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1.
Introduction

The purpose of this report is to describe the construction of a simulation model for traffic flow on a motorway network and to report on the simulations for a motorway network near Amsterdam.

The aim of project DACCORD is to develop and to test coordinated control of motorway networks. The research of project DACCORD is motivated by the objective to increase the efficiency of existing motorway networks by the use of detection information, communication networks, and computers. The DACCORD test sites have varying needs 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. In the first two years of the life time of the project, research was carried out on routing control and on integrated control of motorway networks, see the reports [Van Schuppen, 1997:D06.1.D; Van Schuppen, 1997:D06.1.E].

In March 1998 Mr. F. Middelham of the DACCORD team of RWS-AVV suggested to the leader of the CWI team to produce a simulation program of the routing control algorithm developed at CWI in 1997, see the report [Van Schuppen, 1997,D06.1.D]. The suggestion was accepted and the current report is the result of this decision. The leader of the CWI DACCORD team, J.H. van Schuppen, was assisted by the researcher Dr. P.R. de Waal (stationed at CWI for one day a week in the period April 1 till December 1, 1998 for the project) and by the CWI programmer Mr. A.G. Steenbeek.

The main results of the investigation into simulation of a routing control algorithm are: (1) a model and a computer program for the simulation of the traffic flow on motorway networks; (2) a routing control algorithm and a computer program for routing control on motorway networks; (3) simulation results and routing control simulation for a model of the motorway network near Amsterdam.

An outline by sections follows. In Section 2 the problem formulation and information on the investigation are presented. In Section 3 a macroscopic model for traffic flow on motorways is described together with simulation results. The model for traffic flow on a motorway network, simulations of this model, and simulation of the routing control algorithm are stated in Section 4. In Appendix A may be found the details of the model of the motorway network near Amsterdam

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.

2.1.
The investigation

In this investigation attention is limited to simulation of a routing control algorithm for traffic flow on a motorway network. Actual simulations have been performed for a model of a motorway network near Amsterdam. Henceforth this will be called the Amsterdam 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. For details on the preceding investigation of the CWI DACCORD team see the report [Van Schuppen, 1997,D06.1.D].

Simulation of a routing control algorithm requires a model for the traffic flow of a motorway network. The investigators have decided to use the macroscopic model for traffic flow developed by Dr. S.A. Smulders at CWI in the period (1986-1990) under supervision of Van Schuppen, see [Smulders, 1989; Smulders, 1996]. The model for traffic flow on a motorway network was developed by J.H. van Schuppen, see [Van Schuppen, 1991; Van Schuppen, 1992; Huijberts, Van Schuppen, 1995; Van Schuppen, 1997, D06.1.D]. In this investigation this model will be detailed for the Amsterdam network. The routing control algorithm was developed by the CWI DACCORD team earlier in the life time of project DACCORD.

Definition. The research objectives of this investigation are:

1. To formulate a model and to write and to test a computer program for simulation of this model for the traffic flow in a motorway network. To apply the simulation program to the model of a motorway network near Amsterdam.

2. To write a computer program and to simulate a routing control algorithm for the traffic flow in a motorway network in particular for a motorway network near Amsterdam.

The contribution and the novelties of this report with respect to the current state of knowledge are:

1. A detailed model for the traffic flow in a motorway network and a simulation program for this model.

2. A model for the traffic flow on the Amsterdam network and simulations of this model.

3. Simulations of a routing control algorithm for traffic flow on the Amsterdam network.

Comments on the contributions follow. A model for traffic flow in a motorway network has been developed by many researchers. The model METANET, published in [Messmer, Papageorgiou, 1990], has been used in the DACCORD project. The model described in this report is based on the publications [Huijberts,Van Schuppen,1995; Van Schuppen,1991; Van Schuppen,1992; Van Schuppen,1997, D06.1.D]. The model of this report differs primarily from that of METANET in that a different state-space model is used and that a different state transition function is used. Simulations of the Amsterdam network have also been provided in the DACCORD deliverable [DACCORD D06.3]. The simulations presented in this report are based on the model that is also presented in this report and on data that may differ from those in [DACCORD D06.3]. Routing control and simulation of a motorway network with routing control is also discussed in [Pavlis,Parageorgiou,1998, D06.3.G]. The approach to routing control presented in this report is based on a user equilibrium while that of [Pavlis,Papageorgiou,1998, D06.3.G] is based on a different model, on a system equilibrium, and on numerical optimization of a cost function.

The investigation of the simulation of a motorway network with a routing control algorithm, is not part of Work Package 6 of the DACCORD according to the Annex to the Contract. However, within the DACCORD project, the investigation is most closely related with Work Package 6.

2.2.
Information on contacts during the investigation

The CWI team has maintained contacts with other teams of the DACCORD project. Van Schuppen and De Waal participated in the 11th and in the 13th DACCORD meetings that were held in July and December 1998. In addition they participated in the DACCORD workshop on Traffic Control held on December 11, 1998. During these meetings informal discussions have taken place with researchers of other DACCORD teams. 

Van Schuppen and De Waal have visited the DACCORD partner RWS-AVV in Rotterdam on November 16, 1998. The discussion on the investigation is herewith gratefully acknowledged.

2.3.
Acknowledgements

The authors are very thankful to Mr. F. Middelham of the DACCORD Team of RWS-AVV for his stimulation to produce a simulation program for the routing control algorithm developed by the CWI Team earlier in the DACCORD project.

