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�
E.1	Introduction


The purpose of this report is to describe the research of the CWI team of project DACCORD for coordinated control of motorway networks. There is second report on routing 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 to deal with the steady increase of traffic demand and with the limited capacity of the existing motorway network.


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 routing control and of integrated control of motorway networks. The CWI team consists of the project leader J.H. van Schuppen.


The CWI team has had contacts with the following other 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.


An outline by sections follows. Section 2 contains an overview of the literature. Section 3 contains the problem formulation. Section 4 presents a model for routing control of a motorway network. Section 5 deals with control synthesis, and Section 6 with simulations and comparison of control laws. The last section contains concluding remarks.
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E.2	Problem formulation


E.2.1	Motivation


The purpose of this paper is to present an approach to integrated control of motorway networks.


The increasing traffic intensities of motorway networks in Europe, the U.S.A., and Asia, and the unwillingness of political authorities to increase the network capacity motivate the installation and the investigation of traffic control measures. This is made possible by the relatively cheap availability of communication networks and computer hardware. By now several control measures have been implemented such as: incident management, ramp metering, speed control, dynamic routing information, variable message signs, etc.


A need is felt for integrated traffic control of motorway networks. The control measures mentioned have been installed in an incremental way. But these control measures interact. The possibility exists that the effect of one control measure is affected negatively by the effect of another control measure. Therefore integrated control may be better because then all control measures serve the same objective. This integration cannot be performed by a human operator only, the complexity of any realistic network is too high.


Integrated control of a motorway network requires a conceptual and a mathematical model in the form of a control system as used in control and system theory. The model should incorporate the existing control measures and describe their interaction. Because of the way control systems of motorway networks operate a hierarchical model seems appropriate.


The main aim of operators of motorway networks is to improve the utilization of the available road network by road users. The associated functions of such an operator are called traffic control and dynamic traffic management (DTM).


Over the past three decades or so control measures for motorway networks have been developed. Elementary control measures have been used for an even longer period. The control measures of the recent past rely on electronic equipment, a communication network, and computers. The technological development and the relative low cost of such equipment has stimulated the application of control measures for motorway networks.


Control measures that have been installed on motorways in Europe, the U.S.A., and Asia include: ramp-metering, automatic incident detection, variable speed limits, coordinated ramp-metering, display of queue lengths, display of travel times, route directives, mainline metering, etc. For each of these control measures a control objective and a control algorithm has been defined. It is now realised that the different control measures interact. As of yet there is no report that the effects of different measures counteract each other. Yet, it is thought that the interactions should be considered.





E.2.2	Problem


A need is felt to coordinate or to integrate all available control measures in an overall framework for control of motorway networks. The term to coordinate denotes that the control algorithms for several possibly identical control measures at different locations are coordinating their actions. The term to integrate denotes that the control algorithms of several control measures all serve only one control objective and hence are relating their control actions. In this short paper integrated control of motorway networks is considered.





Problem 2.1 Develop a conceptual model and an approach to integrated traffic control of motorway networks.





The problem formulation includes the integrated control approach. In this approach it must be specified how the different control measures are integrated. It is considered difficult or impossible to carry out all control functions at the central network level because of the complexity of the algorithm required. Therefore a hierarchical approach is appropriate. In this approach functions are assigned to the appropriate level and the command relations between the levels specified.





E.2.3	Literature


For other approaches to integrated control see (Messmer and Papageorgiou, 1994; Rao and Varaiya, 1994), (Stevens et al. [14). [In the PATH project that is carried out at the University of California at Berkeley, a hierarchical model has been developed for control of motorway networks, see (Rao and Varaiya, 1994). The character of that model is different from what concerns us here. In communication and computer networks, and in telephone networks, hierarchical models and integrated control have been used for a long time, see (Bertsekas and Gallager, 1987; Schwartz, 1987).
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E.3	Hierarchical model of motorway networks for integrated control


Attention is restricted to a hierarchical model of a motorway network in which the levels are distinguished with respect to geographical extent. Therefore the following levels are considered:


1.	Network level;


2.	Link level;


3.	Point level.





For the network level think of an extended urban network, say 50 km ´ 50 km in size. If the model is of a motorway network of a country with several urban areas then the hierarchy may be extended with one or two more levels. For a link level think of a stretch of a motorway between two adjacent intersections with a length of 5 to 15 km. For the point level think of a location where an on-ramp is attached to a motorway or of a merge of two motorways. Which control measure is used at which level is determined by the geographical extent of the measure and on the information needed to determine the control action.





