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Technical Abstract


The aim of the DACCORD project is to develop and to test coordinated control of motorway networks. The aim of this report is to report on a study of the routing control problem for such networks.


Routing control seeks to provide information to network users such that each user can optimize his or her travel costs. Provision of routing information or directives is expected to result in an efficient use of the network capacity under all traffic conditions. Routing control measures used at the DACCORD sites include the display of traffic information, that of travel time estimates, and of variable direction signs.


The routing control problem is discussed from several angles. The DACCORD user requirements in regard to routing are summarized. The existing routing control experiments are reviewed. A summary is provided on the existing theory of routing control. The interaction of information and control in routing is explained. The advantages and disadvantages of currently used routing control measures are discussed.


At the theoretical level, the routing control problem is formulated as a dynamic game problem. The decision makers or agents are the traffic flows for all possible origin-destination (OD) pairs. These flows compete for the available network capacity. Each OD traffic flow is expected to select a route that will minimize the travel time for this OD pair. Attention is restricted to a Nash equilibrium. The control problem is discussed of determining a Nash equilibrium. For simple networks it is argued that a Nash equilibrium exists.


A control algorithm is specified that produces an input trajectory that is an approximation to the input trajectory produced by a Nash equilibrium control law. The control algorithm contains a subalgorithm for a control law that determines for one OD pair the route with the lowest travel costs, for example with the lowest travel time. The latter control algorithm is based on online input-optimization. The travel times used in the control algorithm are based on a prediction algorithm. The control algorithm also contains a search procedure for a Nash equilibrium.


�
1	Introduction 


The purpose of this report is to describe the research on routing control of the CWI team of project DACCORD. There is another report of the CWI team on integrated traffic control of motorway networks.


The aim of the project DACCORD is to develop and test coordinated control of motorway networks. The research of project DACCORD is motivated by the use of telematics so as to make efficient use of the limited capacity of the existing motorway network. The DACCORD test sites have a need for control algorithms of routing control for motorway networks.


It is the task of the DACCORD team of the Centre for Mathematics and Computer Science (CWI) in Amsterdam, The Netherlands, to perform research on traffic control of motorway networks. Work Package 6 of the DACCORD Project Programme states as objective: To develop generic, coordinated control tools for periurban traffic networks including a number of different control measures (ramp metering, motorway-to-motorway control, VMS, VDS, route guidance), and to apply them to the DACCORD test sites. Of the activities described in Work Package 6, the CWI team carries out research only on Activity II Design of coordinated control methodologies.


The CWI team consists only of the project leader J.H. van Schuppen.


An outline by sections follows. Section 2 contains the problem formulation and information on the investigation. Section 3 contains a discussion on the engineering aspects of routing control. Section 4 presents theory and algorithms for routing control of a motorway network. In Section 5 routing control problems for specific networks are discussed. The last section contains concluding remarks. Appendix A contains the glossary and Appendix B terminology from control theory. Appendix C  contains a discussion on Nash equilibria.


�
2	Information on the Investigation


In this section the research objectives of the investigation are formulated and information is provided on the contacts made during the investigation. A detailed discussion of the routing control problem is provided in Section 3] .


2.1	The investigation


In this investigation attention is limited to routing control of a motorway network. Routing control is defined as a control effort that seeks to influence the route choice of users of a motorway network. Routing control is a form of traffic control and a tool of traffic management. (The terms of traffic control and traffic management have been defined by ERTICO [12].)


Additional terminology follows. Enroute road users in the network are provided with information on the motorway network. The information may come through one or several control measures such as: variable message signs (VMSs), variable direction signs (VDSs), radio channels, etc. The information may have the form of traffic queue lengths at locations; travel time estimates or predictions for one or several routes, or variable direction signs that should be regarded as recommendations. The road user or driver is then faced with a route choice.


Measurement and control systems have been installed on several motorway networks in Europe, in particular at the DACCORD test sites. By way of Variable Message Signs (VMSs) or Variable Direction Signs (VDSs) route advice or route recommendations can be communicated to drivers in the network. At a Traffic Control Center (TCC) information is available to system operators and traffic control measures can be taken. A Dynamic Traffic Management System (DTMS) is available at the three DACCORD test sites with tools that vary per site. An estimation and prediction module of the DTMS may provide estimation of the traffic state and predictions of the traffic flow throughout the network. One of the aims of the DACCORD project is to develop a routing control module for a DTMS. Such a module is to offer to the system operator one or several route choices with quantitative information on the effects of these choices. The system operator can then decide which of these choices to implement.


Routing control differs from route guidance. In routing control, route recommendations or directives are communicated to all drivers at a location or in the network. In route guidance the route advice is communicated to an individual driver in his car.


The DACCORD user requirements are described in the report [51] and discussed at length in Section  3 . Routing control is mentioned for the Amsterdam test site but not for the other test sites within the project lifetime. Routing control is of general interest to network operators beyond the DACCORD lifetime. For the Amsterdam test site the user requirements distinguish three traffic conditions in which routing control may be useful: (1) unstable traffic flow; (2) traffic queues are present; (3) major serious incidents. A routing control module should be able to provide proper recommendations in all these traffic conditions.


Definition 2.1 The research objectives of this investigation are:


1.	To formulate the routing control problem such that it takes account of the DACCORD user requirements of the current and foreseen technical tools, is realistic in regard to driver’s reactions, and realistic in regard to possible algorithms.


2.	To study theoretical problems motivated by routing control the solution of which may be useful to routing control algorithms.


3.	To formulate and study routing control algorithms which are suitable for implementation in a DTMS. Such algorithms will have to be tested first by simulation and then in a DTMS of a motorway network. The testing is not part of this research objective.


There have been several experiments with routing control and there are also publications on the subject. The author of this report has carried out research on routing control as part of the DRIVE II project DYNA. The results and the novelty of this report with respect to the current state of knowledge is:


1.	A discussion of the traffic and control engineering aspects of routing control, see Section 3.


2.	A study of theoretical problems of routing control, see the Subsections  4.1 and 4.2, and primarily Appendix  C.


3.	The study of a routing control algorithm based on game theory, see Subsection  4.3.


In all these points, this report is an advance over the report 21. The latter report is also included in [7].


2.2	Information on cooperation and contacts during the investigation


The CWI team has had contacts with other teams of the DACCORD project. Van Schuppen participated in all DACCORD meetings except one. During these meetings informal discussions took place with researchers of other DACCORD teams.


Van Schuppen visited the team RWS-AVV on November 20, 1996 for a discussion on the project with F. Middelham and S.A. Smulders and on November 19, 1997 for a discussion with W.J.J. Knibbe and F. Middelham. The author also visited the team RWS-NH in Haarlem on July 8, 1997 for a discussion on the project with A. van Ruremonde. Further discussions are planned for later in the project lifetime.


�
3	Routing Control - Discussion of Problem


3.1	DACCORD user requirements on routing control


The aim of the DACCORD project is to develop and test coordinated control of motorway networks. Within DACCORD control measures are to be demonstrated at three test sites: motorway networks near Amsterdam, Paris, and Venice. The user requirements for DTM applications of these networks are specified in the report [51]. For each of the networks, some control measures have been installed, others are currently being built, while yet others are only planned or studied. During the lifetime of the DACCORD project the effect of some installed control measures will be tested and evaluated, the potential usefulness of other measures investigated by simulation, and the usefulness of other control measures studied.


Of the four user classes defined in the DACCORD user requirements, see the report [51], only two are directly involved with routing control: (1) system operators; and (2) drivers. The user needs of system operators in regard to routing control include the availability of a tool that proposes several DTM measures and provides an assessment of each of these measures. The user needs of drivers are to have complete and accurate information on the traffic state of the motorway network so as to allow them to make a route choice that minimizes their travel costs, in particular their travel time, and so as to allow them to lower their psychological stress. Routing control is in the DACCORD project primarily considered to be a subject that should be studied and for which simulations should be made and evaluated. The routing control measure DRIP will be evaluated in the Amsterdam network.


The test site Amsterdam The general user needs of the network operator and of the system operator include the availability of a DTM system. The DTM objectives and the DTM control measures of these operators in regard to routing are restated below because of their interest to this investigation. The traffic conditions and the related DTM objectives are specified in Table 1. 


Traffic conditions�
DTM objectives�
�
Demand far below capacity


Free-flowing traffic�
No objectives�
�
Demand between


80% and 100% of capacity


Unstable traffic flow�
Prevent or delay


the onset of congestion�
�
Demand exceeds capacity	





Traffic queues�
Minimize extend of congestion


and effects on network


– Prevent grid locks, 


– Resolve congestion�
�
Demand far exceeds capacity


Gridlocks�
Resolve congestion and/or gridlocks�
�
Accidents�
– Maintain road safety, 


– objectives in case of incidents�
�
Table 1  The relation between traffic conditions and DTM objectives.








DTM objective�
DTM routing control measure�
�
Prevent/delay the onset of congestion�
Rerouting, so as to use road capacity elsewhere in the network�
�
Resolve congestion and prevent gridlocks�
Rerouting control


Provision of route information�
�
Resolve gridlocks�
Provision of route information�
�
Objectives in case of incidents�
– Incident management


– Closure of roads


– Compulsory rerouting�
�
	


Table 2  Relation between DTM objectives and DTM control measures                                 in regard to routing control. 





The relation between the DTM objectives and the DTM control measures is specified in Table  2.


The DACCORD user needs of the network operator and of the system operator in regard to routing include a tool for the DTM control measure of routing control by DRIPs. The long-term user needs of RWS-AVV, extending beyond the life time of project DACCORD, in regard to routing control include a tool for the DTM control measure of routing control for several traffic conditions. Such a tool should be part of an integrated and coordinated DTMS.


Of interest to the investigation is also the functional specification for information strategies of the ASTRID project, see 57.


The test site Paris No user requirements for this test site in regard to routing control are specified in the Report 51.


The test site Brescia-Venice No user requirements for this test site in regard to routing control are specified in the Report 51. Note that the network of this test site does not contain alternate routes for any OD pair within the network.


It is sometimes remarked that only a small fraction of the network users will benefit from the use of routing control measures. This statement is imprecise and needs clarification. Suppose that for the traffic flow of a particular origin-destination pair an alternate route is recommended. It is then often the case that only a small fraction of the road users that sees the information is actually travelling on this OD pair. An even smaller fraction of this OD traffic flow will actually adopt the recommendation and take the alternate route because the compliance rate in general is less than 100%. It is expected that the fraction of the flow that diverts increases when the length of the traffic queue increases on the shortest distance route, or if the predicted travel time for the alternate route becomes smaller relative to that of the regular route. The effect of routing control effecting only small traffic flows on the traffic of the network may be large. The traffic flow that diverts is anticipated to experience a lower travel cost, usually travel time. But also the traffic flows for other OD pairs that pass the congested link will have a comparatively lower travel cost. Thus, only a small reduction in the traffic flow may stop the growth of a traffic queue or help to dissolve it in a short while.


3.2	Experiments with routing control


Amsterdam network In the Amsterdam network, a DACCORD test site, several experiments have been performed with routing control. Based on these experiments the road operator has decided to implement in 1991 one, in 1994 another three, and in 1997 an additional 20 or so variable message signs that can display routing information.


A first experiment with routing control was performed near Amsterdam, The Netherlands, see [44]. On November 14, 1991 a variable message sign was put in use called the RIA-sign for Route choice Information Amsterdam. The sign is located on motorway A8 between Zaandam and the Amsterdam ringway A10 in the direction of Amsterdam. The sign provides information about traffic conditions on the ringway, in particular, on the length of traffic jams at the Coentunnel and at the Zeeburgertunnel and on possible obstructions in these tunnels. On the basis of this information car drivers can make an en-route choice by either turning left to the A10 Noord or right to the A10 West.


A study has been made of the effectiveness of the RIA-sign 44 by interviewing a panel of drivers. The overall conclusion is that the sign is valued positively by drivers and has a positive effect on traffic flow. After the introduction of the sign the panel members were less frequently caught up in queues than before. The average travel time of the panel decreased by eight percent. The duration and severity of congestion decreased from period to period. Five to seven percent of all trips were influenced by the sign. Remarkably, it has been noticed that in case no queue was present at the Coentunnel in the morning peak its use increased by nine percent.


