation describes the queuing model: 

        1o o o ow k w k T d k q k      , (29) 

where   ow k veh  is the queue length in origin o at time kT , and   od k veh h  is 

the demand flow at o . The outflow  oq k is defined with the following equation: 

      ˆ
o o oq k r k q k  (30) 

with 

       ,1 ,2
ˆ ˆ ˆmin ,o o oq k q k q k  (31) 

and 

      ,1
ˆ

o o oq k d k w k T   (32) 
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where  oQ veh h is the capacity flow of the on-ramp, i.e., the maximum possible 

outflow of the on-ramp, under free-flow traffic conditions in the mainstream, and 

 max veh km lane is the maximum density in the network. The uncontrolled outflow 

 ˆ
oq k , according to equations (31)-(33), is defined by the current origin demand if 

   ,1 ,2
ˆ ˆ

o oq k q k , else it is defined by the geometrical capacity oQ  (if the mainstream 

density is undercritical, i.e.,  ,1 ,crk   ), or by the decreased capacity because of 

mainstream congestion (if  ,1 ,crk   ). 

2.5.5. Modeling of the Node 

Nodes represent motorway junctions and bifurcations, encompassing on-ramps and 

off-ramps. Through a number of input links, traffic flow enters a node n  and is 

distributed to the output links according the equations below: 

    ,

n

n

I

Q k q k








   (34) 

    ,0 ( )m

m n nq k k Q k  nm O   (35) 

where nI is the set of links entering node n , nO  is the set of links leaving n ,  nQ k is 

the total traffic volume entering node n  at period k ,  ,0mq k  is the traffic volume that 

leaves n  via out-link  m , and  ( ) 0,1m

n k  is the portion of  nQ k  that leaves n  

through link m (turning rates). 

The upstream impact of the downstream link density, at a network node n  (e.g. in 

case of congestion spillback), has to be taken into consideration in the last segment of 

the incoming links. This is done via: 
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, (36) 

where  , 1mm N k   is the virtual density downstream of any entering link m  to be used 

in equation (21) for mi N  and  ,1 k  is the density of the first segment of the 

leaving link  . The reason of the quadratic form existence is to account for the fact 
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that congestion on one leaving link may spill back into the entering link even for the 

case that there is free flow in the other leaving links. 

In addition, the downstream impact of the upstream link speed, at a network node n , 

has to be also taken into account, according equation (21) for 1i  . The flow-

weighted average is used to calculate the required upstream mean speed value: 
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, (37) 

where  ,0mv k  is the virtual speed upstream of any leaving link m that is needed in 

equation (21) for 1i  . 

2.5.6. General Dynamic Model 

A non-linear macroscopic discrete-time state-space model is obtained, by connecting 

the above developed equations, for the whole network  

        1 , ,x k f x k u k d k     ,   00x x , (38) 

where x  is the state vector,  u  is the control vector, and d is the disturbance (external 

variable) vector. The state vector comprises of the densities ,m i , the mean speeds 

,m iv  of every segment i of every link m , and the queues ow  of every origin o . The 

control vector comprises of the VSL rates mb  of every link m  where VSL are applied, 

and of the RM rates or  of every origin o that is metered. The disturbance vector 

comprises of the demand od  at every origin o and the turning rates 
m

n  at every 

bifurcation node .n  

2.6. Optimal Control Problem Formulation 

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

time dynamic optimal control problem, over a given optimization horizon  pK , with 

constrained control variables. A feasible-direction algorithm is used for solving this 

problem, which is efficient even for large-scale networks ([79], [22]). An extended 

version of the open-loop optimal control tool AMOC, incorporates the above 

extended formulation (to incorporate the VSL impact) and the numerical solution 

algorithm [20]. This tool can consider, coordinated RM, system optimum route 
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guidance, variable speed limits (using the extension introduced via equations (24)-

(27), and integrated control combining simultaneously all the control measures. 

The general discrete-time formulation of the optimal control problem is given as 

follows: 

Given disturbance predictions   , 0,1, , 1pd k k K   and the initial state  0 0x x , 

minimize 
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subject to equation (38) and the inequality constraints imposed on the ramp metering 

rates   min, 0 1or r k   and the VSL rates  min, 1m mb b k  . 

The total time spent (TTS) by all vehicles in the network (including the waiting time 

experienced at the ramp queues) can be selected as the cost criterion, which is a 

natural objective for the traffic system. A penalty term may be used to suppress high-

frequency oscillations of the optimal control trajectories. 

The exact cost criterion used as (39) is written below: 
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, (40) 

where ba  and ra  are weighting factors for the corresponding penalty terms. 

As the problem is nonconvex, the solution determined by AMOC may reflect a local 

minimum; however, previous works demonstrate that good solutions (from an 

application point of view) can be found. The solution of AMOC consists of the 

optimal VSL rate trajectories as also the corresponding optimal state trajectory. The 

solution algorithm can account for control variables that change less frequently their 

values than the state variables. Moreover, to speed up the solving algorithm 

convergence, links can be grouped in clusters that have the same VSL rates. 

The AMOC extension [68], that takes into account VSL rates, necessitated the 

specialized and rigorous incorporation of accordingly extended generic necessary 
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optimality conditions along with the corresponding Jacobian matrices, etc. Thus 

AMOC has become a universal optimal control tool that is immediately applicable to 

any, (even large-scale) motorway network to deliver optimal control results with low 

enough computational effort, that would allow for a real-time application of the tool. 

The above tool characteristics show a clear progress, compared to most previous 

works concerning optimal VSL control. 

In conclusion, the reasons of taking ideal solutions in a simulation environment, by 

the optimal control problem are the “perfect” model, the exact knowledge of (future) 

disturbances (demands and turning rates) and the lack of some VSL constraints. The 

optimal control solutions for sure cannot be outperformed (in simulation) by any other 

control strategy, however can be used to evaluate the efficiency of other strategies, 

under different scenarios. 

2.7. Model Parameter Calibration 

The procedure of model parameter calibration aims at enabling the macroscopic 

model of the motorway network to represent traffic conditions with sufficient 

accuracy. The unknown parameters estimation, contained in equation (38) is not a 

trivial task, because the system equations are highly nonlinear in both the parameters 

and the state variables. The most ordinary approach is the minimization of the 

discrepancy between the model calculations and the real process data in the sense of a 

quadratic output error functional [18], [75], [80]. The measurable output vector of the 

non-linear system (38), is defined by y  (typically consisting of flows and mean 

speeds at various internal motorway locations), which may be related to the model 

state via 

     ,y k g x k p    . (41) 

So, the parameter estimation problem can be formulated as a least-squares output 

error problem:   

Given the disturbance and control vector trajectories, the measured process output 

 my k  for some  1,2, ,k M K  , and the initial state 0x ; find the set of 

parameters p minimizing the cost functional 
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      
2

m

k M Q

J p y k y k


   (42) 

subject to (38) and (41), where Q is a positive definite, diagonal matrix. 

The value of M  may be a subset of the simulated points because usually the 

simulation step is set to a value, e.g. 5T  s, that is less than the utilized measurement 

interval, i.e., 60s . The selected region of the model parameters is a closed allowable 

region of the parameter space that may be defined on the basis of physical 

considerations. An appropriate nonlinear programming routine named Nelder-Mead is 

used to determine the optimal parameter set, which is a derivative free method and is 

suitable for the calibration of macroscopic traffic flow models [81]. For each selection 

of a new parameter vector p , the corresponding value of the performance criterion  

(42) is calculated by a simulation run of the model equations as depicted in Figure 11. 

In [18] it has been shown that the model is most sensitive with respect to the values of 

the parameters used in the fundamental diagram (22). The parameter vector consists 

of the free speed ,f mv , the critical density ,cr m  and ma , for every link m , and the 

parameters  ,  ,  ,  ,  , minv  and max  that are common for all the network links. 

Sometimes, for the reduction of the parameter vector dimension, some of the common 

parameters are taking constant values based on previous experience. The calibration 

tool that was used is CALISTO [82]. 