Example 3.1 Amsterdam ring network. Consider the motorway network near the city of Amsterdam, The Netherlands. This network will be used as an example in this paper. The network consists of a the orbital ringway A10 and short stretches of four motorways that connect to this ring: Motorway A1 which connects to the eastern part of the Netherlands, motorway A2 which connects to the centre of the country, motorway A4 which leads to the airport of Amsterdam and to the cities of The Hague and Rotterdam, and motorway A8 which leads to the northern part of the country. In the ringway there are two tunnels that are bottlenecks in peak hours. On this network the following data collection systems and control measures have been installed: monitoring systems with detection loops in every lane at every 500 m., incident detection system with variable message signs, speed control, ramp-metering, coordinated ramp-metering, queue length display, and video cameras at the two tunnels.





�
	


E.4	Integrated control


In this section an approach is formulated for integrated control of a motorway network. This section is structured by the levels of the hierarchical model defined in Section 3.





E.4.1	Control at the network level


Consider the network level of a motorway network.





Definition 4.1 The control objective of traffic control and of dynamic traffic management at the network level are to facilitate the utilization of the road network by its users.


	


Definition 4.2 The functions of traffic control and of dynamic traffic management at the network level are:





1.	Routing control. Providing information or directives to road users which they may use for their route choice. The objective of the traffic flow of each OD-pair is to minimize the travel time or travel cost.


2.	Admission control. Temporarily and locally restricting admission to the motorway network. The objective is to protect the traffic flow on the motorway network by regularizing and possibly restricting the on-ramp flows.


3.	Public information provision. Providing general information on the network to the public including to road users in the network, to road users not present in the network, or to potential road users who have not yet started their trip. The objective is to inform road users so that they can make their own travel plans.


4.	Contact point for authorities. Providing and receiving information to road and traffic authorities such as the police, ambulance, maintenance crews, etc. The objective is to inform so as make the road capacity available again to the traffic flow as soon as possible and to contribute to safety.


	 


In this paper attention will be restricted to the first three functions. The last function is less directly related to traffic control.


The control objective of the routing control function at the network level is to minimize the travel time of all OD-traffic flows. In traffic theory this is called user optimality. Mathematically it is a dynamic game problem. As argued in (Huijberts, Van Schuppen, 1995) attention may be restricted to a Nash equilibrium in routing control.


The control objective of the admission control function is to facilitate the traffic flow in the network by temporarily and locally restricting the traffic flow entering the network. In principle this is a system objective, an objective of the network operator. This then conflicts with the routing control function. Integration of the routing and admission control functions requires a new approach.





Definition 4.3 The tasks of traffic control and of dynamic traffic management at the network level are:





1.	Routing 1. Providing information to network users for their route choice in case of recurrent traffic situations. The available control measures include: (1) Display of queue length; and (2) Display of travel times.


2.	Routing 2. Providing route directives to network users for their route choice in case of nonrecurrent traffic situations. Available control measures: Variable direction signs (VDSÕs) and radio messages (RDS).


3.	Admission control. Setting targets for admission intensities at links and at motorway merges. Communication of these targets to the associated link levels and point levels.


	 


Comments on the tasks follow. The most important control task at the network level is routing control. Distinguish for routing control recurrent congestion at regular times due to traffic intensity exceeding the available capacity and nonrecurrent congestion due to incidents.