In a second experiment with routing control carried out in the Amsterdam network, four DRIP’s were used. The expression DRIP stands for Dynamisch Route Informatie Paneel, in English ‘Dynamic Route Information Board’. This term replaces the RIA term used before. These DRIP’s have been placed in the motorways A1, A2, and A4, a few hundred meter before these motorways end up on the ring A10. The RIA sign on the A8 has since then also been called a DRIP. On any DRIP there may be displayed the location and the length of a traffic queue on the nearest links of the motorway A10 around the city center. If there is no traffic queue then this is also stated. These DRIP’s have been in operation since April 1994. An evaluation of the operation and of the effects of these control measures is presented in the report 2. A first conclusion is that a traffic flow analysis and a behavioral study demonstrate that the messages displayed on the DRIPs influence the route choices of part of the road users. Traffic is shifted to less busy sections of the ring road. A second conclusion is that motorists and agencies involved greatly appreciate the DRIPs and find that they enhance driving comfort. The third conclusion is that the DRIPs in any case do not adversely affect traffic safety and may well have a positive effect. The fourth conclusion is that the DRIPs do not cause traffic to shift to the underlying road network. The fifth conclusion is that the DRIPs are expected to become cost effective in the short term, about three years. There were clearly fewer queues on the ring road immediately after the DRIPs were placed, but at the time the second post-measurement was conducted the situation had returned to its previous level primarily due to an increase in traffic demand.


A third generation of VMS’s in the Amsterdam network has been put in operation in 1997. For a brief announcement see the brief article 3. These VMS’s can display three lines of text. At the time this report is written there is no evaluation available on the effects of the third generation VMS’s.


A traffic control center has been put into operation. The task of the traffic control center is to surveil and to control road traffic in the Province of North-Holland, primarily in the Amsterdam area, that near Haarlem, and that near Schiphol. All functions of traffic control are handled from this center. For additional information see [18].


According to RWS the following on trip information is available to road users for enroute route choice:


•	Radio-traffic information;


•	DRIPs;


•	P+R information signs;


•	RDS-TMC;


•	(Dynamic) Route planners;


•	(Dynamic) Road signs.


According to an investigation into the use of travel time estimates by TNO-INRO, see 56, a road user would like to receive the following information in case of congestion:


1.	the location of traffic queues;


2.	the length of traffic queues;


3.	the travel time and the delay a road user will experience on a particular link or route;


4.	alternate routes and the travel times to be experienced along these routes.


It is practically not possible to provide all this information to all network users by variable message signs along the road. A conclusion of the quoted investigation is that the differences of the control measures (1) display of queue lengths and (2) display of travel time delays, are not very pronounced.


Network near Paris, France In the Paris network travel times are displayed at a large number of VMS’s that may be seen by road users on the Boulevard Peripherique. The author has been informed that these travel times are based on data from recent past before the display and are not travel time predictions. The VMSs display travel times mostly to other exits or intersections.


Network in Scotland A routing control algorithm developed in the DRIVE II Project QUO VADIS has been tested on a motorway network in Scotland. See the report [33,1] for a description of the test. See Subsection  3.3 for a description of the algorithms.


Network near Aalborg in Denmark A routing control algorithm developed in the DRIVE II Project QUO VADIS has been tested on a motorway network near the town of Aalborg in Denmark. See the article [17]  and the report [1] for a description of the test.


Network in Germany Routing control measures have been tested in a motorway network near Munich in Germany. as part of the DRIVE II Project LLAMD-MARGOT. The routing algorithm is briefly described in Subsection  3.3.


3.3	Current theory on routing control


For the routing control problem as considered here the classical approach of route selection given arrival intensities by static optimization is not suitable. Arguments for this statement are that in this approach no use is made of the actual state of the network and neither of the time-varying arrival intensities at entry points. Attention in this report is focused on dynamic control with feedback control laws that explicitly use actual state information. Several synthesis approaches have been suggested, see [10,11,35,39] and the references provided in these papers. For an introduction to routing control see [4,55].


The European Commission has financially supported research in traffic and transportation via the DRIVE I, DRIVE II, and Telematics Application Program - Sector Transport. Several projects of these programs address also routing control. As part of the DRIVE II Project QUO VADIS several routing control laws have been proposed, and evaluated by simulation and by road testing, see [33,36,40]. See below for detailed information on this. In the DRIVE II Project EUROCOR attention is also given to routing control, see [34]. The paper [27] on the RHAPIT field trial discusses routing control using the communication system SOCRATES. Papers of the DRIVE II Project DYNA are [8,22,9].


Within the DRIVE II Project QOU VADIS three routing control algorithms have been developed and tested. These are described below. The algorithm MCONTRM was developed by the Transportation Research Laboratory (P. Gower) in Crowthorne, United Kingdom. It has been tested on the road for a network in Scotland and for a network in Aalborg, Denmark, see [1]. The routing control algorithm is based on dynamic traffic assignment. The second routing algorithm was developed by the Technical University of Crete (M. Papageorgiou) in Chania, Crete, and the research institute INRETS (H. Haj-Salem) in Paris, France. The algorithm has been tested on a road network in Aalborg, Denmark, see [1]. The routing control algorithm is based on a combination of a Smith predictor, feedback control, and online optimization. The third routing algorithm is called OPERA. It was developed by the companies ISIS (J. Morin) in St. Quentin-en-Yvelines and Steria. The program was tested on the road on a motorway network in Scotland, see [1]. The algorithm OPERA is based on the expert system G2. It assists the operator by suggesting a small set of route choices which subsequently can be evaluated by a travel time prediction module.


In the DRIVE Project LLAMD-MARGOT routing control has been described for a network near Munich in Germany. The control law uses a finite-horizon look ahead input design for route directives combined with an optimization over OD pairs. This control law differs from that described in this report in that it does not refer to the Nash equilibrium, that the optimization procedure over all OD pairs is less detailed, and that the travel time prediction is not specified.


The analogy of routing in a motorway network with routing in a communication network may be exploited. For references on this approach see [15,53].


In the U.S.A. there is a national effort to plan and to implement an Intelligent Transportation System. A national architecture has been proposed. As part of this effort, attention is given to routing control. For additional information see the article [23]. Topics like dynamic route selection and dynamic route guidance are discussed. Particular attention is given to technical systems in which drivers must communicate their origin and destination to the traffic control center so as to allow the center to control the network efficiently. In the DACCORD project such an option is not discussed.


The Program California Partners for Advanced Transit and Highways (PATH) was established in 1986. It is administered by the Institute of Transportation Studies of the University of California at Berkeley in collaboration with the Transportation Department of the State of California. PATH is a multi-disciplinary program with participation of universities, private industry, and government agencies. Research is focused on the design of an automated highway system. Routing control has so far received no or little attention. In the Santa Monica Smart Corridor Project the investigation has focused on incident management. Route diversions are studied only for a specific set of incidents. The tools used are a decision support system and an expert system. For details see [25]. At MIT a study is made of routing control by Mr. J. Bottom under supervision of Prof. M. Ben-Akiva, see cite.


M. Papageorgiou [39] has proposed to use optimal control theory to synthesize a control law that meets the control objectives. The conclusion of that paper is that the routing advice is oscillating between the alternate routes considered. Other disadvantages are the high computational cost of the optimal control law and that the structure of the control law is hard to determine. For recent work by M. Papageorgiou and co-workers see [31,24,32].


For related publications on routing control see [41,42,43,16,26,13,37,47].


The analogy of routing in a motorway network with routing in a communication network may be exploited. For references on this approach see [15,53].


3.4	Interaction of information and control


The routing control problem is difficult for several reasons. Some of these reasons are that: (1) the problem involves several decision makers; (2) the information provided to a particular set of road users depends on that provided to other road users; (3) it is a control problem with partial observations. These points are explained in more detail below. In the literature on traffic control there is much confusion on these points.


The actors of a motorway network may be distinguished into: (1) the system operator; (2) all road users. The class of road users may in turn be distinguished into subclasses, one subclass for each OD-pair. The objectives of all road users travelling from a particular origin to a particular destination are generally the same, so these road users can be aggregated into one class for this OD pair. In the following the actors of a network are (1) the system operator; (2) for every OD pair, the traffic flow of this pair.


It will be assumed that the control objective of the traffic flow of every OD-pair is to minimize the travel time. In the report 21 reasons are provided for this choice. From analysis of realistic networks it is then clear that the traffic flow of an OD-pair is in competition for the capacity of the network with a subset of the traffic flows of all other OD-pairs. The role of the system operator versus the road users is less clear. It is often said that the system operator should be neutral with respect to the different traffic flows for the OD-pairs but the experience of the last few years with traffic control shows that this is sometimes not done. Examples of this partiality are (1) coordinated ramp-metering; and (2) providing routing information to some network users but not to others.


In control theory, information refers to many different properties. It is therefore necessary to distinguish these by the introduction of concepts. A control problem is said to be with complete observations if the state of the control system is observed and available for control. In practice, this is almost never the case. For routing control the state of the model consists of the density and of the average speed of all sections of the network. A control problem is said to be with incomplete observations (or partial observations) if only a function of the state, but not the full state, is observed and available for control. This is the case in most realistic control problems.


Routing control is a dynamic game problem with incomplete observations. It is called a problem with incomplete observations because neither the system operator nor the road users have full information on the state of the motorway network. The system operator does not know the intensity of the traffic flows of the different OD-pairs. A road user observers only the traffic flow in his field of vision. Because the network is influenced by several actors, the system operator and the traffic flows for OD-pairs, the routing control problem is a game problem. It is called a dynamic game problem because the control decisions of the actors take place over a time horizon. The control objective of the traffic flow of any OD-pair is assumed to be to minimize the travel time. As stated above, the objective of the system operator is less clear. In a general way it is to improve the utilization of the motorway network for all road users.


The information provided to road users is related to control in several ways.


1.	Information provision is always a control measure. Information provided to road users, say by a VMS, always has the effect of control. This remark applies even to information on the current state of traffic or on the state of traffic of a few minutes before its display. As an example, one may think of display on a VMS of a queue length or of travel times based on past data. Up to now, the literature on traffic control has not provided much attention to the control effects of the display of traffic and travel information. In Subsection  3.5 this point will be discussed in more detail. It is the choice of the system operator to display the particular information or not to display other information. It is a choice of the operator to provide information to some road users and not to others.


2.	Prediction depends on control. Display of a travel time prediction depends on the control input displayed currently but also on anticipated future control inputs. If on a VMS the travel time predictions for two different routes to the same destination are displayed, then the road users may react to this by all choosing for the route with the lowest travel time. The experienced travel time should then be consistent with the travel time prediction. The displayed travel time prediction must therefore be based on the expected control effect of this display. A consistency should therefore hold between the displayed travel time prediction and the resulting effect on the traffic flow through the network.


3.	Control for the traffic flows of all OD-pairs must be consistent. A variable direction sign or the display of a travel time prediction for the traffic flow of a particular OD-pair depends on the control inputs for the traffic flows of the other OD-pairs. As an example, consider in Subsection  5.1] the traffic flow for the OD-pair (A8,A2). A variable direction sign for this flow depends clearly on the corresponding signs for the traffic flow of the OD-pair (A8,A4). But it also depends on the flow of the OD-pair (A4,A1). What is needed is that the control inputs, the variable direction signs displayed, are consistent, not only at a particular time but for a time horizon. See for this consistency points also the paper [6].





3.5	Discussion of currently used routing control measures


It is often said that network operators should provide only information to the road users and neither provide predictions nor control directives. But providing information to road users is also a form of control. For example, the network operator first has to decide how to inform road users, by radio or by VMS. Because only a small number of VMS’s can be placed in practice, the network operator also has to decide where to place the VMS’s. Next the network operator has to specify which information to display where. Even if there are several traffic queues he can only provide particular information at one or several sites, not at all sites. For practical reasons not all information can be displayed on all VMS’s.


The display of traffic information on VMS’s, a form of control, has advantages and disadvantages. The positive effects of display have been mentioned in Subsection  3.2. Some of the negative effects are discussed below in this subsection, first for the display of queue lengths, then for the display of travel times, and finally for variable direction signs.


A general problem with information displayed on VMSs is that road users may have difficulties with the interpretation of the information. Experienced road users know the road numbers used and the locations of the network. Inexperienced road users may not comprehend the information.