 

Figure 11: Performance criterion calculation. 
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3. MTFC for Multiple Bottlenecks 

 

In this Chapter, a new control concept with MTFC for multiple bottlenecks is 

proposed. Section 3.1 contains a literature overview of MTFC like strategies, whereas 

section 3.2 refers to multiple bottleneck inspiration and causes. Section 3.3 presents 

the necessity of the approach. The implementation aspects of MTFC are included in 

section 3.4, the feedback controller is described in section 3.5, and section 3.6 

summarizes the practical application aspects. 

3.1. Literature Overview 

The goal of MTFC is to regulate the flow upstream of a bottleneck location, in order 

to maximize throughput at the specific location. MTFC has been proposed in [68] and 

[69] and was demonstrated to lead to substantial improvement in traffic flow 

efficiency indicators. In initial investigations, a traffic-responsive control system for 

tunnel flow control had been proposed in [83]. A sag bottleneck exists in the tunnel 

(Holland tunnel between New Jersey and New York City), and it was noticed that the 

throughput was decreasing strongly, when a speed breakdown occurred. This 

corresponds to capacity drop phenomenon, in recent terminology. The reason for the 

throughput reduction was the need for vehicles to accelerate at the head of the 

forming congestion. In order to make decisions on the tunnel’s flow control, real time 

measurements from the bottleneck location were used by the system, so as to avoid 

the speed breakdown occurrence within the tunnel. The first simple feedback control 

strategies of the bang-bang type were proposed in [84] and [85], whereas more 

sophisticated heuristic feedback algorithms were suggested in [83] and [86]. The 

traffic-light-based entrance control system of the San Francisco-Oakland Bay Bridge, 

is another MTFC-like system, which was demonstrated in [87] and has been in 

operation for more than 35 years. The algorithm used [88] seems to have substantial 

similarities with the algorithm suggested in [89]. Finally, some fixed-time mainline 

control actions have been investigated in [90] and [91], using traffic lights as a new 

traffic management tool for motorways. 

Due to the fact that traffic lights on the motorway mainstream are not prevalent so far, 

researchers have considered MTFC enabled using VSL with various control strategies 
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and traffic application settings. The similarities of MTFC with RM applied to 

bottleneck locations, are described in [68]; while [69] refers to the valuable potential 

benefits of MTFC, based on suitable use of VSL, via an optimal control approach 

applied to a large-scale motorway infrastructure. The conclusion from these papers is 

that if MTFC is applied upstream of an active bottleneck location, it is able to avoid 

the capacity drop. Nevertheless, for use in real field implementation, the optimal 

control approach utilised may be cumbersome. An ALINEA-like feedback controller 

for MTFC, based on VSL, was proposed and tested via microscopic simulation in 

[72]. The improvements achieved in this work were marginal, and a possible reason is 

the absence of an acceleration area, as proposed in [68] and [69]. A feedback 

motorway traffic control using VSL, was proposed in [92], by using H-infinity control 

theory, although without clearly addressing throughput maximization at bottleneck 

locations. In [93], further suggestions have been made, but with a switching I-type 

regulator that seems to be inappropriate in delivering stable control actions. Finally, 

[24] demonstrated in a field experiment the feasibility of mainstream flow control by 

use of VSL,  albeit for a different task, namely the dissolution of moving jams. 

3.2. Multiple Bottleneck Inspiration and Causes 

The idea of this control concept is based on an extension of the feedback controller 

presented in [6], taking into account the MTFC application concept presented in [68] 

and [69] in case of multiple bottlenecks. The issue of multiple bottlenecks for the case 

of RM control was addressed in [94]. More precisely in [94], a control strategy 

applicable to local RM in presence of random-location bottlenecks downstream of a 

metered on-ramp was studied. This strategy uses a number of PI-ALINEAs, each 

provided with the measurements from a separate detector site. A suitable decision 

device is designed, in order to determine the overall RM action from all PI-ALINEAs 

outputs. The logic of this system architecture is that the random bottleneck can be 

defined by at least one detector, a little after it emerges and the PI-ALINEA output 

corresponding to the bottleneck location should become sovereign for defining the 

overall RM action. So, the new proposal combines the concepts developed in [6] and 

[94] to derive a feedback law for VSL-based MTFC addressing multiple downstream 

bottlenecks. 

There are various causes of multiple bottlenecks. Some of the causes are high demand 



68 
 

of consecutive uncontrolled on-ramps, bad weather, strong lane changing, lane drops, 

speed limit changes, etc. 

3.3. The Proposed Approach 

It has been assumed, in earlier works with MTFC, that feedback control actions taken 

for treating different bottleneck locations do not interfere with each other and can be 

handled separately. Nevertheless, sometimes this is not possible, e.g., when 

potentially active bottlenecks are in close proximity or interact with each other or are 

uncertain because of a number of possible reasons. In cases like these, the same 

MTFC system (i.e., single controlled area) should be enabled to handle multiple 

downstream bottlenecks. As a result, this calls for a suitable extension of the basic 

MTFC concept. The approach that is proposed is to specify the outflow cq  to be equal 

to the smallest outflow computed for the different bottlenecks. An important issue that 

must be addressed is the identification of the bottleneck locations. For this scope, 

availability of sufficiently dense measurements from the mainstream is required. 

3.4. MTFC Implementation Aspects  

VSL are utilized in this work as an MTFC actuator. Mainstream congestion will be 

formed upstream of the MTFC location. The vehicles exiting the congested area will 

be characterized by a speed lower than the critical speed that is needed to achieve 

bottleneck capacity flow down

capq . In order to avoid that, vehicles should be allowed (and 

encouraged) to accelerate to the critical speed crv  (about 70 km h ), i.e., the 

bottleneck location speed at which capacity flow occurs. This is realized by placing 

the head of the created mainstream congestion upstream enough of the addressed 

bottleneck so that the vehicles have the possibility to accelerate from low speeds to 70 

km h . In absence of an acceleration area, the capacity drop phenomenon may not be 

avoided [68], [69]. At this point, it is interesting to refer to the empirical field 

experiments carried out in Japanese motorways at sag bottlenecks, where drivers were 

alerted to accelerate promptly at the head of the congestion so as to reduce the 

capacity drop level [95]. 

Acceleration of vehicles in the acceleration area and in the downstream bottleneck 

area depends on cq  and on their individual speed. The goal would be to have vehicles 
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that adopt the critical speed which leads to down

capq . Thus, it is advisable to post an 

appropriate speed limit for vehicles entering the acceleration area and the downstream 

bottleneck area. In the mainstream controlled section, vehicles move slower than in 

the upstream sections; this may bear some risks for vehicles approaching with a high 

speed the tail of the congested area. VSL may therefore be used also to gradually 

reduce the speed of arriving vehicles to the level prevailing at the controlled 

congestion, resulting in a reduction of the safety risk for arriving vehicles. 

When using VSL as an MTFC actuator, some restrictions apply to the posted speed 

limits. The first restriction has to do with the VSL values: speed limits can take only 

discrete values within the range of permitted VSL (e.g., multiples of 10 km h ). A 

second issue is the speed limit difference between two consecutive posted VSL at the 

same gantry that is not allowed to be bigger than a predefined value (e.g., 20 km h ). 

Moreover, the difference of speed limits between two consecutive VSL-posting 

gantries must be considered. Finally, speed limits are not permitted to change their 

values more frequently than a predefined time interval (e.g., 1 min). This time interval 

could be used as the control period of the control strategy. 

3.5. Feedback Controller 

In the current section, the cascade feedback MTFC controller that was introduced in 

[6] is presented and an appropriate extension of this controller for the case of multiple 

bottlenecks is described.  

The feedback controller developed in [6] regulates the traffic density out  (see Figure 

8) via appropriate real-time changes of the mainstream flow cq . This is performed via 

appropriate VSL actions upstream of the bottleneck location. The flow outq  is 

maximized when out  equals the critical density cr , thus the density set-point ˆ
out  of 

the control loop has to be set equal to cr . The process to be controlled is represented 

by a single-input-single-output (SISO) system with the VSL rate b  as the control 

input and out  as the control output. 