Routing control in recurrent congestion is currently limited to providing information on the network to drivers. The information consists of display of queue lengths and, possibly, of travel time. An argument for this form of control is that in recurrent congestion drivers know the situation and the alternate route, and hence can optimize their travel time once provided with the detailed information on the state of the network. Yet, it is known in control theory that in some control problems partial state feedback may lead to instabilities or poor performance. Experience with existing routing control measures will have to be obtained before other control measures can be considered.


Routing control in nonrecurrent traffic situations is more difficult. In such situations the congestion or the restriction of the network capacity is unexpected, may not be known to drivers, and alternate routes do not come easily to the minds of drivers. In this case providing information on the state of the network and route directives may be useful to network users. A control algorithm is proposed for this case below. For other publications on routing control see (Messmer, Papageorgiou, 1995; Papageorgiou, 1990).


The third control task is admission control. This task is best integrated with routing control. The targets set for on-ramp flows in links or for motorway merges have a direct effect on the traffic flows in the network.


The control algorithm for the control task of routing control is described next. The algorithm is described in detail in (Huijberts, Van Schuppen, 1995). It has been developed as part of project DYNA, see (Ben-Akiva etal. (1994a); Ben-Akiva etal. (1994b)). It needs to be extended with admission control. In a motorway network the agents are the traffic flows of the OD-pairs. The objective of each agent is to minimize the travel cost. Travel cost includes travel time, energy use, congestion delays, etc. Most control objectives are correlated with travel time hence travel time is as a first approximation taken as the sole control objective. The traffic engineering problem of determining a control law for routing is formulated as a dynamic game problem. Attention is restricted to a Nash equilibrium. Thus the problem becomes to determine a control law which is a Nash equilibrium. The control law cannot be determined analytically because of the complexity of the model.


The proposed control algorithm is based on online input design. The algorithm works with routing scenarios which specify the settings of all routing control measures for a short horizon, say the next 30 minutes. The algorithm selects several routing scenarios, evaluates each of these by forward simulation of a model of the motorway network, and chooses one of these secenarios by optimization or offers a choice to the network operator. For admission control the scenarios should include targets for aggregated on-ramp flows and for flows of branches of motorway networks. The control algorithm for combined routing control and admission control does not yet exist.


The network level communicates with the link level on the following points relating to the control tasks:


1.	Estimates of traffic densities, speeds, queue lengths, and travel times for the link over a finite horizon based on simulation of the traffic flow in the network.


2.	Control actions taken at the network level such as display of queue lengths and display of travel times.


3.	Targets for admission control of the aggregated on-ramps on the link.


4.	Targets for admission control of the branches at the merge point.





E.4.2	Control at the link level





Consider a link of a motorway network.





Definition 4.4 The control objective of traffic control and of dynamic traffic management at the link level are to improve the traffic flow through the link.


	


Definition 4.5 The functions of traffic control and of dynamic traffic management at the link level are:





1.	Flow control. Providing to drivers in the link speed recommendations, or speed limits, or restrictions on lane use. The objective is to keep the traffic flow at a high intensity and to prevent disturbances from negatively influencing the intensity.


2. Admission control. Setting targets for two or more ramp-meters in the link. The objective is to regulate the on-ramp traffic flows in such a way that these do not negatively influence the intensity on the motorway.	


3.	Incident management. To take appropriate measures in case of incidents. The objective is to make the road capacity available to the traffic flow as quickly as possible.


	 


The flow control function has in the past been used mainly with as objective to regularize the traffic flow. The functions of routing control and of flow control are related. So far flow control has not been used with as objective to contribute to routing control. The relation between both functions may not be strong. There is a relation between lane assignment and routing. On motorway A2 in The Netherlands an experiment has been carried out with speed limits, see (Smulders, 1990). The effects have been found not to be so clear and it seems effective only in a narrow range of traffic intensities.


The relation of the link level and the network level is summarized. The link level may receive from the network level estimates of the traffic flow through the network over the simulation horizon and information on the control actions at the network level. The link level can use the estimates for the flow control function. The link level may receive from the network level targets for admission intensities of the combined on-ramps in the link. The link level needs these for coordinated ramp-metering, setting targets for admission intensities of individual on-ramps.