Consider first the control measure of the display of queue lengths on VMS’s. This measure is used in the Amsterdam network. A problem that road users may have with this information is the interpretation of the message in terms of their own travel objectives. For example, the information on queue length at a particular location does not allow the road users to determine the cause of the queue. The cause can be an accident or the blocking of a tunnel with as consequence that the road is blocked for an unknown amount of time; or the cause can be only temporary overload at a bottleneck with traffic moving slowly. A second example of a difficult interpretation is that the length of a traffic queue is not necessarily proportional to the resulting delay of the road user. Consider the following situations, (1) a two lane motorway that passes a tunnel with two lanes available in the tunnel for this direction; (2) and a two lane motorway that passes a bridge with only one lane available on the bridge but two lanes before the bridge. If a road user sees on the VMS a queue length displayed of 3 km for the tunnel and of 2 km for the bridge road then the travel times are more likely to related as 3 to 4 than as 3 to 2. Experienced road users who regularly use both routes may know but inexperienced one are likely to make incorrect interpretations.


Consider secondly the control measure of display of travel times. This measure is used in the Paris network. Most often it is used for the display of the travel time to another exit on the Boulevard Peripherique. The road user is then not provided with the travel time on an alternate route which would be to leave the motorway and to travel via the urban network to the destination. The author has been told that in the Paris network there is a location where travel times are displayed for a route and an alternate route to the same destination. In The Netherlands near Rotterdam the travel time for a route is displayed but at a location where the road users do not have the choice of a realistic alternative route. The argument used for the display of travel times when there is no alternative route is that it informs drivers and hopefully keeps them less unhappy with the traffic situation than when they were not informed.


A disadvantage of the control measure of display of travel time is that it must be consistent with the effect of its display and with the anticipated effects of other displays on other OD traffic flows. This point has been argued in Subsection  3.4 . If the road users experience a difference between the travel time displayed and that experienced during the trip then they may loose confidence in the system. However, if the routing control algorithm can achieve the consistency mentioned above then the display of travel times will be very useful. If road users have as travel objective the mimization of travel time then the display of travel time is precisely the information they need. As any prediction, the travel time prediction may deviate from the experienced travel time. Tests and experience with this control measure and evaluation by asking road users will then have to establish whether road users trust the information and adjust their route choice accordingly.


It has been suggested to display the additional delay on the available routes rather than the total travel time. The author of this report is of the opinion that the display of travel time is better than the display of delays because non-regular road users cannot interpret the latter form of information.


A third control measure is the use of variable direction signs. In the Amsterdam network this is since the Spring of 1997 used at one point: Traffic on the A9 due south and destined for the town of Haarlem is at the intersection Beverwijk directed to either the A9, the preferred route for most road users, or to the A22, the alternate route. Traffic is directed to the alternate route if the traffic queue on the A9 between intersection Badhoevedorp and intersection Rottepolderplein extends upstream from intersection Rottepolderplein. The directions displayed on the VDS’s must be consistent with the current and anticipated VDS’s for other OD traffic flows and with direction signs displayed elsewhere in the network. This consistency requirement is identical to that associated with the display of travel times. The use of direction signs does not allow a road user to compare the expected travel time with the experienced travel time. The traffic circumstances on the day of the route choice will in general be different from those on other days. This is an advantage of the use of VDS’s over display of travel times. On the other hand, the travel time information is more informative than a direction sign.


Conclusions for this subsection follow. The display of traffic information is a control measure taken by the network and system operator. The display of queue lengths may in some traffic situations and at certain times be difficult to interpret by the road user. The display of travel times for two or more alternate routes requires a consistency condition to be met. It is difficult to meet the consistency condition, even approximately. The author is not aware of the existence of a theoretically analyzed, computationally tested, and implemented routing control algorithm that meets this consistency condition. In the remainder of this report theory will be developed and an algorithm formulated for routing control that will satisfy the consistency requirement. An uncertain factor in the case of display of travel times is whether road users will maintain confidence in the information provided. The use of variable direction signs also requires the consistency condition to be met. Use of direction signs does not allow road users to directly check whether the route selected has the shortest travel time or the lowest cost. The display of VDSs is also a possibility. The author favors (1) the use of VDSs and, at a lower level of preference, (2) the display of travel time predictions.


3.6	Traffic conditions


The routing control measures and the algorithm to be used depend on the traffic conditions. Below these traffic conditions are distinguished and the relevant routing control discussed. The classes of traffic conditions are taken from the DACCORD user requirements, see [51, 4.3].


Traffic condition 1. Traffic flow close to capacity This case refers to a traffic condition in which the traffic demand for at least one link of the motorway network is close to the capacity of the link, say 80% to 100%. In such a condition the traffic flow through the link is unstable and a traffic queue can start to form at any moment.


The function of routing control in this case is to divert a fraction of the traffic flow from the endangered link to other links of the motorway network that have relatively more spare capacity. The user optimum should be followed in the sense that this divergence should be advantageous to drivers for the concerned OD traffic flows, and not necessarily advantageous to the system operator. The DTMS should be able to alert the system operator that traffic demand is close to capacity and the routing control algorithm should be able to suggest a few network route selections for the effected OD traffic flows. This requires that the DTMS contains an accurate predictor of traffic intensities on the network links.


A difficulty in this case is whether or not it is possible to accurately predict the traffic demand for a particular motorway link so far ahead that effective measures can be computed, evaluated by the operator, and implemented. Considering the irregularity of the traffic intensities and the uncertainties about the OD traffic demand and time trajectory of this demand, it is unlikely that the predictions will be very accurate. Long term experience with a prediction algorithm on actual day-to-day measurement, such as planned for the Amsterdam network, will have to provide evidence on the accuracy.


The routing control algorithm should in this case be able to suggest a few scenarios with network route selections. These suggestions should be made some time before the traffic demand in the concerned link reaches the high levels mentioned above.


In the opinion of the author of this report, the use of routing control in this case is the most difficult of all traffic conditions. It seems best to apply routing control in the other cases first, and then to apply it in this traffic condition.


Traffic condition 2. Traffic queues have formed This case refers to a traffic condition in which one or more traffic queues of a length of at least 500 m. have formed in the network and the cause is not an incident (See case 3.). Thus congestion has set in. The traffic in the queue may be moving slowly or may be at a standstill. This case often occurs in recurrent congestion such as peak hour traffic.


The function of routing control in this case is to divert the traffic flow from the affected link to other links of the network. The purpose of this routing control measure is to stop the growth of the traffic queue and possibly to dissolve the queue. In the case of recurrent congestion the growth of the traffic queue often cannot be prevented. It is likely that the longer the traffic queue the larger fraction of the affected traffic flow will divert to the alternate routes.


The routing control algorithm should be able to provide scenarios with network route selections. Because this case concerns mainly recurrent congestion, such scenarios could be computed off-line and stored for rapid recall by the system operator when needed. Because also non-recurrent traffic situations are covered the routing control algorithm should also cover these situations. The algorithm should also advise when to recommend traffic to use the regular route again.


In the opinion of the author of this report routing control can be effective in this traffic situation both in recurrent and in non-recurrent traffic conditions. Drivers generally do not have the information on the locations and lengths of the traffic queues, on the alternate routes, on the anticipated traffic situations of the routes, etc. If the motorway network is totally overloaded with traffic demand then the effect of routing control is minor, only the traffic stress is evenly distributed.


Traffic condition 3. Serious incidents This case refers to a traffic condition in which because of an incident, a link of the network is fully or partly blocked for some time. Examples of incidents are serious accidents, the blocking of a tunnel or a bridge, a spill of a truck with chemicals or with live animals. A tunnel may be blocked because a truck that was too high tried to pass anyway, got stuck, and damaged the tunnel. A bridge may be blocked because of malfunctioning or because of damage due to a boat. The time the road is blocked may vary from half an hour to several hours to several days.


The function of routing control in this case is to inform the drivers on the cause of the traffic situation and to recommend alternate routes. The report [4.3]51 speaks of compulsory rerouting. The consequence of the fact that a road is blocked is that drivers have to choose another route. In case of actual danger, such as a fire, is compulsory rerouting applicable.


The routing control algorithm should be able to provide scenarios for this traffic condition. It is of primary importance that the traffic control center receives as soon as possible information on the cause of the incident and on the estimated duration of the blocking. This information should be provided to the prediction module of the DTMS. The scenarios with network route choices are likely to result in new traffic queues elsewhere in the network but this seems unavoidable in this case.


In the opinion of the author of this report routing control can be very effective in this traffic condition. But the number of times this traffic condition occurs will be comparatively small. Yet, its importance in this condition is very high. It will be useful to traffic control if the network and system operators prepare scenarios for a few anticipated incidents.


3.7	Routing control investigation


Based on the discussion of this section the investigation into routing control described in this report is further narrowed down. As to the control measures for routing control, attention is restricted to the use of variable direction signs and, possibly, of travel time predictions. The consistency condition between the information provided and the expected effect on the traffic flow must hold. Because the confidence of the road users in the information and control system must be kept high, the use of VDS’s may be better than the use of predicted travel times.


A routing control algorithm requires the availability of information. It will be assumed that there is available a prediction program that, if a specification is made of the settings of all road control measures and of the traffic measurements, will produce an estimate of the travel times for the traffic flow of all relevant OD pairs. In project DYNA two such programs have been developed, they were further developed in the DACCORD project, see 50,52. In the project BOSS a prediction program is under development for the Amsterdam network based on the results of project DYNA.


The routing control theory and routing control algorithms formulated in the next section are intended to be used at the DACCORD sites, primarily at the Amsterdam and at the Paris network. However, the theory and algorithms described in this section are put in a general setting. For the general setting it is assumed that the motorway network has VMSs on which variable directives or travel time predictions can be displayed. For this investigation it will be assumed that for all OD pairs route information can be provided at these VMSs. This assumption is not realistic. In practice route information is provided only to the traffic flows of the main affected OD pairs. It will also be assumed that the route directives or the travel time predictions are updated every 10 minutes and are held fixed during update times. The updates can be more frequent if this is useful for traffic and if the algorithm is comparatively fast. In practice there can be additional updates if there is information on unforeseen circumstances such as an accident. A point of concern here is whether the frequent switches between different route directives does not cause instabilities in the traffic flows.


In the next section the routing control problem under the practical restrictions mentioned above will be formulated as a dynamic game problem.


�
4	Routing Control - Theory and Algorithms


In this section the routing control problem is formulated and an algorithm for the problem presented. A model for routing control in a motorway is described in the report 21. It was developed as part of the DYNA project. The model will not be restated in this report.


4.1	Routing control as a dynamic game problem


Decision makers


The routing control problem may be formulated as having one decision maker or many decision makers. In the formulation of one decision maker, the network operator, who is responsible to the government for the network, selects the control objectives and decides on routing. In the formulation of multi-decision-making a decision maker corresponds to the flow of an OD pair. Although in principle the road users make the route choice individually, the choice will be similar for all users travelling on the same OD pair assuming that they are provided with the same routing information and assuming rational behaviour. 


It is possibly to use the model of a Stackelberg strategy with at the first level the system operator and at the second level the traffic  flows of all OD pairs. In the decision making process first the system operator declares his control law and then secondly the traffic flows optimize their route choice. Such a game has not yet been analyzed theoretically. The operation of the system operator is restrained by the freedom which individual drivers have in their route choice.


Because of this distinction one must choose between the decision criteria of user optimality and of system optimality. These concepts were introduced in 54 with the names of user optimality and network optimality. System optimality refers to one decision maker, the road operator, and user optimality refers to multi decision makers, one decision maker for each OD pair. In game and team theory the concepts of user optimality and of system optimality are discussed in more detail.


In this report attention is restricted to user optimality. A user corresponds to the traffic flow of an OD pair. System optimality is excluded from consideration. Under system optimality, a system operator could set the route directives for the network such that they benefit the traffic flows of most OD pairs but may be disadvantageous to traffic flows of other OD pairs. Such a route directive is seen as inconsistent with the freedom which the individual driver has in making the route choice.


Control objectives


As a modelling approximation it will be assumed that the control objective of the traffic flow of an OD-pair is to minimize its travel time between the origin and the destination. Many other control objectives are closely related to travel time.


A consequence of the choices made above is that the routing control problem becomes a dynamic game problem. It is a game between the traffic flows for all OD pairs. The term ‘dynamic’ in ‘dynamic game problem’ refers to a sequence of actions over a horizon.


Let G denote the class of control laws and let, for OD pair (i,j), G(i,j) denote the class of control laws for this OD pair. Below g Î G will be called a control law for the dynamic game problem and be denoted by


		g = { g(i,j) Î G(i,j),   " (i,j) Î OD }.


Let J((i,j),g) represent the cost, the total travel time, over a specified time horizon for the traffic flow of OD pair (i,j) when control law g  is used. The cost is to be minimized. The dynamic game problem for routing control is then to select a control law such that the travel cost is minimized.