Figure 12 depicts the MTFC cascade feedback controller structure designed in [87]. 

An integral (I) controller is included in the secondary loop while a Proportional- 
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Figure 12: MTFC feedback controller structure using VSL as actuator. 

Integral (PI) controller is included in the primary loop. The secondary loop is affected 

by the VSL rate b  delivered by the secondary controller that will determine the 

outflow cq .  Downstream of the VSL application area, cq  is measured, fed back, and 

compared to the desired flow ˆ
cq  delivered by the primary controller. The measured 

density (or occupancy) at the bottleneck area is used by the primary loop that 

compares it with the set-point ˆ
out . The I controller for the secondary loop is 

described by 

         ˆ1 I c cb k b k K q k q k     (43) 

with IK  as the integral gain of the controller. The PI controller for the primary loop is 

described by 

              ' 'ˆˆ ˆ 1 1c c I out out P out outq k q k K k k K k k           (44) 

where 
'

IK  and 
'

PK  are the integral and proportional gains of the controller, 

respectively.  

In case of multiple-bottleneck locations, a set of PI controllers (see Figure 13) are 

now used in the control strategy. Each controller takes measurements from a separate 

detector site, downstream of the acceleration area. An appropriately designed decision 

device, determines the overall MTFC action from all PI controllers’ outputs. This 

strategy is similar to the strategy used in [94] for RM. The currently most critical 

bottleneck is identified by the decision logic, and the output of the PI controller 

corresponding to the identified bottleneck location becomes dominating for 

determining the overall MTFC action. The candidate bottleneck locations may be as  
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Figure 13: MTFC feedback controller structure for multiple bottlenecks using 

VSL as actuator. 

 many as the available downstream measurements. 

The equation for the primary controller (44) is now replaced by 

         

    

'

, , , , ,

'

, , ,

ˆˆ ˆ 1

1 , 1, ,

c i c i I i out i out i

P i out i out i

q k q k K k k

K k k i n

 

 

    

  
 (45) 

where  ,
ˆ

c iq k  represents the output of the i -th PI controller at time instant k . 

The chosen decision policy is simply  

    ˆ ˆ
c cjq k q k  (46) 

with 

   1, , ,
ˆargmin sm

i n c ij q k  (47) 

 

        , , ,
ˆ ˆ ˆ1 1 , 1, ,sm sm

c i sm c i sm c iq k q k q k i n         (48) 

where  ,
ˆ sm

c iq k  represents the exponential smoothing of  ,
ˆ

c iq k computed through 

equation (48) in which sm  is a parameter within  0,1 . The tuning of parameter sm  

was based on a trade-off of actually addressing the relevant bottleneck at each point in 

time versus too frequent switching between different bottlenecks. It turned out to be a 

relatively easy task. A value equal to 0.7 has emerged and was used in the 

simulations. The controller that corresponds to the smallest (smoothed) flow value is 
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selected as the most critical. A smoothed flow is used for avoiding fast switching 

among the controllers. 

The methodologies applied for tuning the controllers are the zone-based procedure, as 

described in [96], and the SIMC PID tuning method [97], for the secondary and 

primary controller, respectively. The gain values that emerged and were used in the 

simulations in Chapter 5 are the following: 0.0006IK   h lane veh  for the 

secondary controller, and 
' 1.5IK   km h lane  and 

' 13.0PK   km h lane  for the 

primary controllers. 

3.6. Practical Application Aspects 

The current section summarizes some practical VSL implementation aspects detailed 

in [6]. Firstly, VSL rates are supposed to use only predefined discrete values. In 

particular  0.2,0.3, ,1.0b . The VSL rate  b k delivered by the control strategy is 

rounded off to obtain the applied VSL rate. 

In addition, as mentioned in section 3.4, VSL is applied also upstream of the 

controlled congestion. In particular, the difference between two consecutive posted 

VSL rates at the same gantry is limited to 0.2, and the same limit applies also to the 

difference between the posted VSL rates at two consecutive gantries. A last constraint 

is that a constant VSL rate equal to 0.9 is applied in the acceleration and bottleneck 

areas, whenever MTFC is active. All the above constraints are considered only in 

feedback control, not in the optimal control case. 

The application of the VSL rate  b k  delivered by the control strategy begins when 

the measured density ,out i  at a bottleneck area i  becomes higher than an activation 

threshold and ends when the measured density ,out i  at all bottleneck areas becomes 

lower than a deactivation threshold (lower than the activation one). The control period 

is set to 60cT   s. This value is appropriate for practical purposes, as it is used in 

current VSL installations in various countries. 
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4. Integrated Traffic Flow Control for Multiple Bottlenecks with 

Delay Balancing 

 

In Chapter 4, a new integrated traffic flow control concept for multiple bottlenecks 

with delay balancing is proposed. The first section of this chapter 4.1 contains a 

literature overview of integrated control concepts, whereas the second section 4.2 

refers to the feedback control structure. The next section 4.3, presents RM actuator 

characteristics, and section 4.4, MTFC actuator characteristics. The delay estimation 

is included in section 4.5, and the flow distribution for delay balancing is described in 

section 4.6. 

4.1. Literature Overview 

Various traffic management measures have been suggested and implemented to 

extenuate motorway traffic congestion, but in case each one of them is considered 

independently, a lot of benefits that would result from synergy (integration) of 

different control measures are missed. Also the respective control actions by 

individually designed control algorithms may even be contradictory under certain 

conditions. For instance, RM is the most direct and efficient measure for motorway 

traffic flow control, but the metered flow may be actually released whenever queue 

management strategies are activated  with the aim of avoiding the creation of over-

long on-ramp queues that spill over to the adjacent network [2]. On the other hand, 

VSL can be utilized to enable MTFC [69], [68], but very small VSL values may not 

considered acceptable for long time periods by the responsible road authority or the 

drivers. 

In order to overcome some of the above restrictions, the integration of control actions 

has been considered in previous works. For instance, RM was integrated either with 

route guidance [20], [98] or with VSL [68], [69], [72], [93], [99]-[100]. Nevertheless, 

most of these approaches are based on sophisticated methods, e.g., nonlinear optimal 

control approaches, that may be cumbersome in field implementations due to their 

black-box character and their requirement for many more measurements, demand 

prediction and model validation. There was an effort lately for the design of feedback 

control approaches that integrate RM and VSL, and are more suitable for field 
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implementations. However, for example in [73], a quite specific layout is taken into 

account without considering the delays experienced by drivers, while the algorithm in 

[101] can be applied only in case of limited- length moving jams. 

The proposed feedback-based integrated motorway traffic flow control strategy for 

multiple bottlenecks with delay balancing, is based on previous concepts for multiple 

bottlenecks, developed either for RM [94] or for MTFC (see Chapter 3); and it 

generalizes the delay balancing idea of [102], [103] to apply to an arbitrary number of 

RM or VSL actuators via suitable definition of a knapsack optimization problem. The 

new concept aims at throughput maximization while integrating an arbitrary number 

and type of such actuators, located upstream of all bottlenecks, through an 

optimization algorithm that balances the delays experienced by drivers behind each 

actuator in a desired pre-specified way. The concept is simple and robust. Many 

practical aspects, related to ramp metering and VSL implementation aspects, have 

been considered, and simulation results are presented for a real motorway stretch in 

the United Kingdom using a validated second-order macroscopic traffic flow model 

and real demands. 

4.2. Feedback Control Structure 

The proposed feedback control structure is shown in Figure 14. A set of n

Proportional-Integral (PI) controllers is utilized, each fed with a corresponding 

measurement from a potential bottleneck site, downstream of all actuators. The 

measured density ,out i  at the bottleneck location i  at time instant k  is compared with 

the set-point ,
ˆ

out i , usually set around the critical density value, at which capacity flow 

is achieved at that location. The PI-type regulator for the bottleneck location i  is 

given by: 

       

    

, , , , ,

, , ,

ˆ ˆˆ ˆ 1

ˆ 1 , 1, ,

t i t i I i out i out i

P i out i out i

q k q k K k

K k k i n

 

 

   

   
 (49) 

where  ,
ˆ

t iq k  demonstrates the output of the i -th regulator (i.e., the flow to be 

implemented by all actuators), ,
ˆ

I iK and ,
ˆ

P iK  are the integral and proportional gains, 

respectively. Each regulator output is truncated in order to remain within a range of 

flow values    ,min ,max
ˆ ˆ,t tq k q k   . The determination of these time-varying bounds is 
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explained later. At the next time-period, the truncated values are used, as the 1k 

values in (49) to avoid the well-known windup phenomenon for PI regulators.  