Definition 4.6 The tasks of traffic control and of dynamic traffic management at the link level are:





1.	Speed control. Providing to drivers in the link speed recommendations or speed limits. The available control measures are variable message signs on which speeds can be displayed.


2.	Lane control. Providing restrictions on lane use. The control measures are variable message signs.


3.	Coordinated ramp-metering. Setting targets for two or more ramp-meters.


4.	Incident management.


	 


Comments on the tasks follow. Speed control has as effect a regularization of the traffic flow and serves the flow control function. Speed limits or speed recommendations should be provided only in a narrow range of traffic intensities. The effectiveness of variable speed signs in an urban area has not yet been determined experimentially. Coordinated ramp-metering is to allocate the targets set by the network level to targets for the individual on-ramps. Papageorgiou etal. (1990) have developed an algorithm for coordinated ramp-metering. Novel because of the integrated control is that overall targets of links are set by the network level. The targets determined for the individual on-ramps must be communicated to the relevant point levels.





E.4.3	Control at the point level


Consider a point level of a motorway network. The following motorway points are covered: (1) an on-ramp of a motorway; (2) a motorway merge, where to or more motorways merge into one motorway; and (3) a tunnel.





Definition 4.7 The control objective of traffic control at the point level is to regulate the traffic flow at the corresponding point.


	


Definition 4.8 The tasks of dynamic traffic management at the point level are:


1.	Ramp-metering.


2.	Merge-metering.


3.	Buffering.


4.	Tunnel surveillance and incident management at tunnels.


Comments on the tasks follow. Ramp-metering is well known and extensively applied. The targets of the ramp-meters are set at the link level. Merge-metering or main-line-metering is under study. It concerns the metering of two or more motorway links at merge points. The objective may be to prevent congestion of the traffic flow of one of the links at the merge point by giving it priority over the other links. This task is clearly related to routing control hence the targets of merge-metering must be set at the network level.


Buffering is temporarily putting vehicles in a motorway buffer. A queue or congestion may grow upstream. When it reaches a fork point in the network the queue may continue to grow on the stem of the fork. This phenomenon is called congestion spill over. Consequently the traffic flows on the stem at the fork point destined for the other links also become blocked. To prevent this blocking the traffic destined for the link with the queue is temporarily stored in a buffer. The task of buffering is related to the routing control function. At the network level the routing control algorithm by forward simulation of the traffic flow may detect potential congestion spill over and alert the buffer control algorithm.





E.4.4  Integrated control


The novelty of the proposed approach to integrated traffic control is in the following points:


1.	At the network level the functions of routing control and of admission control are carried out in an integrated way. Because of the relation between these two functions, the integration seems useful. The admission control at the network level is not specified per on-ramp but per link.


2.	At the network level there is no function for flow control, this is done at the link level. The information for this task is available at the link level. Information provided by the network level to the link level on estimates of intensities, is useful.


3.	At the link level the control function of admission control and the corresponding control task of coordinated ramp-metering are carried out with information from the network level. This two-stage approach to this function seems useful.


Further research is required on the following items:


¥	A control algorithm for integrated routing control and admission control at the network level. A sketch of such an algorithm is presented in Subsection 4.1 but the details remain to be worked out. A major point is the choice for the roles of the network operator and the agents of the traffic flows of OD-pairs. A two-stage approach is to use in the first stage a Stackelberg strategy for the network operator and in the second stage a dynamic game problem between equal agents of the traffic flows with the Nash equilibrium.


¥	An algorithm for flow control at the link level.


¥	The relations between the control functions at the different levels of the hierarchical model.�



E.5	Conclusions


For integrated traffic control a conceptual model has been proposed. The hierarchical model has the levels of network, link, and point. Control objectives, control functions, and control tasks at the three levels have been defined. The relations between the control tasks at the levels of the hierarchical model have been related and the operation of the model described.


Additional research is required for algorithms of routing and admission control at the network level and for flow control at the link level.
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