The author has decided to narrow down the dynamic game problem to one with the Nash equilibrium concept. This choice excludes the forming of coalitions of OD pairs. Such a coalition is unlikely given the fact that a traffic flow consists of a large number of cars of which the drivers usually do not communicate with other drivers on their route choice.


Definition 4.1 For the routing problem formulated above a control law


		g* = { g*(i,j) Î G(i,j),   " (i,j) Î OD } Î G,


is said to be a  Nash equilibrium if for all OD pairs (i,j) Î OD


		J((i,j),g*) ( J((i,j),g),


where


		� EMBED Equation.2  ���





and g1 (i,j) Î G(i,j) is arbitrary.


Thus a control law is a Nash equilibrium if, for each OD pair, the cost increases when for only that OD pair another control law than the Nash equilibrium is used. The restriction to a Nash equilibrium seems quite reasonable considering the facts that drivers on different OD flows do not directly communicate and hence do cannot cooperate.


Control problem


Problem 4.2 Consider the routing control problem for route directives with the Nash equilibrium concept formulated above. Determine a control law g* Î G that is a Nash equilibrium.


The routing control problem with the user optimality concept is now seen to be a dynamic game problem. The different decision makers, the traffic flows per OD pair, have partly conflicting control objectives. Indeed, it is advantageous for one OD flow if the flow for another pair follows a route that lowers the traffic density on the route of the first OD pair.


A control law that is a Nash equilibrium and that is based on a model of traffic flow in the network and on a model of the arrival intensities, explicitly accounts for:


1.	The actual state of traffic in the network.


2.	Anticipated future arrival intensities at origins (on-ramps).


3.	The use of VDS’s at all locations in the network.


4.	Traffic control actions that are anticipated to be used in the near future.


5.	Reduction of network capacity such as lane closures in case of accidents, if such events have been detected.


As stated in [26] many of the existing or considered routing control and route guidance systems do not account for these points.


In routing control of communication networks the game problem formulation has been introduced not so long ago, see [28,29,38]. The model used differs from that formulated above in that above a dynamic game is formulated while in communication networks a one decision problem is used. Moreover, in the game approach to communication networks the decision variable varies over an interval while in the approach above it varies over a discrete set. In communication networks the dynamics are much faster than in a motorway networks. Yet, the analogy is useful.





4.2	The dynamic game approach


The routing control problem has in the previous section been formulated as a dynamic game problem. What is known about such problems? A book on the theory of dynamic games is [5].


Consider a dynamic game problem with a deterministic non-linear control system described by a differential equation, in which the state of the control system is available to the players, with a class of control laws for each player, with a cost function for each player, and with the Nash equilibrium concept. The problem is to determine a control law in the specified class which is a Nash equilibrium. Under several conditions of differentiability type, it can be shown that, if a solution exists to a set of coupled Hamilton-Jacobi-Bellman (BHJ) equations, one for each player, then the dynamic game problem admits a Nash equilibrium, see [5, Section 6.6.2 Th. 6, Section 6.5.2 Th. A-6]. The existence of a solution to this set of BHJ equations is in general a difficult mathematical question. Uniqueness probably requires several convexity conditions. In the case the control system is described by a linear control system, the cost functions are quadratic in the state and the input, and several technical conditions hold, then the set of BHJ equations admits a solution.


The dynamic game problem of routing control as formulated in the previous section seems analytically unsolvable, see also the report 21. The control system is described by a discrete-time non-linear system. The dimension of even a small network is of the order of 104 or 105. Only partial observations of the state are available. The number of players corresponds to the number of OD traffic flows of the network. For even a simple network with four origins and four destinations, the number of such flows is 12. The solution procedure for a dynamic game with complete observations then amounts to analytically solving a set of 12 BHJ equations for a control system of the order of 105. Practically this is not feasible.


The second best approach is to produce a numerical approximation to the Nash equilibrium control law. Because the set of control laws is a rich class of functions, such a numerical approximation is time consuming. The next best approach is to determine an input trajectory that is an approximation to the input trajectory that would be generated by the Nash equilibrium law in response to the current state or output of the system. This approach is developed in Subsection  4.3. It has also been worked out in a paper by S. Hoogendoorn for a particular network, see [19].


To summarize, the analytic determination of an optimal control law which is a Nash equilibrium is practically not feasible. Two lines of research seem of interest to the engineering problem of routing control.


The first line of research is to develop theory for (dynamic) games motivated by routing control. An often used approach is to reduce the complexity of the model. One can restrict attention from a dynamic game with partial observations to one with complete observations. From a dynamic game one can go to a game with only one decision or one over a single time step. Thus one obtains a simple game problem motivated by routing control. The theoretical questions for such a problem that require investigation are: Does a Nash equilibrium exist? If one exist, is there an unique Nash equilibrium or are there several such equilibria? How to compute a Nash equilibrium? These questions are studied in Appendix  C .


A second line of research is to develop a procedure to determine input trajectories which are numerical approximations to the input trajectory generated by the Nash equilibrium control law. Such a procedure is presented in the next subsection.





4.3	A routing control algorithm


4.3.1	Outline of routing control algorithm


In this subsection a routing control algorithm will be presented. 


Consider a static (without time index set) game in which each player has only a finite number of actions at his disposal. Restrict attention to a Nash equilibrium. The determination of a Nash equilibrium may then be performed by a search procedure which in a finite number of steps determines whether or not such an equilibrium exists and determines if it exists. For a static game all of this is well known.


For a dynamic game an algorithm may be formulated inspired by the search procedure for a  Nash equilibrium in a static game. The algorithm, outlined below, combines a variant of predictive control with a search procedure for a Nash equilibrium. It should be clear that the algorithm produces route directives that are only an approximation to the route directives produced by the Nash equilibrium control law.


The routing control determination is based on the following procedure:


1.	Select and order a set of origin-destination network node pairs.


2.	Iterate over all OD pairs selected in step 1 till no further improvement can be made:


3.	Perform an on-line input optimisation based on a finite-horizon look ahead procedure using travel time predictions produced by the DTMS predictor.


4.	Fix the route directives selected in the previous step for the next discretization interval.


5.	Repeat the first three steps of this algorithm in the subsequent intervals.


Comments and details of the steps of the procedure follow in the remainder of this subsection. The closed-loop control system is displayed in Figure 1 and the control algorithm in Figure 2.


Consider a particular OD pair. Suppose that the control law for the other OD pairs are fixed. Consider for this OD pair the optimal control problem of making a route choice for the traffic flow of this OD pair. Because of the complexity of the model, a finite-horizon look ahead input design is used to solve this problem. In this input design procedure the predictor can be used to predict travel times along the route that is indicated by the VMS. Then that route for this OD pair is selected that has the lowest travel cost and the route directives are set accordingly. Step 2 of the algorithm is herewith explained.


According to the definition a control law is a Nash equilibrium if the traffic flow of an OD pair cannot lower its cost by changing the control law while all traffic flows for other OD pairs keep their control law fixed. The same property is applied to the selection of route directives over a horizon in Step 2. In principle this condition has to be checked for all OD pairs. In practice the search will be limited to a small set of OD pairs. The specifics of this search procedure are detailed below.


The algorithm formulated is practically realisable. No claim of optimality for this algorithm is made. The input trajectory produced by this algorithm will only be an approximation to that produced by a Nash equilibrium control law. In Appendix C theoretical support of this algorithm is provided.


4.3.2 Control algorithm for the route choice of the traffic flow of one OD pair


In this subsection attention is limited to a particular OD pair. The problem is to synthesise a routing control law for the traffic flow of this OD pair while the control laws of all other OD pairs are kept fixed. The solution to this problem is used in the search for a Nash equilibrium that is described later in this section.


Control synthesis


In this part of the investigation control synthesis will be based on a version of the separation principle. According to this principle a control law is synthesised by combining a predictor or filter with a control law based on state feedback. In project DYNA a predictor has been developed. It provides estimates of intensities and average speeds in links of the motor way network and predictions of the intensities at entry points of the network. It also can provide predictions of intensities and average speeds in links of the network. The routing control algorithm will use the predictions of the state variables and produce the input, the variable direction settings or the predicted travel times. This input is then applied to the real motor way network and to the predictor.


The expression ‘principle’ in ‘separation principle’ refers to a procedure to be followed. There is no result in the literature that states that for a dynamic game problem of a deterministic non-linear control system the separation property holds. The problem of when for a non-linear control problem the separation property holds has only been recently formulated. The use of the principle is therefore a control synthesis approximation.


According to the separation principle, control synthesis of a control law may be separated into the synthesis of a predictor and of a control law based on state predictions. The predictor has already been developed within the DYNA project and has been further developed in the DACCORD project. What remains to be done is to synthesise a control law based on state predictions.


Control synthesis as sketched above also involves the internal model principle. The motor way network is excited by the arrival intensities at entry points or origins. These intensities vary in time, rather strongly so during peak hour traffic. The control law should therefore contain a model for these intensities that may then be used for predictions and control. A DTMS prediction module should contain a model for the intensities at entry points, based on historic data, and produce predictions of these intensities.


According to the separation principle Problem  4.2 is now reduced to a new problem. Consider the control system consisting of a model of the motor way network and of the reference system


		x(t+1) = f(x(t),u(t)),   x(t0) = x0.


This control system is deterministic and non-linear. Even for simple networks the dimension of its state space runs in the thousands. The state x of this system may be assumed available for control. A control law for this system is a map g: X ® U and the set of control laws is again denoted by G. The resulting input is then


		u(t) = g(x(t)).


Let for g Î G, J((i,j),g) be the cost function for the time horizon considered. The problem is then to determine a control law g* Î G  that minimises the cost.


A control law for the simplified control system is a function of the state of that control system. The state contains that information that together with the input determines the future evolution of the system. Recall that the state consists of:


1.	The traffic densities per OD pair, per route, per section, and the average speed.


2.	The state of the reference system that generates the time-varying arrival intensities at origins of the network.


The optimal control problem for one OD pair is difficult for several reasons. The dimension of the state space representation of the control system is rather high, of the order of about 60 ´ 103 for a special case of the Amsterdam network. Moreover, the control system is non-linear in a complicated way. An analytic solution for this optimal control problem is therefore practically not feasible. A numerical approximation of the analytic solution does not seem feasible either, in particular one for on-line implementation.


On-line input optimisation


In control design another approach is sometimes pursued. The control system is simplified till a less complex control system is obtained for which the optimal control problem can either be solved analytically or for which an approximation to the optimal solution can be computed in a comparatively short time. The computation time should be small with respect to the time between two updates of the VMSs.


A suggestion to reduce the model is to consider only the intersections as bottlenecks in a network. The dynamics of the traffic flow can then be appropriately simplified. The store and forward networks are models of this type. However, for the motivation of this report the bottlenecks are not a priori clear. Incidents do not always occur at the same location. Traffic queues may form at many locations. It is too naive to model the traffic flow on the ring around Amsterdam only by the main bottlenecks at the tunnels and the RAI on-ramp and off-ramp. The problem of a simplified model for traffic flow in a network remains of interest but requires further work.


In the remainder of this Subsection a control algorithm for the route choice of an OD pair is proposed. The algorithm is based on online input design over a finite horizon. This design method has been used since the 1960’s. It has been used recently in control of discrete event systems where it is called a finite look-ahead control law. This method is definitely different from model-based predictive control.


The control law for routing control of one OD pair based on online input optimization is described next. Let (i,j) Î OD be the OD pair concerned. Here i represents the point in the network where the VDS of VMS is located and j the destination node. The control law for the other OD pairs is assumed fixed.


Suppose that for OD pair (i,j) two routes are possible, say k1 and k2. Denote the discrete horizon of interest by


		T1 = { t0, t0+1, ..., t0+t1 }.


In each discrete time step the VDS has to direct traffic to either route k1 or route k2. Possible route directive trajectories then are


		rd1 = ( k1,k1, ..., k1), rd2 = ( k2,k2, ..., k2),


		rd3 = (k1,k2,k1,k2), ..., etc. Î RD((i,j),T1).


The expression rd = (k1,k2,k1, ...) denotes that in time interval t0 route directive k1 is used, in interval t0  +1 route directive k2 is used, etc. The problem is then to solve


		inf 	JT((i,j),rd),


		rd Î RD((i,j),T1)


where JT((i,j),rd) represents the travel cost (travel time) of the traffic flow for OD pair (i,j) Î OD that leaves the location of the VDS i in the mid point of the time interval t0. This problem will be solved by online minimization: Determine for each admissible rd Î RD((i,j),T1) the cost JT((i,j),rd) and select that route directive trajectory rd Î RD((i,j),T1) that achieves the lowest cost, for example the lowest travel time. For a subnetwork of the Amsterdam network the horizon may be taken about 30 minutes with a discretization step of 10 minutes. In the above example then t11 = 3 and there are 23 = 8 possible directive trajectories. For each directive trajectory the travel time of a car along the route indicated by the directive of the first period can be estimated by forward simulation of the network. Several predictors are currently available, see [26,46,48]. One such predictor is that developed in the DYNA project 7.