 

Figure 14: Integrated control structure for multiple bottlenecks and balanced 

delays. 

It should be noted that the stability of the closed-loop ramp metering system with a 

PI-type regulator has been rigorously proved by Lyapunov stability arguments [104]. 

In fact, with its control parameters appropriately tuned, the regulator was found to be 

universally applicable to a range of distances between the on-ramp and downstream 

bottlenecks. The latter was also an empirical observation found in [105]. 

An appropriately designed decision algorithm determines the overall action from all 

PI controller outputs. More precisely, the currently active bottleneck is specified, and 

the output of the corresponding PI controller is selected for implementation. This is 

realized in the following way (see Chapter 3): 

    ˆ ˆ
t tjq k q k  (50) 

with 

   1, , ,
ˆargmin sm

i n t ij q k  (51) 

        , , ,
ˆ ˆ ˆ1 1 , 1, ,sm sm

t i sm t i sm t iq k q k q k i n         (52) 

 

where  ,
ˆ sm

t iq k  in (52) demonstrates the exponential smoothing of  ,
ˆ

t iq k  with sm  a 

parameter within  0,1 . The controller that corresponds to the smallest (smoothed) 

flow value is chosen and is implemented in the time interval   , 1kT k T  , where T
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is the control period. The smoothed flow is used, in order to avoid frequent switching 

to different controllers, which may be caused by measurement noise. 

The determined total flow  ˆ
tq k  must then be distributed to the available actuators so 

that the bounds of each actuator flow are respected. Such bounds exist because of 

operational and policy-related issues. For instance, in case of RM a queue 

management policy may create lower bounds for the actuator, while in case of MTFC 

specific VSL lower and upper bounds are present. If  i

rq k  is the flow to be 

implemented by the i -th RM system and  i

cq k  is the flow to be implemented by the 

i -th MTFC system, both at time period k , then the total flow distribution should 

satisfy 

 
     

1 1

ˆ ˆ
cr nn

i i

t r c

i i

q k q k q k
 

    (53) 

      ,min ,max , 1, ,i i i

r r r rq k q k q k i n    (54) 

      ,min ,max
ˆ ˆ ˆ , 1, ,i i i

c c c cq k q k q k i n    (55) 

where rn  and cn are the numbers of RM and MTFC actuators available, respectively. 

In Figure 14 example, two RM and a single MTFC actuator are utilized. More than 

one MTFC system could be present, in case of merging motorways (as in [106]). 

However, in order to avoid cases where drivers experience more than one piece of 

queue/delay, it is assumed that an MTFC system, if any, is always located upstream of 

all metered on-ramps that feed the mainstream section which includes the bottleneck 

locations. At the multiple bottleneck area, uncontrolled on ramps and off ramps can 

be present in between the bottleneck locations without affecting the implementation 

of the control concept. The bounds of the actuators (54) and (55) will be determined 

in sections 4.3 and 4.4. Considering (53)-(55) the following can derived: 

 
         ,min ,min ,max ,max

1 1 1 1

ˆ ˆ ˆ
c cr rn nn n

i i i i

r c t r c

i i i i

q k q k q k q k q k
   

        (56) 

and, as a consequence, the bounds used to truncate the outputs of  (49) are given by: 

 
   ,min ,min ,min

1 1

ˆ ˆ
cr nn

i i

t r c

i i

q q k q k
 

    (57) 



77 
 

 
   ,max ,max ,max

1 1

ˆ ˆ .
cr nn

i i

t r c

i i

q q k q k
 

    (58) 

Generally, there may be an infinite number of flow distributions that satisfy (53)-(55). 

An approach that leads to a desired delay balancing across the involved actuators is 

presented in section 4.6. 

In case one of the PI controllers fails, a possible reaction would be to just ignore this 

specific PI controller and the corresponding bottleneck location measurement. The 

system will recognize a possible congestion at this location from the next upstream 

measurement within the bottleneck location area. If the failure is on the detector 

measurement, pre-designed observers could be in place to use the other available 

measurements to estimate the missing detector. Depending on the number of detectors 

and bottlenecks, it may not be practical to design one observer for each and every 

combination of failure, but some main cases could be considered. 

4.3. Ramp Metering 

For the RM case, the ramp flows determined by the flow distribution algorithm can be 

implemented directly using traffic lights. The lower bounds required in inequality (54) 

can be specified by the queue management policy applied. A Proportional (P) 

controller with feed forward on-ramp demand may be utilized [4] to limit the on-ramp 

queue: 

       ˆ / 1i sm

qm i i iq k w k w T d k     (59) 

where  iw k  is an estimate of the queue on the on-ramp i  at time instant k, ˆ
iw  is the 

utilized set point, which is usually the maximum admissible on-ramp queue length for 

the on-ramp i , and  1sm

id k   is an exponentially smoothed value of the past demand 

measurements, which is used as an estimate of the demand for the next time period. 

The values obtained from (59) should be truncated in order to respect an 

infrastructure-related upper bound ,max

i

rq  and a policy-related lower bound ,min

i

rq . In 

the field, an estimated of the on-ramp queue can be obtained using a Kalman filter 

estimator [107]. 

Concerning the upper bounds required by inequality (54), it can be specified by the 

available demand: 
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      / 1 , 0i sm

d i i i iq k w k T d k c c      (60) 

where the constant ic  is used to ensure that the bound is not conservative in case of an 

underestimation of demand through smoothing. The truncation of the values obtained 

by (60) is applied utilizing the bounds defined earlier for (59).  

4.4. MTFC via VSL  

When MTFC is enabled by VSL, a secondary loop with an Integral (I) controller is 

used for each MTFC system (see [6] for details). This secondary loop compares the 

flow measurement 
i

cq , which is collected downstream of VSL’s i  application area, 

with the corresponding desired flow  ˆi

cq k , delivered by the flow distribution 

algorithm, to calculate the VSL rate ib . The VSL rate ib  is defined as the VSL-

induced free speed divided by the non-VSL free speed and is approximately equal to 

the displayed VSL divided by the legal speed limit without VSL. The I-controller 

reads 

        ˆ1i i i i i

I c cb k b k K q k q k       (61) 

where 
i

IK  is the integral gain of the controller. This I-type controller could be 

replaced by a look-up table of VSL rates versus desired flows, as an alternative [108]. 

Some practical VSL implementation aspects are considered. Posted VSL rates can 

only take predefined discrete values. As a consequence, the VSL rates delivered by 

(61) are rounded to the closest discrete value to obtain the corresponding posted VSL 

rates    min min maxˆ ˆ ˆ, , ,i

i i ib k b b b b    where b  is the practiced discrete VSL 

increment, e.g. 0.1b  . In addition, the difference between two consecutively posted 

VSL rates at the same gantry is limited to maxb , as often required in practice. Thus, 

the lower bound for the VSL rate that can be implemented is given by: 

     min min max
ˆmax , 1i i ib k b b k b    (62) 

and the upper bound is given by: 

     max max max
ˆmin , 1i i ib k b b k b     (63) 
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Applying these bounds to (61), one can specify the bounds required by inequality (55) 

as: 

        ,min min
ˆ 1 /i i i i i

c c Iq k q k b k b k K       (64) 

        ,max max
ˆ 1 / .i i i i i

c c Iq k q k b k b k K       (65) 

   

Furthermore, due to safety reasons, VSL may also be applied upstream of the 

controlled congestion. In that case, the difference between the posted VSL rate at two 

consecutive gantries is limited to maxb . Lastly, a constant VSL rate equal to 0.9 is 

applied in the acceleration area whenever MTFC is active [6]. 

4.5. Delay Estimation 

Αs stated previously, the flow distribution to the available actuators will be 

determined in order to balance the delays experienced by the respective groups of 

drivers upstream of each actuator. An estimation of these delays is necessary, in order 

to achieve this goal. 

For the case of vehicles queueing on an on-ramp i  because of RM actions,  1i

r k 

denotes the estimated delay to be experienced by drivers exiting the ramp at the next 

time period if a ramp flow  i

rq k  is implemented. Assuming no internal vehicle sinks 

and sources, and that vehicles enter and exit according to the first–in-first-out rule, an 

estimate of the delay is [103]: 

    1i i i i

r r r rk A B q k     (66) 

where    / 1i sm

r i iA w k d k T    and  / 1i sm

r iB T d k  . 

For the case of vehicles delayed by the controlled congestion due to MTFC actions, 

the delay can be estimated if the travel time under free flow conditions is subtracted 

from the currently experienced travel time for all the freeway segment located 

upstream of the control point that experience a speed smaller than the free flow speed 

fv . This delay can be considered as having two components. The first component is 

the delay experienced within the most downstream part of the controlled congestion, 

where no on-/off-ramps are present, hence there are no internal sinks and sources, and 

vehicles enter and exit according to the first-in-first-out rule as at on-ramp queues; 
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whereas the second component considers the delay experienced farther upstream and 

is estimated by use of available speed measurements. Thus, the estimate of the delay 

due to the i -th MTFC system is given by:  

    1i i i i

c c c ck A B q k     (67) 

where    *

,/ 1 /i i sm

c c i in i i fA A N k q k T L v     ,  iN k  is an estimate of the number 

of vehicles within the most downstream (ramp free) motorway segment at time k , iL  

is the length of that segment,  , 1sm

in iq k  is an exponentially smoothed value of the 

past inflow measurements at the entrance of this motorway segment, and 

 ,/ 1i sm

c in iB T q k  . Finally, 
*i

cA  is the second component of the delay that can be 

calculated based on speed measurements for all the segments that experience a speed 

smaller than the free flow speed fv  and are located further upstream. 

4.6. Flow Distribution for Delay Balancing 

The following knapsack optimization problem solution, delivers the flows to be 

applied for each actuator: 

 
     

2 2

1 1

ˆ
min

cr
i i i i i inn
r r r c c c

i i
i ir c

A B q k A B q k

B B 

 
   (68) 

subject to the linear equality (53) and the bounds on the decision variables (54) and 

(55). 

This problem is a convex optimization problem that is always feasible due to the fact 

that the bounds defined by (56) are considered for the truncation of the values 

calculated by (49). It can be easily seen that by applying the first-order optimality 

conditions, delay equalization is achieved as long as none of the bounds is active. In 

case some bounds are active (for some actuators) then delay equalization is achieved 

for the rest of the actuators. The solution of this knapsack problem can be calculated 

using the computationally efficient algorithm developed by Brucker [109] within a 

finite number of iterations. An important notification is that the cost criterion (68) can 

be readily extended with additional weights so as to lead to any desired linear 

relations among the delays of different actuators, i.e., other than delay equalization. 
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Different actuators may feature different control periods. For instance, RM may be 

most efficient with a period of 20 s, whereas VSL cannot switch more frequently than 

each 1 min, in order to avoid driver irritation. In cases like this, the different control 

periods must be multiples of an equal-smaller common divisor, which is the period 

employed for the controller (49). Then, at the time periods that it is not necessary to 

update the flow to be implemented by some actuator, its two bounds required by (54) 

and (55) are both set equal to the last decided flow value for the same actuator. The 

corresponding inequalities are acting as equalities, since both bounds are set equal to 

the same value. As a consequence, the solution of the knapsack problem is such that 

the flows of all actuators that are not updated remain indeed the same as in the last 

controller period, while all other flows are decided in order to guarantee delay 

equalization for all other actuators. 

The application of the ramp flows and the VSL rates delivered by the control strategy 

starts when the measured density ,out i  at a bottleneck location i  becomes higher than 

an activation threshold, and ends when the measured densities at all bottleneck areas 

become lower than a deactivation threshold (which is lower than the activation 

threshold). 
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5. Feedback and Optimal Control Results for MTFC with multiple 

bottlenecks 

 

In this chapter the approach presented in chapter 3 is applied to a model of a 

motorway in Perth, Australia. The network model and model calibration are described 

in section 5.1. Section 5.2 investigates the no control case, whereas section 5.3 

investigates the optimal control approach, where VSL are used as an MTFC actuator. 

The examined motorway includes two bottleneck locations. Section 5.4 describes the 

case of taking into account only the one bottleneck, and section 5.5 the case of taking 

into account both bottlenecks. 

5.1. Network Model and Model Calibration 

A stretch of the Kwinana Freeway in Perth, Australia is considered for the 

simulations. The length of the considered stretch is about 19.8 km and extends from 

Leach Highway to Anketell Road. Figure 15 depicts the considered stretch. Arrows 

demonstrate links divided into a number of segments, indicated by vertical lines, 

whereas circles represent nodes. The nodes are positioned mainly at locations where 

on-ramps and off-ramps are connected to the mainstream. The METANET model has 

been validated for the stretch under consideration using real 2012 data. Figure 16 

depicts the motorway stretch along with the positions of the detectors 

 

Figure 15: Motorway stretch with the two bottleneck areas marked with dots. 
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Figure 16: Motorway stretch along with the positions of the detector stations 

(bullet points with associated ids). 

 stations (bullet points with associated ids). The exclusive exit lane (Armadale Road 

off-ramp), corresponding to a lane drop in this section activates a bottleneck at L9 

or/and the merge bottleneck at L11 (Armadale Road on-ramp), so there are two 

potentially active bottlenecks that are shown in Figure 15 with red bullets. The 

calibration procedure described in section 2.7, gave the following model parameters: 

22.8   s, 24.0  2 /km h , 2.3   /h km , , 109.7f mv  /km h , , 27.6cr m 

/ /veh km lane , 2.3m  . Figure 17 and Figure 18 depict measured versus predicted 

speeds and flows, respectively, from 13:00 to 20:00 on 15.10.2012, using the 

parameters mentioned above. It is observed that the model creates the congestion at 

the right place and for the right period of time (Figure 17), while it produces at parts a 

higher capacity drop downstream of the merge area compared to the real flow 

measurements (Figure 18). A reason could be that in the real measurements (and 

traffic conditions), the real capacity of the infrastructure is under-represented. This is, 

firstly, because the 220B and Roe Highway flows are upstream of the merge area 

(there is no measurement in the merge area); secondly, and most importantly, the 

merging of two quite high flows at high speeds is likely to lead to premature 

breakdown, i.e., to congestion forming before the infrastructure capacity is actually 



84 
 

 

Figure 17: Measured versus predicted speed from 13:00 to 20:00 on 15.10.2012. 

 

Figure 18: Measured versus predicted flow from 13:00 to 20:00 on 15.10.2012. 
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TABLE 1: SUMMARY OF SIMULATED SCENARIOS 

Strategy Description 
TTS 

(veh·h) 
% 

No control No-Control case. 7,145.4 - 

Scenario 1 

Optimal MTFC with 

VSL (AMOC) applied 

at L8. 

5,391.3 24.55 

Scenario 2 

Feedback MTFC with 

VSL applied at L8 for 

the bottleneck at L11. 

6,141.4 14.05 

 

Scenario 3 

 

Feedback MTFC for 

multiple bottlenecks 

with VSL applied at 

L8 for the bottlenecks 

at L9 and L11. 

 

5,924.0 

 

17.09 

reached; this is supported by the relatively low total flow (less than 2000 veh h lane ) 

observed just before the breakdown. 

In TABLE 1 the strategies and the TTS results are summarized, and in Figure 19 the 

speed contour plots for all the strategies considered, are demonstrated. 