Algorithm 4.3 Online input optimization for a fixed OD pair.


1.	Generate the set of route directive trajectories for this OD pair.


2.	For each route directive trajectory, estimate the travel time along the route indicated in the first period of the directive trajectory of a car that passes the directive in that period.


3.	Select that route directive trajectory that minimizes the travel time





The travel time estimate can in principle be written as a function of the state of the network and of the state of the reference system at the time the estimate is computed, say t^(x(t)) where x(t) is the state of the network at the time the prediction is made. This is true because the future travel time is determined by the current state of the network and by the predictions of arrival intensities at entry points.


4.3.3	Search procedure for a Nash equilibrium over OD pairs


According to the procedure for routing control described above a search must be made over OD pairs. It must therefore be specified which OD pairs are investigated in which order.


The search procedure defined below requires introduction of a few terms. A motorway network is distinguished into links, stretches of motorway between intersections. The traffic state of a section is said to be in congestion or congested if the average speed in the section averaged over a time period is below a specified value. For example, if the average speed is below 60 km/h over a three minute period. A link is said to be congested if any of its sections is congested.


Within the routing control computation the network may be simulated over a finite horizon, say 30 minutes. From this simulation one may deduce which links are predicted to experience congestion in that horizon.


According to the procedure an online input optimization is performed over all OD pairs. For any OD pair the computation of the predicted travel time is quite time consuming. It is therefore of interest to speed up the computation. In practice one may order OD pairs and limit attention to the initial subset. The order will be beneficial to the convergence speed.


Algorithm 4.4 Ordering of OD pairs. Assume that from a previous step there is available a set of current route directives for all OD pairs and a set of links in which congestion is predicted to occur in a specified finite-horizon.


1.	Determine the set of all links that are currently congested or that are predicted to experience congestion in the finite horizon considered.


2.	Determine the set of OD pairs for which the shortest distance route passes through a link determined in Step 1. Call this set the current set. These OD pairs may be ordered according to decreasing size of traffic flow intensity.


3.	Determine for all OD pairs selected in Step 2 the links that are part of the alternate routes.


4.	Determine for all links determined in Step 3 the OD pairs, different from those in Step 2, with traffic flows through these links according to the current route choice. Add this set of OD pairs to the current set. etc.


5.	Continue the iteration of the steps 3 and 4 till no further OD pairs are available. Finally add the remaining OD pairs to the current set.


	


4.3.4	Overall control law


Based on the discussion presented so far the following control algorithm law is obtained.


Algorithm 4.5 Routing control algorithm. Assume available from a previous stage of the control law computation route directives over a finite-horizon, say 30 minutes, for all OD pairs and a set of links in which congestion is predicted to occur within this horizon. 


For each time step do:


1.	Order the set of OD pairs as described in Algorithm  4.4 .


2.	Search for Nash equilibrium over all OD pairs  sequentially according to the list obtained in Step 1 by carrying out Step (a).


(a)	For an OD pair perform an online input optimization as described in Algorithm 4.3


3.	Apply the determined route directives for the next  discretization interval.





The algorithm formulated above must be supported by theoretical analysis. Questions that need attention include: Does a Nash equilibrium exist? This question is studied in Appendix D for a route choice game in which no dynamics are present. It is proven in a special case that a Nash equilibrium exists. The question for the general problem has not been answered. If a Nash equilibrium exists, then does an algorithm exist which determines a Nash equilibrium? Because the number of OD traffic flows is finite and for each OD traffic flow the number of routes is finite, an algorithm exists. At a practical level it is of interest to determine an algorithm that approximates a Nash equilibrium  in a small number of steps. This point is still under investigation.


4.4	Design of a DTMS module for routing control


Implementation of routing control requires a measurement network, a dynamic traffic management and control system (DTMS), and channels to communicate routing control recommendations or directives to drivers. Below these aspects are elaborated upon.


Hardware Routing control can be used only if a measurement, a communication, and a control network have been installed. This in turn requires that the locations of the VMSs and the VDSs are determined. The network operator needs to anticipate which links of the network are likely to experience congestion and which OD traffic flows are effected by this. The signs should then be placed such that drivers on an OD traffic flow can divert to an alternate route.


The network operator must decide also on what to display on the VMSs or VDSs. The options discussed for the display include: queue lengths, travel times, travel delays, or direction signs. For queue length the accuracy has to be specified, say only integer values in kilometers, or multiples of 500 m. The same comment applies to the display of travel times and of direction signs. The interval over which the message is held fixed, say 5 minutes, or 10 minutes, has to be set.


Off-line information for routing control A DTMS that is to be used for routing control in a motorway network must be loaded with information. Of the motorway network, information must be provided about origins, destinations, on-ramps, off-ramps, intersections, distances, the road configuration such as the number of lanes, etc. For each OD pair all possible routes have to be specified and numbered. For every OD pair, the time trajectory of the traffic flow intensity has to be specified, mainly for weekdays. Collecting this OD traffic flow information is a difficult problem because this information is not directly measured. There are algorithms to estimate and to predict on-line OD traffic demand, see [49] for an overview. Possibly periodic surveys can be useful for this task.


On-line information for routing control A DTMS for routing control must have available online measurements of the motorway network. Based on this and on a network route choice can travel time predictions be computed. It is of utmost importance for the predictions and for routing control that the system operator is informed as quickly as possible in case of incidents on the estimated blocking time of the road section.


Routing control law A routing control algorithm as formulated in Chapter 4 of this report needs to be adjusted for practical implementation. One item will be discussed here. If for a particular OD pair the travel times of two routes are 10.1 and 10.2 minutes for respectively the shortest distance route and the alternate route, then it is best not to divert traffic to the alternate route. A rounding scheme can be used. For example, if \hat t1 represents the predicted travel time along the shortest distance route k1 and \hat t2 the predicted travel time along the alternate route k2 then the control law could be


		� EMBED Equation.2  ���
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where c1 Î R  is a constant, for example three minutes.


4.5	Evaluation of routing control


Within the DACCORD project several control measures will be evaluated at the three test sites. The reader is referred to the report Final Evaluation Plan, 20. Routing control is to be evaluated at the Amsterdam test site.


How should the effect of routing control be evaluated? It would be best to have available precise information on the route used and on the travel time of every driver. Practically this is very difficult and costly to obtain. An alternative is to survey a selected group of drivers.


The DACCORD evaluation plan mentions the following performance indicators for routing control and the criterion for routing control to be termed a success, [20, p. 106].


•	Information coverage ratio ( [20, p. 73]), the ratio of drivers concerned who receive the information on the control measure. Use of routing control according to this indicator is termed a success if the ratio is higher than 80%.


•	Compliance rate ([20, p.75]), the fraction of drivers who have received the routing recommendation, for whom it is relevant, and who actually follow it. Use of routing control according to this indicator is termed a success if the rate is higher than 90%. To the author of this report this rate is too high. It is to be expected that initially the rate is of the order of 50% to 60%. The rate may also depend on the difference of the traffic queue lengths between the routes or the travel times between the routes.


•	Splitting proportions at a diverge ( [20, p.87]), the proportions of the traffic intensities at a fork point. Use of routing control according to this indicator is termed a success if the proportion changes at least by 2%. To the author of this report this percentage is not so useful because the relative share of the traffic flow that is affected by the message with respect to the total traffic flow that receives the message is not taken into account.


•	Total queue lengths.


Further comments follow. (1) Routing control should preferably be evaluated by experienced travel times for all OD traffic flows. Opinion surveys may be used to collect the data. Data collected by probe cars are useful but can never satisfy the information requirements for data under a wide variety of traffic conditions. Technical means to collect data on the experienced travel times may be studied. (2) For online use by the system operator, the most useful information is probably the time trajectory of the splitting proportions at diverges. This information reflects the immediate reactions of drivers to the information displayed or provided.


�
5	Routing Control Problems for Specific Networks


Within the DACCORD project three motorway networks are considered: (1) Network near Amsterdam; (2) Network near Paris; (3) Network near Venice. As a first step several networks near Amsterdam will be analyzed. At the start of the investigation simulations of the traffic flow in a network and of routing control algorithms were considered. Due to lack of support by other DACCORD partners such simulations have not been made yet. 


5.1	AMS Network - Ring around city center


The network consists of the ring of Amsterdam with short links for the four motorways. Only links of 1 km of each of the motorways A1, A2, A4, and A8 are included in the network. See Figure 3 for a sketch of this motorway network.


To simplify the model, the origins and destinations of the network are aggregated. The only origins and destinations allowed in the network are the entry and end points on the links of the four motorways A1, A2, A4, and A8. No other origins and destinations are included in the model. This modelling approximation is a rather drastic but for a first model it is practical. The origins are indicated by the labels of the motorways: A1, A2, A4, and A8. The set of OD-pairs is then
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There follows a specification of the possible routes per OD-pair. The route is indicated by whether the route goes clock-wise (cw) along the ring A10 or counter clock-wise (ccw). In general route 1 is the route with the shortest distance and route two the one with the longest distance.


R((A1,A2))	=	 {r((A1,A2),1) = cw, r((A1,A2),2) = ccw},


R((A1,A4))	=	 {r((A1,A4),1) = cw, r((A1,A4),2) = ccw},


R((A1,A8))	=	 {r((A1,A8),1) = ccw, r((A1,A8),2) = cw},


R((A2,A1))	=	 {r((A2,A1),1) = ccw, r((A2,A1),2) = cw},


R((A2,A4))	=	 {r((A2,A4),1) = cw, r((A2,A4),2) = ccw},


R((A2,A8))	=	 {r((A2,A8),1) = cw, r((A2,A8),2) = ccw},


R((A4,A1))	=	 {r((A4,A1),1) = ccw, r((A4,A1),2) = cw},


R((A4,A2))	=	 {r((A4,A2),1) = ccw, r((A4,A2),2) = cw},


R((A4,A8))	=	 {r((A4,A8),1) = cw, r((A4,A8),2) = ccw},


R((A8,A1))	=	 {r((A8,A1),1) = cw, r((A8,A1),2) = ccw},


R((A8,A2)	=	 {r((A8,A2),1) = ccw, r((A8,A2),2) = cw},


R((A8,A4))	=	 {r((A8,A4),1) = ccw, r((A8,A4),2) = cw}.


It is best to delete the following routes from consideration because in each case there is an alternate route outside the network that is likely to be used by drivers: r((A1,A2),2), r((A2,A1),2), r((A2,A4),2), r((A4,A2),2).


Case study 1. Network AMS1 and incident on link (A4,A8) of A10


Assume that an incident occurs on the motorway A10, in particular on the link (A4,A8), that is the link from A4 to A8. Suppose that for a time of two hours there is a capacity restriction from three to two lanes. Suppose that initially traffic flows for every OD-pair are along the shortest distance route, that with number 1. Within the specification made above the capacity restriction affects the traffic flows of the following OD-pairs: (A4,A8) and (A2,A8). It is to be expected that the traffic flow (A2,A8) and, possibly, that of (A4,A8) are to be rerouted to the alternate route.


Case study 2. Network AMS1 and incident on link (A4,A2) of A10


Assume that an incident occurs on the motorway A10, in particular on the link (A4,A2). Suppose that for a time of one hour there is a capacity restriction from three lanes to one lane. Suppose that initially traffic flows for every OD-pair is along the shortest distance route. Within the assumptions made the capacity restriction affects the traffic flows: (A8,A2), (A4,A2), and (A4,A1).


5.2	AMS network - South East


Around the part of the Amsterdam called Amsterdam Zuidoost (South East) there is a motorway in the form of a rectangle formed by the motorways A1, A2, A9, and A10. The traffic flows on the A1 and the A2 that can be rerouted are only a small fraction of the flow. Therefore the travel time on the A1 and the A2 will hardly be influenced by route changes. In case of traffic queues the rerouted traffic flows will benefit.


5.3	AMS network - A.9 East - West


At the South of Amsterdam there is a network in the form of a figure eight. The network consists of part of the motorways A1, A9, A10, and A2. The network in the form of the figure eight allows for several OD pairs two route choices in series. This problem is slightly different from that of ring networks as analyzed in Appendix  C. In principle the routing control algorithm can handle this network.