5.2. No-Control Case 

The no-control case is the case where no control strategies are applied, and is the base 

case that is going to be used to quantify any improvements arising from the use of 

control. Figure 20 shows the density, speed, and flow profiles for the two bottleneck 

areas. The demonstrated traffic situation is complex enough and can be explained as 

follows. At 15.6t   h the merge area of the ON_ARMADALE_RD on-ramp (L11) 

reaches the factual capacity of 4000 veh h . Mainstream congestion is created after 

15.7t   h, as the flow arriving at L11 continues to increase. As a result, the 

mainstream flow decreases due to the capacity drop phenomenon. This congestion 

propagates upstream but lasts only for 10 minutes, as it is clearly visible in Figure 19. 

Immediately after, congestion is created at L9 at around 15.8t   h which propagates 

upstream over 6.9 km and lasts for about 3.5 h (see Figure 19). The onset of this  



86 
 

 

Figure 19: Speed (km/h) contour plots for the No-control case, Scenario 1, 

Scenario 2, and Scenario 3. 

 

Figure 20: Traffic conditions at the two bottleneck areas, for the no-control case. 
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second congestion is due to the lane drop at node N9, from three lanes on link L9 

down to two lanes on link L10, while the trigger is the spillback of congestion from 

L11. When congestion is created at L9, the flow feeding L11 is reduced, causing 

resolution of congestion at links L10 and L11. The resulting TTS is equal to 7,145.4 

veh∙h.   

5.3. Scenario 1 

In optimal MTFC (via AMOC), disturbances (demand and turning rate profiles) are 

assumed to be known for the whole period. Thus, optimal MTFC results may be 

viewed as an upper bound of achievable performance. This upper bound is used for 

the assessment of feedback control cases. 

 

Figure 21: Traffic conditions at the bottleneck areas for scenario 1. 

The controlled link is L8 (see Figure 15), while all other links are uncontrolled. A 

change can be made in VSL rates every 60 s as in the feedback control case. The 

lowest admissible value for the VSL rates is min, 0.2mb  , as higher values may limit 

the MTFC performance. The resulting TTS is 5,391.3 veh∙h, which is a 24.55% 

improvement, compared to the no-control case. Figure 21 displays the density, speed 



88 
 

and flow profiles for both bottleneck areas. The optimal VSL rate trajectories are 

shown in Figure 22(a). 

Due to the VSL actions, capacity flow is achieved at L11 (see Figure 21) which leads 

to minimization of TTS. The VSL rate for L8 departs from 1.0 and is varied 

appropriately, at times approaching almost 0.2 (the lowest limit for VSL). This results 

in the creation of a controlled mainstream congestion upstream of the acceleration 

area. This congestion extends over some 5.4 km for 2.8 h, which is smaller (in space 

and time) than in the no-control case and has higher internal speed (see Figure 19). 

After the end of the congestion period, the VSL rate is gradually increased back to 1.0 

(see Figure 22(a)). 

 

 

Figure 22: (a) Scenario 1: Optimal VSL rates. (b) Scenario 2: VSL rates given by 

the feedback controller for a single bottleneck. (c) Scenario 3: VSL rates given by 

the feedback controller for multiple bottlenecks. 

5.4. Scenario 2 

Feedback MTFC via VSL is applied here, with the constraints described in section 

3.4. The VSL application area is link L8, whereas upstream of L8 there are safety 

limits, while downstream of L8, up to L11, a constant VSL rate 0.9b   is applied 

whenever MTFC is active. Density measurements are taken from the first segment of 

L11, while flow measurements are taken from the first segment of L9; thus a single 

bottleneck is addressed in this scenario. The set-point for the primary controller is set 
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to ˆ 38out   veh km lane . The activation threshold is set equal to 28 veh km lane , 

while the deactivation threshold is set equal to 21 veh h lane . 

The resulting TTS is 6,141.4 veh∙h, which is a 14.05% improvement compared to the 

no-control case. The density, speed and flow profiles for both bottleneck locations are 

shown in Figure 23. The dashed line shows the density set-point utilized by the 

primary controller for L11, while the red line shows the period during which MTFC is 

active according to the activation/deactivation thresholds used. The feedback VSL 

rate trajectories are shown in Figure 22(b) and the feedback flow trajectories are 

shown in Figure 24(a). 

 

Figure 23: Traffic conditions at the bottleneck areas for scenario 2. 

The VSL rate at L8 [see Figure 22(b)] is seen to behave similarly as in the optimal 

control case, but it reaches lower VSL rates. The flow decrease at the first segment of 

L9 [see Figure 24(a)] shows the impact of VSL on the controlled variable cq . On the 

same diagram, the dashed line shows the output ˆ
cq  of the primary controller. This 

flow is a reference for the secondary controller and, at most times, it is closely 

followed by the controlled variable. However, the flow at the bottleneck area (second 
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segment) of L9 is higher than what can be accommodated by L10, and, as a result, 

congestion is created there (Figure 19) which is not visible at the density 

measurement location farther downstream and can therefore not be addressed by the 

single-bottleneck feedback MTFC scheme. In other words, congestion is created 

between the VSL and the addressed L11 bottleneck, and this result indicates the 

necessity for a logic that can treat multiple bottlenecks. 

 

Figure 24: (a) Scenario 2: Flow (solid line) at the first segment of L9 and set-

point (dashed line) given as an output of the primary loop of the feedback 

controller for a single bottleneck. (b) Scenario 3: Flow (solid line) at the first 

segment of L9 and set-point (dashed line) given as an output of the primary loop 

of the feedback controller for multiple bottlenecks.  

5.5. Scenario 3 

The proposed feedback MTFC for multiple bottlenecks is applied here to control both 

known bottleneck locations (L9 and L11); of course, additional downstream 

measurements, corresponding to farther potential bottlenecks, could be used, however 

this would not alter the presented results as no other bottlenecks are actually present. 

VSL is applied at L8, whereas upstream of L8 there are safety limits, while 

downstream of L8, up to L11, there is a constant VSL rate 0.9b   whenever MTFC 

is active. The set-point for the primary controller of L9 is set to ˆ 36out   

veh km lane  and for the primary controller of L11 is set to ˆ 38out   veh km lane . 

Again, the activation threshold is set equal to 28 veh km lane  while the deactivation 

threshold is set equal to 21 veh h lane . 

The resulting TTS is 5,924 veh h , which is a 17.09% improvement compared with 

the no-control case, clearly better than scenario 2. The density, speed, and flow 

profiles for both bottleneck locations are shown in Figure 25. The dashed lines show 
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the density set-points utilized by the primary controllers while the red lines show the 

periods for which each one of the primary controllers is selected by the decision 

policy defined by the equations (46), (47), (48) during the active period. 

 

Figure 25: Traffic conditions at the bottleneck areas for scenario 3. 

The feedback VSL rate trajectories are shown in Figure 22(c) and the feedback flow 

trajectories are shown in Figure 24(b). 

Up to 16.23t  h, the primary controller that receives measurements from the 

bottleneck area at L11 is active, which means that up to this point the situation is 

identical to Scenario 2; after this, the decision logic switches to the upstream 

bottleneck whenever necessary to avoid its activation. The VSL rate at L8 [see Figure 

22(c)] is gradually decreasing from 1 to 0.2 (the lowest limit for VSL). Compared to 

the previous scenarios, the VSL rates are less varying with time, and they take more 

moderate values. The flow decrease at the first segment of L9 [see Figure 24(b)] 

shows the impact of VSL on the controlled variable 𝑞𝑐. This decrease leads to 

avoidance of the bottleneck activation at both L11 and the second segment of L9, 

whereas a controlled mainstream congestion upstream of the acceleration area is 

created. This congestion extends over some 6 km for 2.5 h, which is smaller (in space 
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and time) than in the no-control case and Scenario 2, having also a higher internal 

speed (see Figure 19). 
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6. Feedback Integrated Control Results with Delay Balancing 

 

In the current chapter the approach presented in chapter 4 is applied to a motorway in 

the United Kingdom. Section 6.1 includes the network model and model calibration 

description. The no control case is investigated in Section 6.2, whereas sections 6.3 

and 6.4 investigate cases with local RM without queue constraints and local RM with 

queue constraints, respectively. Section 6.5 describes a case with coordinated RM, 

and section 6.6 a case with feedback MTFC. Finally, section 6.7 examines a case with 

integrated control.  