�
6	Conclusions


The heavy loading of motorway networks in major European countries motivates the investigation of routing control. In this report the traffic control aspects of the problem have been discussed. In particular the interaction of information and control in traffic control have been highlighted.


The routing control has been formulated as a dynamic game problem. Theoretical problems have been analyzed, such as the existence of a Nash equilibrium and algorithms for the determination of a Nash equilibrium. An algorithm has been presented that determines variable direction signs. The algorithm needs to be evaluated on small networks by simulation.


Further research is required into the theoretical properties of Nash equilibria and into algorithms to determine such equilibria. In addition, more research is required into the dynamic game problem and algorithms for its solution.





�
Bibliography


[1]	Anonymous. Off line control strategy evaluation (interim). Report Deliverable 8, Oscar Faber TPA, Birmingham, United Kingdom, 1994.


[2]	Anonymous. RIA expands - Evaluation of the RIA system. Report RDH18/Md/388, Rijkswaterstaat Directie Noord-Holland, Haarlem, 1996.


[3]	Anonymous. Third generation VMS. Traffic Technology International, page 113, June/July 1997.


[4]	W. Balz and H. Zackor. Freeway network control. In M. Papageorgiou, editor, Concise encyclopedia of traffic and transportation systems, pages 156–162. Pergamon Press, Oxford, 1991.


[5]	T. Basar and G.J. Olsder. Dynamic noncooperative game theory. Academic Press, New York, 1982.


[6]	M. Ben-Akiva, M. Bierlaire, J. Bottom, H. Koutsopoulos, and R. Mishalani. Development of a route guidance generation system for real-time application. In M. Papageorgiou and A. Pouliezos, editors, 8th IFAC/IFIP/IFORS Symposium Transportation Systems, pages 433–438, London, 1997. IFAC.


[7]	M. Ben-Akiva, P.H.L. Bovy, H. Gunn, C.J. Taylor, J.H. van Schuppen, and P.C. Young. Annual Project Review Report - Part B Section 2 - The control extension of DYNA. Report, Hague Consulting Group, The Hague, 1994.


[8]	M. Ben-Akiva, E. Cascetta, H. Gunn, S. Smulders, and J. Whittaker. DYNA: A real-time monitoring and prediction system for inter-urban motorways. In ERTICO, editor, Proceedings of the First World Congress on Applications of Transport Telematics and Intelligent Vehicle-Highway Systems, pages 1166–1173, Boston, 1994. Artech House.


[9]	E. Cascetta, M. Di Gangi, K. Lindveld, and P. Mijer. A dynamic traffic assignment model for real-time applications. In ERTICO, editor, Proceedings of the First World Congress on Applications of Transport Telematics and Intelligent Vehicle-Highway Systems, pages 1202–1209, Boston, 1994. Artech House.


[10]	C. Charbonnier, J.L. Farges, and J.J. Henry. Le routage dynamique des vehicules. In C. Commault et al., editor, Proceeding First European Control Conference, pages 2391–2396, Paris, 1991. Herm�s.


[11]	C. Charbonnier, J.L. Farges, and J.J. Henry. Models and strategies for dynamic route guidance. In Commission EC, editor, Advanced Telematics in Road Transport - Proceedings DRIVE Conference - Brussels, February 4-6, 1991, pages 106–112, Amsterdam, 1991. Elsevier.


[12]	ERTICO. Transport telematics - The jigsaw puzzel. Report, ERTICO, Brussels, 1994.


[13]	K.M. Vaugn et al. Experimental analysis and modeling of sequential route choice under an advanced traveler information system in a simplistic traffic network. Transportation Research Record, 1408:75–82, 1993.


[14]	D. Fudenberg and J. Tirole. Game theory. MIT Press, Cambridge, MA, 1991.


[15]	B. Hajek. Optimal control of two interacting service stations. IEEE Trans. Automatic Control, 29:491–499, 1984.


[16]	R.W. Hall. Route choice and advanced traveller information systems on a capacitated and dynamic network. Transpn. Res.-C, 4:289–306, 1996.


[17]	S. Hammar, A. Messmer, P. Jensen, M. Papageorgou, H. Haj-Salem, and L. Jensen. Automatic control of variable message sings in aalborg. Transpn. Res.-C, 4:131–150, 1996.


[18]	M.C. Herkes. Dynamic control - A complete management system for North-Holland. Traffic Technology International, June/July:35–37, 1997.


[19]	S. Hoogendoorn. Optimal control of dynamic route information panels. In M. Papageorgiou and A. Pouliezos, editors, 8th IFAC/IFIP/IFORS Symposium Transportation Systems, pages 427–432, London, 1997. IFAC.


[20]	S.P. Hoogendoorn and N.J. van der Zijpp. Evaluation plan. Report Deliverable 10.2, Hague Consulting Group, The Hague, 1996.


[21]	H.J.C. Huijberts and J.H. van Schuppen. Routing control of a motorway network. Report BS-R9522, CWI, Amsterdam, 1995.


[22]	D. Inaudi, E. Kroes, S. Manfredi, and S. Toffolo. The DYNA on-line origin-destination estimation and prediction model. In ERTICO, editor, Proceedings of the First World Congress on Applications of Transport Telematics and Intelligent Vehicle-Highway Systems, pages 1174–1180, Boston, 1994. Artech House.


[23]	R.S. Jaffe. U.S. National ITS Architecture - Part 2 - Application. Traffic Technology International, Oct/Nov.:71–75, 1996.


[24]	J.C. Moreno-Banos and M. Papageorgiou and C. ScŠffner. Integrated optimal flow control in traffic networks. European J. Operations Research, 71:317–323, 1993.


[25]	A. Karimi and A. Gupta. Incident management system for Santa Monica smart corridor. In ITE 1993 Compendium of Technical Papers, pages 180–185, X, 1993. X.


[26]	I. Kaysi, M. Ben-Akiva, and H. Koutsopoulos. Integrated approach to vehicle routing and congestion prediction for real-time driver guidance. Transportation Research Record, 1408:66–74, 1993.


[27]	H. Kirschfink and G. Gumprecht. The SOCRATES services provided by the SOCRATES information centre in RHAPIT. In ERTICO, editor, Proceedings of the First World Congress on Applications of Transport Telematics and Intelligent Vehicle-Highway Systems, pages 1194–1202, Boston, 1994. Artech House.


[28]	Y.A. Korilis and A.A. Lazar. On the existence of equilibria in noncooperative optimal flow control. J. ACM, 42:584–613, 1995.


[29]	Y.A. Korilis, A.A. Lazar, and A. Orda. Capacity allocation under noncooperative routing. IEEE Trans. Automatic Control, 42:309–325, 1997.


[30]	A. Mas-Colell, M.D. Whinston, and J.R. Green. Microeconomic theory. Oxford University Press, Oxford, 1995.


[31]	A. Messmer and M. Papageorgiou. Automatic control methods applied to freeway network traffic. Automatica, 30:691–702, 1994.


[32]	A. Messmer and M. Papageorgiou. Route diversion control in motorway networks via nonlinear optimization. IEEE Trans. Control Systems Technology, 3:144–154, 1995.


[33]	A. Messmer, M. Papageorgiou, and N. Mackenzie. Automatic control of VMS in the interurban Scottish highway network. In M. Papageorgiou and A. Pouliezos, editors, 8th IFAC/IFIP/IFORS Symposium Transportation Systems, pages 1060 – 1065, London, 1997. IFAC.


[34]	F. Middelham, W.J. Schouten, J. Chrisoulakis, M. Papageorgiou, and H. Haj-Salem. EUROCOR and A10 West, Coordinated ramp metering near Amsterdam. In ERTICO, editor, Proceedings of the First World Congress on Applications of Transport Telematics and Intelligent Vehicle-Highway Systems, pages 1158–1165, Boston, 1994. Artech House.


[35]	J.M. Morin, P. Gower, M. Papageorgiou, and A. Messmer. Motorway networks, modelling and control. In Commission EC, editor, Advanced Telematics in Road Transport - Proceedings DRIVE Conference - Brussels, February 4-6, 1991, pages 148–171, Amsterdam, 1991. Elsevier.


[36]	J.M. Morin, P. Ricquez, and J.F. Gabard. Aid-to-decision for motorway network management: The expert system OPERA. In ERTICO, editor, Proceedings of the First World Congress on Applications of Transport Telematics and Intelligent Vehicle-Highway Systems, pages 1388–1395, Boston, 1994. Artech House.


[37]	A. Nuzzolo and F. Russo. Departure time and path choice models for intercity traffic assignment. In X, editor, Conference Preprints, Seventh International Conference on Travel Behaviour (IATBR-94) (June 13-16,1994, Santiago, Chili), pages 223–235, X, 1994. X.


[38]	A. Orda, R. Rom, and N. Shimkin. Competitive routing in multiuser communication networks. IEEE/ACM Trans. Networking, 1:510–521, 1993.


[39]	M. Papageorgiou. Dynamic modeling, assignment, and route guidance in traffic networks. Transpn. Res.-B, 24B:471–495, 1990.


[40]	M. Papageorgiou, P. Gower, A. Messmer, and J.M. Morin. Control strategies for variable message signs. In ERTICO, editor, Proceedings of the First World Congress on Applications of Transport Telematics and Intelligent Vehicle-Highway Systems, pages 1229–1236, Boston, 1994. Artech House.


[41]	Bin Ran and D. Boyce. Modeling dynamic transportation networks (2nd revised Ed.). Springer-Verlag, Berlin, 1996.


[42]	Bin Ran and D.E. Boyce. A link-based variational inequality formulation of ideal dynamic user-optimal route choice problem. Transpn. Res.-C, 4:1–12, 1996.


[43]	Bin Ran, R.W. Hall, and D.E. Boyce. A link-based variational inequality model for dynamic departure time/route choice. Transpn. Res.-B, 30:31–46, 1996.


[44]	Rijkswaterstaat. A better look at RIA. Report DVK CXT92044.RAP, Dienst Verkeerskunde, Rijkswaterstaat, Rotterdam, 1992.


[45]	J. Rosen. Existence and uniqueness of equilibrium points for concave n-person games. Econometrica, 33:520–534, 1965.


[46]	V.S. Sing and Chandana Wirasinghe. Real time estimation of freeway travel time under incident conditions for display on changeable messages signs. In X, editor, Proc. Int. Conf. on Advanced Technologies in Transportation and Traffic Management (May 18-20, 1994, Singapore), pages 235–244, X, 1994. X.


[47]	H. Sorah, P. Timms, and D. Watling. Modelling the day-to-day dynamics of route choice and traffic control. In X, editor, Conference Preprints, Seventh International Conference on Travel Behaviour (IATBR-94) (June 13-16,1994, Santiago, Chili), pages 236–247, X, 1994. X.


[48]	B. van Arem, M.J.M. van der Vlist, J.C.C. de Ruiter, M. Muste, S.A. Smulders, M.S. Dougherty, M.R. Corbett, and H.R. Kirby. Evaluation results of the models for monitoring the current and expected traffic state. Report GERDIEN Deliverable 16, INRO TNO, Delft, 1994.


[49]	N.J. van der Zijpp. Estimation of origin-destination tables. PhD thesis, Delft University of Technology, Delft, 1995.


[50]	H. Haj Salem H.J.M. van Grol, M. Westerman, and S. Manfredi. On-line station and link level state estimation. Report Deliverable D05.1, Hague Consulting Group, The Hague, 1997.


[51]	H.J.M. van Grol and C.D.R. Lindveld. DACCORD – User requirements for DTM applications. Report D03.1, Hague Consulting Group, The Hague, 1996.


[52]	H.J.M. van Grol, S. Manfredi, and M. Danech-Pajouh. On-line network state estimation and short term prediction. Report Deliverable D05.2, Hague Consulting Group, The Hague, 1997.


[53]	J. Walrand. An introduction to queueing networks. Prentice Hall, Englewood Cliffs, NJ, 1988.


[54]	J.G. Wardrop. Some theoretical aspects of road traffic research. Proceedings/Institution of Civil Engineers, 1:325–378, 1952.


[55]	D. Watling and T. van Vuren. The modelling of dynamic route guidance systems. Transpn. Res.-C, 1:159–182, 1993.


[56]	M. Westerman, M.J.M. van der Vlist, G.H. Speulman, and E.C. van Berkum. Literatuuronderzoek verkeersinformatie op dynamische route informatie panelen (drips) (in dutch). Report 95/NV/173a, TNO INRO, Delft, 1995.


[57]	M. Westerman, M.J.M. van der Vlist, E. van Berkum, and M. Speulman. Functional specifications of algorithms for estimating travel times and queue lengths and information strategies. Report 96/NV/009, TNO - INRO, Delft, 1996.


[58]	A. Haurie, P. Marcotte, On the relationship between Nash-Cournot and Wardrop equilibria. Networks 15 (1985), 295-308.


[59]	M. Patriksson, The traffic assingment problem - Models and methods. VSP B.V., Zeist, 1994.


[60]	R.B. Potts, R.M. Oliver, Flows in transportation networks. Academic Press, New York, 1972.


[61]	R.W. Rosenthal, The network equilibrium problem in integers. Networks 3 (1973), 53-59.


[62]	Y. Sheffi, Urban transporation networks. Prentice-Hall Inc., Englewood Cliffs, 1985.


[63]	M.J. Smith, The existence, uniqueness and stability of traffic equilibria. Transpn. Res. B 13 (1979), 295-304.


[64]	M.J. Smith, M.O. Ghali, The dynamics of traffic assignment and traffic control: A theoretical study. Transpn. Res. B 24 (1990), 409-422.





�
A	Glossary


BP	Boulevard PŽriphŽrique of Paris


CWI	Centrum voor Wiskunde en Informatica


DACCORD	Transport Telematics Project Development and Application


	of Co-ordinated Control of Corridors


DRIP	Dynamisch Route Informatie Paneel


	(English: Dynamic route information board)


DTM	Dynamic Traffic Management


DTMS	Dynamic Traffic Management System


DYNA	Drive II Project Dynamic Traffic Model for Real-Time Applicatioins


EU	European Union


EUROCOR	DRIVE II Project European Corridor Control


GERDIEN	DRIVE II Project General European Road Data Information Exchange network


HCG	Hague Consulting Group


INRETS	Institut National de Recherche sur les Transports et leur securit\a ’e


OD	Origin-destination


RWS	Rijkswaterstaat (Agency of the Netherlands Ministry of


	Transport, Public Works, and Water Management)


RWS-AVV	Adviesdienst Verkeer en Vervoer van RWS


	(Department of Traffic and Transportation of RWS)


RWS-NH	RWS Noord-Holland (North-Holland Provincial Agency of RWS)


TCC	Traffic Control Center


VDS	 Variable direction sign


VMS	 Variable message sign


WP	 Work Package


�
B	Terminology from Control Theory


This appendix introduces standard terminology from control theory that may be useful for readers with a road traffic background who are not familiar with control theory. This text was written at the request of TNO-INRO.


1.	A control system is an engineering or a mathematical model of a technical system. An example is a model of traffic flow in a traffic network. Within a control system one distinguishes variables as inputs, states, and outputs. Inputs can be used by the environment to influence the control system. Outputs are those variables of the control system that can be observed by the outside world. The state is that information of the internal variables of the control system that together with the input at any time is sufficient to determine the future of the state and the output process.


2.	A control instrument is a piece of hardware then can be used to influence the behavior of a technical system. The term is also used for that part of the control system that corresponds to the control instrument in the technical system. In a model for traffic flow in a motorway network an example of a control instrument is a variable direction sign that displays the length of queues on the network.


3.	A control law is a that part of the mathematical control model that takes as input the output of the control system and produces as output the input to the control system. An example of a control law is the specification that the queue length on the road leading to a particular tunnel be displayed at a particular fork point in the network. A control law should be distinguished from an input signal or input trajectory. The input signal represents what is supplied to the control system, say the command to display a traffic queue length of 3 km. A control law is a function from the set of outputs of the control system to the set of inputs, for example, to display the lengths of the traffic queue at a tunnel rounded to the nearest integer in km.


4.	The interconnection of a control system with a control law is called the associated closed-loop system.


5.	A control objective is an objective in the usual sense that the control engineer tries to achieve by exerting control on the network. Control objectives for routing control in a motorway network are that road users minimize travel time.


6.	The control problem for a given control system with control objectives, is to determine a control law such that the associated closed-loop system meets the control objectives.


7.	The procedures with which a control engineer and a control theorist determine a control law are called control synthesis and control design. Control synthesis refers to the determination of classes of control laws that approximate the control objectives. Control design is the selection of the control law from a restricted set by optimization techniques that best approximates the control objectives. In control design technical constraints can be taken into account which may not so easily be handled in the control synthesis procedure.


8.	Control synthesis is in general based on the following two principles:


•	Feedback. The output of the control system is used to determine the input of the control system.


•	Feed forward. The measurements of the noise acting on the system are used to determine the input of the control system.


9.	The following types of control laws can be distinguished:


•	State feedback. The state of the control system is used to determine the input of the control system.


•	Output feedback. The output of the control system is used to determine the input of the control system.


In most engineering control problems the state of the control system is not observed as output hence output feedback is used.


The following types of output feedback control laws are distinguished:


•	Static output feedback. Only the momentaneous output is used to determine the input to the control system.


•	Dynamic output feedback. At any time the momentaneous and the past outputs are used to determine the input to the control system.


•	Dynamic output feedback based on the separation principle. The control law consists of a combination of a predictor and a state feedback law.


•	Online input design. A set of input trajectories is selected. By forward simulation of the control system the effect of the different input trajectories is evaluated. The input trajectory that best meets the control objectives is selected.


•	Model based predictive control. The control objective is formulated in terms of a goal trajectory of the output of the system. An input is selected and its corresponding output is determined by forward simulation of the model. By optimization techniques that input from a set is determined of which the associated output best meets the goal trajectory.


10.	In DACCORD the following control laws are likely to be useful for control of traffic flow.


11.	A static output feedback control law. An example is the well known algorithm for ramp-metering.


12.	A predictor in combination with a state feedback control law. An example is the algorithm for speed control developed in the thesis of S.A. Smulders.


13.	A predictor in combination with online input design. An example is the routing control formulated in the DYNA project.


14.	A predictor in combination with non-linear optimization techniques. An example is the routing control algorithm proposed by M. Papageorgiou.


�
C	Nash Equilibria


In this appendix theoretical problems are described for the existence, uniqueness, and computation of Nash equilibria for control of motorway networks.


In the main body of this report the routing control problem is formulated as a dynamic game problem and attention is restricted to a Nash equilibrium. Algorithms have been formulated to approximate a Nash equilibrium. In this appendix theoretical problems are studied. References on game theory with Nash equilibria are the paper rosen:1965 and the books [30, Ch. 8], [14, Ch. 1].


To study Nash equilibria attention is first restricted to a game problem with only one time step. This differs from routing control which is a dynamic game problem. A dynamic game problem extends over a horizon with many time steps or over an interval. It is to be expected that conclusions on the problems mentioned for a game problem with one time step can be transformed into conclusions for a dynamic game problem but this requires proof.


The route choice problem has been described and treated in the literature, see [58,59,60,61,62,63,64]. A rather explicit cost function is often used in which the topology of the network enters.  For the route choice problem with the user equilibrium concept, it has been established that the solution of an equilibrium is equivalent to the existence of a solution to a non-linear optimization problem, see, for example, [62, Ch. 3]. Existence of a user equilibrium is discussed mainly for continuous splitting of traffic flows.  In contrast with the literature, the route choice problem formulated in this report has a rather general cost function and focuses attention on the existence of a Nash equilibrium and on a search procedure for such a Nash equilibrium.


Experience with several examples of routing control of motorway networks suggests a distinction based on the network topology. A first class of motorway networks consists of a ring. Depending on the number of nodes on the ring, the term of triangle, rectangle, or multi-node ring network will be used. In such networks there are only two realistic routes between every origin and destination. A second class of networks has the structure of the figure eight, and will be called eight-networks. In this case there are up to four routes per OD pair. In such networks a road user may have to take two route choices at different locations. It is not clear whether the theoretical problems investigated in this report can be solved by decomposition of a large network into smaller fragments. More research is required here.


C.1	Existence of a Nash equilibrium


In this part of the report the existence of a Nash equilibrium is discussed for a routing game problem based on routing control of motorway networks.


Consider a motorway network as formulated in 21. Distinguish origins, destinations, and OD pairs denoted by OD. In the routing game problem the traffic flows of an OD pair corresponds to a player in the game. For each OD pair (i,j) Î OD denote the set of possible routes by


{ k1(i,j), k2(i,j), ... } Î K(i,j).


A route choice is defined to be a set with one route for each OD pair. It is denoted by


k = ( kr(1,2),ks(1,3), ... ) Î ({(i,j) Î OD} K(i,j) = K.


The term network route choice could also be used so as to distinguish it from a route choice for a specific OD pair. But this term will not be used because it is too cumbersome. A route choice in the routing game problem corresponds to a control law in the dynamic game problem for routing control.


In the route choice problem formulated in this report the choice of an OD traffic flow is between two or more routes in which the flow is assigned to one route only. For the problem discussed in this report and for the example networks analyzed so far,  this limited choice seems appropriate. An alternate approach is to allow continuous splitting of the flows, say 0.6 to Route 1, 0.25 to Route 2, and 0.15 to Route 3.


Then the route choice variable takes values in the simplex





� EMBED Equation.2  ���





For a network model with such route choice variables the existence of a Nash equilibrium has been discussed, see for example [38] or [58,63]. In reference [38] the existence is proven under conditions on the cost function. In contrast with those references, for the route choice problem considered in this report attention is restricted to (1) a problem in which for each OD traffic flow the total flow is directed to one route; (2) and to a rather general class of cost functions.


For OD pair (i,j) Î OD and route choice k Î K, denote the travel cost by J((i,j),k). The travel cost is taken to represent the travel time of the traffic flow from origin i to destination j if all traffic flows proceed according to route choice k. For each OD pair the travel cost J((i,j),k) is to be minimized.


In the routing game problem attention is restricted to a Nash equilibrium. For the sake of completeness, the definition is stated: A route choice k* Î K for the routing game model is defined to be a Nash equilibrium  if


� EMBED Equation.2  ���


for all route choices k  Î K of the form


� EMBED Word.Picture.6  ���


Problem C.1 Routing game problem. For the routing game model defined above establish whether or not a Nash equilibrium exists; if it exists, determine whether or not there exists an unique equilibrium and, if not, classify all equilibria; and, if one exists, to show how to compute it.


The existence of a Nash equilibrium is in the literature almost often discussed for the case that the search space is uncountable, say an interval or a continuous set. In the game problem formulated above the search space is countable and finite, it corresponds to the set of routes. Note that there are only a finite set of OD pairs and for each OD pair a finite set of routes. A Nash equilibrium is therefore characterized by a finite set of inequalities. This may be seen in one of the examples discussed below.


Existence of a Nash equilibrium can then be proven by contradiction. As in the existence proofs of a Nash equilibrium on continuous decision spaces, conditions are needed on the cost function, often convexity conditions. In the case of the routing game, these conditions are derived from the following properties:


1.	The travel time of an OD traffic along a route is lower when the traffic intensity along part of the route is higher and all other factors are kept equal;


2.	The travel time of an OD traffic flow along a route is smaller than that on another flow if the first route is a subset of the second route.


Below the existence of a Nash equilibrium is proven for a small motorway network. It is expected that the Nash equilibrium can be proven also for larger networks based on an induction argument but this has not been proven.


A proof of the existence of a Nash equilibrium was presented in [21, Section C.3]. It concerned a rectangle network. For only two OD pairs with the same origin was a route choice possible. Below also a rectangle network is considered but the OD pairs with two routes are different in character from those considered in the quoted report.


Case. Existence of a Nash equilibrium for a rectangular network with cross traffic flows Consider a network with four origins, labelled 1, 2, 3, and 4, in a clockwise manner, see Figure 4. The OD pairs are


{ (1,2), (1,3), (1,4), (2,1), (2,3), (2,4), (3,1), (3,2), (3,4), (4,1), (4,2), (4,3) }.


Attention is restricted to the traffic flows of the OD pairs (1,3) and (2,4). Thus it is assumed that the traffic flows of the other OD pairs follow fixed routes. The routing game problem for all OD pairs is too complex to handle as of yet. The possible routes for these OD pairs are


k1(1,3)	 =	 { (1,2), (2,3) },   k2(1,3) = { (1,4), (4,3) },


k1(2,4)	 =	 { (2,3), (3,4) },   k2 (2,4) = { (2,1), (1,4) },


where each route is described by a set of links. There are four possible route choices which are also potential Nash equilibria:


(k1 (1,3),k1(2,4)),   (k1 (1,3),k2(2,4)),   (k2 (1,3),k1 (2,4)),   (k2 (1,3),k2 (2,4)).