6.1. Network Model and Model Calibration 

A network in United Kingdom is considered for the simulations. The length of this 

stretch is 11.3 km. The graph of the motorway stretch is depicted in Figure 26. 

Arrows represent links divided into a number of segments, indicated by vertical lines. 

Links ON2 and ON3 are in fact motorway-to-motorway connections, modelled here 

as on-ramps. The METANET model has been calibrated for the stretch under 

consideration using MIDAS data [110] for the AM peak of September 9, 2014.  

 

Figure 26: The motorway stretch considered. The two bottleneck areas are 

marked with red dots 

Figure 27 depicts the motorway stretch along with the positions of the detectors 

stations (bullet points with associated ids). The active bottlenecks are located at links 

L8 and L10, i.e., a multiple bottleneck case exists if the on-ramp ON4 is not 

controlled. The calibration procedure described in section 2.7, gave the following 

model parameters: 18.34  s, 19.84  2 /km h , 1.97   /h km  for all the links and 

for L1 until L9 , 106.63f mv  /km h , , 28.94cr m  / /veh km lane , 2.61m  , and for 
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L10 
, 104.22f mv  /km h , 

, 28.05cr m  / /veh km lane  2.76m  . Figure 28 and 

Figure 29 depict measured and predicted speeds, respectively, from 5:00 to 11:00 on 

9.9.2014, using the parameters mentioned above. It is observed that the model creates 

the congestion at the right place and for the right period of time. 

 

Figure 27: Motorway stretch along with the positions of the detector stations 

(bullet points with associated ids). 

 

Figure 28: Speed (km/h) contour plot with the real data. 
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Figure 29: Speed (km/h) contour plot for the no-control case. 

TABLE 2: DESCRIPTION OF SCENARIOS AND ACHIEVED RESULTS 

 

Description 
TTS 

(veh∙h) 
Improvement 

(%) 
TD 

(veh∙h) 
Improvement 

(%) 

No-Control 
Calibrated no-

control case 
3949 - 1178 - 

Scenario 1 

Local ramp 

metering with two 
separate controllers 
(no queue 

constraints) 

3133 20.7 361 69.4 

Scenario 2 

Local ramp 

metering with two 
separate controllers 
(queue constraints) 

3437 13.0 665 43.5 

Scenario 3 

Coordinated ramp 
metering for 

multiple 
bottlenecks 

3539 10.4 767 34.9 

Scenario 4 

MTFC enabled via 

VSL for multiple 
bottlenecks 

3408 13.7 540 54.2 

Scenario 5 
Integrated control 
for multiple 
bottlenecks 

3139 20.5 340 71.1 
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A set of control scenarios are explored (see TABLE 2), each for a time horizon of 6 

hours (5-11 AM). The utilized model time step is set to 5 s. The demand profiles for 

all the origins of the network are presented in Figure 30. A different control structure 

is used per scenario in order to show the increased efficiency achieved by the 

proposed approach. The efficiency measures considered (see TABLE 2) are the Total 

Time Spent (TTS), in the network, which is the sum of the Total Travel Time (TTT) 

and the Total Waiting Time (TWT) at the origins, as also the Total Delay (TD), which 

is given as the sum of the Mainstream Delay and TWT at the origins. 

 

Figure 30: Demand profiles for all the origins of the network. 

6.2. No-Control Case 

No-control is the base case that will be used to quantify any efficiency improvements 

arising from the use of control actions. Figure 29 demonstrates the no-control speed 

contour plot for the time horizon under consideration. At 6.75t  h , the merge area 

of the ON3 on-ramp reaches its factual capacity of about 6000 veh h . A short-lived 

congestion is created, lasting for about 15 min, without any major propagation of the 

phenomenon further upstream. At 7t  h , congestion is created at the merge area of 

the ON4 on-ramp because the demand is exceeding capacity (around 6200 veh h ) at 

the specific area. A capacity drop of around 15% is created and congestion propagates 
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upstream over 6.6 km triggering more severe congestion phenomena at the merge area 

of ON3 that last till about 9t  h. The resulting TTS in the network is equal to 3949 

veh∙h, while TD is equal to 1178 veh∙h. 

6.3. Scenario 1 

Scenario 1 applies local RM actions using two separate controllers; a first controller 

receives measurements from the first segment of link L8 and acts using RM at on-

ramp ON3; a second controller receives measurements from the first segment of link 

L10 and acts using RM at on-ramp ON4. In both cases the control period was set to 

20 s while the P-term gain value in (49) was set to zero and the I-term gain value was 

set to 90 km lane h  (which corresponds to the well-known ALINEA regulator [34]). 

The set-points of the controllers are set equal to the respective factual critical 

densities, namely 35 veh km lane  and 29 veh km lane . No queue management 

actions are considered in order to investigate what is the upper bound of efficiency 

that can be achieved for the case of the most direct control measure, i.e., local RM. 

This is implemented by setting a very high admissible value for the queue in (59).  

 

Figure 31: Speed (km/h) contour plot for the Scenario 1. 
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Compared to the no-control case, the resulting TTS is reduced by 20.7% while the 

resulting TD is reduced by a remarkable 69.4%. The speed contour plot for Scenario 1 

is presented in Figure 31, while the queues created on the on-ramps due to RM actions 

are shown in Figure 32. At both bottlenecks, density values are maintained around the 

corresponding set-points; thus capacity flow is achieved at L8 and L10, which leads to  

minimization of TTS. The real delays experienced by drivers queueing at on-ramps 

ON3 and ON4 are displayed in Figure 33(a) and are as expected, completely 

unbalanced. 

 

Figure 32: Queue profiles for Scenario 1. 

 

Figure 33: Delay profiles for (a) Scenario 1; (b) Scenario 2; (c) Scenario 3; (d) 

Scenario 4; Scenario 5. 

6.4. Scenario 2 

Scenario 2 applies local RM actions as in Scenario 1. The only difference is that 

queue management actions are now considered. The maximum admissible queues 

(based on an estimate of the real storage space of the infrastructure) are 92 veh for 

ON3 and 40 veh for ON4. Compared to the no-control case, the resulting TTS is now 
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reduced by 13.0%, while the resulting TD is reduced by 43.5%. The speed contour 

plot for Scenario 2 is presented in Figure 34, while the queues created on the on-

ramps due to RM actions are shown in Figure 35. 

 

Figure 34: Speed (km/h) contour plot for Scenario 2. 

 

Figure 35: Queue profiles for Scenario 2. 

As expected, RM actions are now just delaying the onset of congestion because the 

applied queue controller releases the ON4 on-ramp flow in order to maintain the 

queue around its maximum admissible value. Congestion propagates upstream 

causing further RM actions at the ON3 on-ramp. However, due to queue management 

actions there, the ON3 on-ramp flow is also released leading to congestion  
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propagation up to the area of the OFF2 off-ramp, which is a major connection to 

another motorway. The quite unbalanced on-ramp queue delays are displayed in 

Figure 33(b). 

6.5. Scenario 3 

Coordinated RM is applied in Scenario 3 utilizing the proposed new approach. Both 

bottleneck locations, L8 and L10, are considered by a single control structure, and 

RM is applied at on-ramps ON2 and ON3, i.e., the two on-ramps that are situated 

upstream of both bottlenecks, (with maximum admissible queues of 180 veh for ON2  

and 92 veh for ON3) with a control period of 20 s. The utilized density set-points 

remain the same as in the previous scenarios, i.e., ,1
ˆ 35out  veh km lane  for L8 and 

,2
ˆ 29out  veh km lane  for L10, while the gain values are ,1 ,2

ˆ ˆ 5I IK K  km lane h  

and P,1 P,2
ˆ ˆ 30K K  km lane h . 