Each Nash equilibrium is characterized by a set of inequalities. These inequalities for the possible Nash equilibria are:


J((1,3),k1(1,3),k1(2,4))	� EMBED Equation.2  ���	 J((1,3),k2(1,3),k1(2,4)), 	(5)


J((2,4),k1(1,3),k1(2,4))	� EMBED Equation.2  ���	 J((2,4),k1(1,3),k2(2,4)),	(6)


J((1,3),k1(1,3),k2 (2,4))	� EMBED Equation.2  ���	 J((1,3),k2(1,3),k2(2,4)), 	(7)


J((2,4),k1(1,3),k2 (2,4))	� EMBED Equation.2  ���	 J((2,4),k1(1,3),k1(2,4)), 	(8)


J((1,3),k2(1,3),k1 (2,4))	� EMBED Equation.2  ���	 J((1,3),k1(1,3),k1(2,4)),	(9)


J((2,4),k2(1,3),k1(2,4))	� EMBED Equation.2  ���	 J((2,4),k2(1,3),k2(2,4)),	(10)


J((1,3),k2(1,3),k2 (2,4))	� EMBED Equation.2  ���	 J((1,3),k1(1,3),k2(2,4)), 	(11)


J((2,4),k2(1,3),k2 (2,4))	� EMBED Equation.2  ���	 J((2,4),k2(1,3),k1(2,4)).	(12)


The condition that the travel time along a route for a particular OD traffic flow decreases when less traffic uses part of the route leads to the following inequalities:


J((1,3),k11,3),k1(2,4))	 ³	J((1,3),k1(1,3),k2 (2,4)),	(13)


J((1,3),k2(1,3),k1(2,4))	� EMBED Equation.2  ���	J((1,3),k2(1,3),k2 (2,4)),	 (14)


J((2,4),k1(1,3), k1(2,4))	 ³	J((2,4),k2(1,3), k1(2,4)),	(15)


J((2,4),k1(1,3),k2(2,4))	� EMBED Equation.2  ���	J((2,4),k2(1,3),k2(2,4))	(16)


The inequality  (13) is explained as follows. The travel time of the traffic flow for OD pair (1,3) is considered. The route choice for this pair is k1(1,3) = {(1,2),(2,3) }. The two alternate route choices mentioned for the traffic flow of OD pair (2,4) are


k1(2,4) = {(2,3),(3,4) },   k2(2,4) = {(2,1),(1,4)}.


Thus route k1(1,3) overlaps with route k1(2,4) but not with route k2(2,4). If the traffic flow of OD pair (2,4) is redirected from route k1(2,4) to route k2(2,4), then less traffic will use the overlap link (2,3), hence the travel time for this link will decrease and consequently the travel time for OD pair (1,3) on route k1(1,3) will decrease. The inequality (13) then follows.


Proposition C.2 For the routing game problem of the rectangular motorway network with crossing traffic flows described above, a Nash equilibrium exists.


Proof. There are several possibilities: either one or more of the route choices is actually a Nash equilibrium or no Nash equilibrium exists. It will be proven by contradiction that a Nash equilibrium exists.


Suppose then that no Nash equilibrium exists. Consider the inequalities that characterize that (k1(1,3),k1(2,4)) is a Nash equilibrium. If these inequalities are not to hold then either of the following inequalities must hold:


J((1,3),k1(1,3),k1(2,4))	 >	 J((1,3),k2(1,3),k1(2,4)),	(17)


J((2,4),k1(1,3),k1(2,4))	 >	 J((2,4),k1(1,3),k2(2,4)).	(18)


Further reasoning then leads to two possible cases that must considered. Case 1.


J((1,3),k1(1,3),k1(2,4))	 >	 J((1,3),k2(1,3),k1(2,4)), 		(19)


J((1,3),k2(1,3),k2(2,4))	 >	 J((1,3),k1(1,3),k2(2,4)),		(20)


J((2,4),k2(1,3),k1(2,4))	 >	 J((2,4),k2(1,3),k2(2,4)), 		(21)


J((2,4),k1(1,3),k2(2,4))	 >	 J((2,4),k1(1,3),k1(2,4)). 		(22)


Case 2.


J((1,3),k1(1,3),k2(2,4))	 >	 J((1,3),k2(1,3),k2(2,4)), 		(23)


J((1,3),k2(1,3),k1(2,4))	 >	 J((1,3),k1(1,3),k1(2,4)), 		(24)


J((2,4),k1(1,3),k1(2,4))	 >	 J((2,4),k1(1,3),k2(2,4)), 		(25)


J((2,4),k2(1,3),k2(2,4))	 >	 J((2,4),k2(1,3),k1(2,4)). 		(26)


The reasoning for Case 1 is explained. If (19) holds then it follows from the supposition and from (9 10) that (21) holds. From (21), from the supposition, and from  (11,12) follows that (20) holds. From  (20) and from (7 , 8) follows that   (22) holds. The reasoning in Case 2 is similar.


A contradiction is then obtained for Case 1 by the following inequalities.


	J((2,4),k2(1,3),k2(2,4))


	<(21)	J((2,4),k2(1,3),k1(1,3)) 


 	� EMBED Equation.2  ���(15) 	J((2,4),k1(1,3),k1(2,4))


	<(22)	J((2,4),k1(1,3),k2(2,4))


	� EMBED Equation.2  ���(16)	J((2,4),k2(1,3),k2(2,4)).		(27)


In Case 2 a contradiction is obtained similarly.


		 J((1,3),k1(1,3),k1(2,4))


	 <(24)	 J((1,3),k21,3),k11(2,4)) 


	� EMBED Equation.2  ��� (14)	 J((1,3),k2(1,3),k2(2,4))


	 <(23)	 J((1,3),k1(1,3),k2(2,4))


	� EMBED Equation.2  ��� (13)	 J((1,3),k1(1,3),k1(2,4)).	(28)	





Case. A triangle network Consider a motorway network in the form of a triangle. Label the nodes 1, 2 and 3 in the clockwise direction.  See Figure 5. The set of OD pairs is


		OD = {(1,2), (1,3), (2,1), (2,3), (3,1), (3,2)}.


For OD pair (1,2) Î OD let the set of possible routes be denoted by


		K(1,2) = {k1(1,2),  k2(1,2)},   k1 = {(1,2)},  k2 = {(1,3), (3,2)}.


In general, k1 will denote the direct-route and k2 the detour route via the third node. The sets of routes for all OD pairs are then


		K(1,2), K(1,3), K(2,1), K(2,3), K(3,1), K(3,2).


Because there are six OD pairs and precisely two routes for each OD pair, there are 26 = 64 route choices. Each of these route choices can be a Nash equilibrium.


Denote the cost of routing for the OD pair (1,2) and for the network route selection


		k1(1,2), k1(1,3), k1(2,1), k1(2,3), k1(3,1), k1(3,2)


by


		J((1,2), k1(1,2), k1(1,3), k1(2,1), k1(2,3), k1(3,1), k1(3,2)),


and similarly for the other OD pairs and networks route selections.


A Nash equilibrium is characterized by six inequalities. For the network route selection


		(k1(1,2), k1(1,3), k1(2,1), k1(2,3), k1(3,1), k1(3,2))


these inequalities are:


		J((1,2), k1(1,2), k1(1,3), k1(2,1), k1(2,3), k1(3,1), k1(3,2)) 





	� EMBED Equation.2  ���	J((1,2), k2(1,2), k1(1,3), k1(2,1), k1(2,3), k1(3,1), k1(3,2)) 		(29)


and


J((1,3), k1(1,2), k1(1,3), ... ) 	� EMBED Equation.2  ���	 J((1,3), k1(1,2), k2(1,3), ... )		(30)


J((2,1), ..., k1(2,1), ... ) 	� EMBED Equation.2  ���	 J((2,1), ..., k2(2,1), ... )		(31)


J((2,3), ..., k1(2,3), ... ) 	� EMBED Equation.2  ���	 J((2,3), ..., k2(2,3), ... )		(32)


J((3,1), ..., k1(3,1), ... ) 	� EMBED Equation.2  ���	 	J((3,1), ..., k2(3,1), ... )		(33)


J((3,2), ..., k1(3,2) ) 	� EMBED Equation.2  ���	 	J((3,2), ..., k2(3,2) ))		(34)


Between the costs there exist several relations. One relation is an inequality between the costs of an OD pair for two route choices when for one route there is less traffic through the links indicated by the OD pair than in the other. An example is


J((1,2), k1(1,2), k11,3), ... ) ( J((1,2), k1(1,2), k2(1,3), ... ),


Note that k1(1,3) = {(1,3)}, k2(1,3) = {(1,2), (2,3)}. Thus when route choice k2(1,3) is made there is more traffic through link (1,2) hence the travel time and the travel costs are higher. The set of inequalities for the OD pair (1,2) are then


J((1,2), k1(1,2), k1(1,3), ...) 	� EMBED Equation.2  ��� 		J((1,2), k1(1,2), k2(1,3), ...), 


J((1,2), k1(1,2), ..., k1(3,2)) 	 ³ 		J((1,2), k1(1,2), ..., k2(3,2)), 


J((1,2), k2(1,2), k1(1,3), ...) 	 ³ 		J((1,2), k2(1,2), k2(1,3), ...), 


J((1,2), k2(1,2), ..., k1(2,3), ...) 	� EMBED Equation.2  ���		J((1,2), k2(1,2), ..., k2(2,3), ...), 


 J((1,2), k2(1,2), ..., k1(3,2)) 	� EMBED Equation.2  ���		J((1,2), k2(1,2), ..., k2(3,2)).


There are other relations between the travel costs when, in case of a detour route k2, the travel cost for an OD pair is less than that of a link of route k2. An example is


J((1,2), k2(1,2), ...) 	� EMBED Equation.2  ���	J((1,3), k2(1,3), ...),


J((1,2), k2(1,2), ...) 	� EMBED Equation.2  ���		J((3,2), k2(1,2), ...),


For every route choice with a k2 choice present there are two type inequalities, while each inequality type has 24 = 16 inequalities.


It is conjectured that a Nash equilibirum exists in this case. But a proof of this conjecture is a cumbersome task. As in the preceding case a proof can be set up by contradiction. Suppose a Nash equilibirum does not exist. It then follows from the characterization of the possible Nash equilibrium that 64 cases must be checked. In each case one must construct a chain of inequalities from the sets described above that includes at least one strict inequality obtained from the contradiction of the Nash equilibrium. Note that there are 27 = 128 cost values and about more than 100 inequalities. The task of proving a contradiction is not difficult but, because of the numbers involved, it is time consuming and prone to errors.


A Nash equilibrium, when one exists, may not be unique. It is easy to construct an example where two Nash equilibria exist, for example with two OD traffic flows and for each flow two routes.


C.2	Computation of a route choice which is a Nash equilibrium


If a Nash equilibrium exists does there then exist an algorithm to determine it? If there are N origins and N destinations then the number of OD pairs is N(N-1). For every OD pair there are |K(i,j)| routes hence the total number of route choices is


({(i,j) Î OD} |K(i,j)|.


If |K(i,j)| = 2 for all (i,j) Î OD then there are 2N(N-1) possible route choices.


A conclusion from the above notation is that it is in principle always possible to determine whether or not a Nash equilibrium exists. First determine for all possible network route selections the value of the cost function. The check for any route choice whether or not it is a Nash equilibrium by comparison of a finite number of pairs of cost functions as specified in the definition of a Nash equilibrium. Because the number of route choices is finite this procedure stops after a finite number of steps. For online implementation this algorithm is not feasible. For the network of Subsection  5.1 the number of origins is N=4, the number of routes per OD pair is two, and the number of network route selections is 212 = 4096. If every travel time prediction takes about 30 seconds then the search procedure for a Nash equilibrium takes about 2000 minutes or approximately 34 hours. Therefore it is of interest to determine an algorithm that approximates a Nash equilibrium in a comparatively small number of steps.


How to determine a Nash equilibrium in a relatively small number of steps? The criterion on which to evaluate algorithms is the convergence speed to a Nash equilibrium. Two issues are of interest in the search procedure. How to select the next point during the search process? How to prevent the algorithm to go into cycles?


�
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Figure 1. Closed-loop control system for routing control.
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Figure 2. Overview of routing control algorithms.
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Figure 3. Simplified map of motorway network near Amsterdam.
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Figure 4. Rectangle network.
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Figure 5. Triangle network.
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