Compared to the no-control case, the resulting TTS is reduced by 10.4% while the 

resulting TD is reduced by a remarkable 34.9%. The speed contour plot for Scenario 3 

is presented in Figure 36, while the queues created on the on-ramps due to RM actions 

are shown in Figure 37.  

At both bottlenecks, density values are maintained around the corresponding set-

points up to 7:45 AM, i.e., up to the point that queue management actions are applied 

at on-ramp ON3. The delays experienced by drivers queueing at on-ramps ON2 and 

ON3 are displayed in Figure 33(c) and are, as expected, balanced up to 7:45 AM. 

Later on, the optimizer asks for stronger RM actions to be applied at on-ramp ON2, 

since metering at on-ramp ON3 is practically inactive. However, because the arriving 

demand at ON2 has meanwhile fallen to low levels (lower than the lower bound 

applied on the RM flow), the ordered metering does not materialize, and congestion at 

L10 cannot be avoided. This low demand after 7:45 AM is the reason why the queue 

created at on-ramp ON2 is never reaching the maximum storage capacity. 

It is interesting to note that this coordinated RM scenario can be readily modified to 

act towards balancing of the relative on-ramp queues (as in the well-known HERO 

system [103] ), rather than balancing of the respective time-delays. This would enable 

a better exploitation of the available storage space in both on-ramps, before queue 

management actions are activated. For the present infrastructure and demand 
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Figure 36: Speed (km/h) contour plot for Scenario 3. 

 

Figure 37: Queue profiles for Scenario 3. 

configuration, this approach leads to an improvement in the TTS value of 18.9% and 

to an accordingly smaller mainstream congestion. 

6.6. Scenario 4 

Scenario 4 applies feedback MTFC for two bottleneck locations, L8 and L10. The 

VSL application area comprises links L4 and L5, whereas upstream of L4 there are 

safety-related VSL; the acceleration area comprises links L6 and L7. The control 

period was set to 60 s. The utilized density set-points as well as the gain values are the 
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same with those used for Scenario 3. The following values are used for various 

parameters required by the secondary controller (the 1i   index has been dropped for 

simplicity): 
min
ˆ 0.2b  , 

max
ˆ 1.0b  , 0.1b  , max 0.1b  , max 0.3b   and IK   

0.0015 h lane veh . 

Compared to the no-control case, the resulting TTS is reduced by 13.7% while the 

resulting TD is reduced by 54.2%. The speed contour plot for Scenario 4 is presented 

in Figure 38 while the VSL rate trajectory is shown in Figure 39. Note that no queues 

are created as no RM is applied. 

The VSL rate is gradually decreased from 1 (no speed limit) to 0.2 (the lowest 

admissible limit for VSL), and a controlled congestion is created at the VSL 

application area. The onset of congestion at the merging area of the ON4 on-ramp is 

delayed up to a few minutes after 7 AM, i.e., up to the point at which the secondary I-

regulator is saturated due to reaching the lower admissible VSL rate bound of 0.2. The 

delay experienced by drivers within the controlled congestion is displayed in Figure 

33(d). 

 

Figure 38: Speed (km/h) contour plot for Scenario 4. 
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Figure 39: VSL rate for Scenario 4. 

6.7. Scenario 5 

Integrated control is applied in Scenario 5 using three actuators, i.e., two ramp meters 

applied at on-ramps ON2 and ON3 (with maximum admissible queues of 180 veh for 

ON2 and 92 veh for ON3) with a control period of 20 s; and a VSL-enabled MTFC 

with a control period of 60 s as in Scenario 4. The same gains and the settings as in 

Scenario 4 are used. Both bottleneck locations are considered using the integrated 

concept presented in Chapter 4 aiming at delay balancing for the three actuators. 

Compared to the no-control case, the resulting TTS is now reduced by 20.5% while 

the resulting TD is reduced by a remarkable 71.1%. The speed contour plot for 

Scenario 5 is presented in Figure 40, while the VSL rate trajectory due to MTFC 

actions, as well as the queues created on the on-ramps due to RM actions, are shown 

in Figure 41. At both bottlenecks, density values are maintained around the 

corresponding set-points, thus capacity flow is achieved at L8 and L10. This is done 

without any queue saturation for the two on-ramps and without any saturation of the 

VSL rates. The created mainstream controlled congestion is much smaller (in space 

and time) than in the no control case, having also higher internal speed. 

Finally, the delays experienced by drivers are displayed in Figure 33(e). It can be 

concluded that the (highest) efficiency of Scenario 1 is virtually reached, while delay 

balancing is achieved for the utilized actuators. As no ramp meter is applied at on-

ramp ON4, there are no queues created there (Figure 41), and as a result there is no 

delay experienced by the drivers on this ramp. 
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Figure 40: Speed (km/h) contour plot for Scenario 5. 

 

Figure 41: VSL rate and queue profiles for Scenario 5. 
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7. Conclusions and Perspectives 

 

Chapter 7 summarizes the findings and conclusions of this thesis, together with some 

comments on potential future research. A summary of the overall conclusions is 

included in section 7.1, whereas in section 7.2 the main contributions of this thesis are 

referred. At the end, in section 7.3 some issues about potential future research are 

discussed. 

7.1. Overall Conclusions 

Feedback MTFC enabled via VSL for multiple bottlenecks on motorways has been 

proposed in this thesis. The evaluation of the proposed control strategy, using the 

METANET macroscopic traffic simulator, and its comparison with the optimal 

control approach, for a real network, demonstrates its efficiency. The feedback 

concept is approaching the performance of optimal control, is more robust (as no 

model or demand predictions are needed), and can be immediately implemented in the 

field as it considers practical and safety constraints.  

A feedback-based integrated motorway traffic flow control concept for multiple 

bottlenecks is also proposed in this thesis. Integration is achieved subject to balancing 

of delays experienced by drivers. The suggested concept has been evaluated using the 

validated METANET macroscopic traffic flow simulator for a real infrastructure and 

has been compared to other control structures. The integrated controller presented in 

Scenario 5 is shown to be superior as it takes advantage of all the available storage 

capacity required for queueing upstream of the bottlenecks. The feedback controller is 

robust as there is no need, neither for any predictions of the demand nor for any 

model calibration or parameter identification. Practical and safety constraints have 

been considered, and, as a result, the concept is appropriate for field implementations. 

7.2. Thesis Contribution 

In the following bullets, the main contributions of this thesis are summarized. 

 A new control concept for feedback MTFC enabled via VSL for multiple 

bottlenecks on motorways can be immediately implemented in the field, 

improving the current traffic conditions on motorways. 
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 A new control concept for feedback-based integrated motorway traffic flow 

control concept with delay balancing for multiple bottlenecks can be also 

immediately implemented in the field, ameliorating the present traffic 

conditions on motorways. 

7.3. Potential Research 

Future research activities could focus on further extensions of the proposed concepts 

at a network level so as to apply coordination between different integrated controllers. 

Safety impact of the control strategies under various traffic scenarios could also be 

considered using microscopic simulation. Another issue is the calibration of the traffic 

flow model using real VSL data. Unfortunately no current system is operating such a 

broad range of VSL rates [0.2,1]  at the moment. VII systems are continuously 

becoming more and more part of the daily drivers’ life worldwide. As a result it is 

almost compulsory to take them into consideration and incorporate them in the 

proposed control concepts. Thus, a good idea would be to use VII systems instead of 

VSL announced on VMS as an MTFC actuator. A very useful extension of the 

proposed integrated control concept is the possibility of having MTFC actuator 

between metered ramps. This will complicate the situation, as the queue created by an 

MTFC system may affect any upstream metered ramps used by the system, i.e., a 

different speed limit applied because of MTFC actions may lead to different critical 

points for the upstream merge areas and also the drivers leaving a ramp, will face two 

delays, the delay of the ramp metering actuator and the delay of the MTFC actuator 

which is not fair.  

A very essential issue is the field implementation of the proposed control concepts but 

before this, it would be reasonable to apply the proposed control concepts to other 

networks and observe the results in simulation. This procedure will confirm the 

validity of the concepts and may help to the concepts extension.   
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