Numerical data on the Amsterdam network were provided by Dr. H.J.M. van Grol of Hague Consulting Group after permission had been granted by the owner of these data, Rijkswaterstaat Noord-Holland, with as representative Mr. E. de Graauw. The use of these data is herewith acknowledged.

The authors are grateful to Ms. L.M. Schultze for assistance with the preparation of the report.

3.
Simulation of traffic flow on a stretch of a motorway

The purpose of this section is to describe a model for the traffic flow of a stretch of a motorway and to present simulations of this model. This model is used in the model of traffic flow on a motorway network that is described in the next section.

The requirements of the model and of the simulation program are:

1. The model should be an effective compromise between being realistic and being not too complex.

2. The model should not be too sensitive to changes in parameter values.

3. The output of the simulation program should provide sufficient information on the simulation run.

3.1.
A dynamic system for traffic flow on a stretch of motorway

In this subsection a description is provided of a model for the traffic flow on a stretch of motorway.

Early in the investigation it has been decided to use the model developed by Dr. S.A. Smulders at CWI in the period 1986-1990 under supervision of J.H. van Schuppen. That model has been evaluated against measurements of motorway traffic in the Netherlands, on the A12 near Driebergen, and the conclusion is that the model is realistic and not overly sensitive to changes in parameter values. The model is described in the references [Smulders, 1989; Smulders, 1996]. Other models for traffic flow are described in [Papageorgiou, 1983; Messmer, Papageorgiou, 1990].

The model for the dynamic behavior of traffic flow on a motorway is based on a model for hydrodynamic flow. The original model was proposed by M.J. Lighthill and G.B. Whitham and later modified by H.J. Payne. See the report [Van Schuppen, 1997, D06.1.D] for the references. The model developed by Smulders is formulated in continuous-time and in the form of stochastic differential equations. Because in this investigation a computer program has to be produced, it has been decided to convert the model into a discrete-time and a deterministic one. The parameters of the model have also been taken from the study by Smulders.

The principles of the model are briefly summarized. The model for the dynamic behavior of traffic flow on a motorway is a macroscopic one, thus the flow itself is described rather than the behavior of individual cars. The road is discretized in sections, where each section is about 500 m. long. The model is formulated in discrete time. Later a value of 6 seconds is used for the time step. The state variables of each section are the density of traffic in vehicles per km per lane and the average speed of all cars in the section in km/hour.

The state transition function of the density in a section is based on the inflow and the outflow of vehicles. The inflow and outflow at section boundaries depend on the densities in the two adjacent sections. The state transition function for the average speed consists of three terms: a relaxation term, a convection term, and an anticipation term. The relaxation term corrects the average speed if it deviates from an assumed equilibrium relation between density and average speed. In this investigation the following function will be used as the equilibrium relation between density (variable x in veh/km.lane) and average speed (in km/h),
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The following parameter values for function ve will be used

a
0.58
km2.lane/h.veh

b
3197
veh/h.lane

xcrit
27
veh/km.lane

xjam
110
veh/km.lane

vfree
105
km/h

Table 1. Parameter values of the equilibrium relation

These parameter values are taken from [Smulders, 1989, p. 55]. See Figure 1 and Figure 2 for a plot of the equilibrium relation used. In regular traffic the density is in the range of [0,27] veh/km.lane and an increase in density leads to a linear decrease in average speed. In irregular traffic the density is in the range of [27,110] veh/km.lane in which traffic situations the behavior of traffic is wildly fluctuating while at higher densities traffic queues form. The convection term of the state transition functions of the average speed is due to the discretization in space, the average speed is modified if traffic flow with a higher speed than in the current section enters the current section from the upstream section. The anticipation term models the behavior of car drivers, they may in anticipation of future traffic situations reduce their speed if the density increases while they travel along the motorway. The parameter values of the model are specified elsewhere in this section.
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Figure 1. Equilibrium relation between density and speed.
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Figure 2. Equilibrium relation between density and traffic flow.

The specification of the model is completed by specifying: (1) the initial condition of the dynamic system in the form of the density and the average speed of all sections; and (2) the inflow at the first section in terms of flow in veh/h.

Below the algorithm for the simulation of traffic flow on a stretch of motorway is described. It is formulated for a stretch of motorway divided into a number of sections. There are neither on-ramps, off-ramps, nor intersections on the motorway. The latter traffic structures are considered in the next section.

Algorithm 1. A model of the dynamic behavior of traffic flow on a stretch of motorway
Definition of variables.

Symbol
Description

i
Index of section

N (Z+
Total number of sections

t ( Z
Time variable

tstep
Length of interval between two successive times

t0, t1 ( Z
Begin and end time of simulation run

x(t,i)
Density of traffic in Section i at Time t in veh/km.lane

v(t,i)
Average speed of traffic in Section i at Time t in km/h

q(t,i)
Traffic flow of Section i at Time t in veh/h

qin(t,i)
Flow into Section i at Time t in veh/h

qout(t,i)
Flow of traffic out of Section i at Time t in veh/h

q0(t)
Flow into the first Section at Time t

xa(i)
Intermediate density of Section i in veh/h

Length (i)
Length of Section i

Lanes (i) ( N
Number of lanes of Section i

(( [0,1]
Parameter of qout (no dimension)

tr ( (0,()
Reaction constant in h.

( ( [0,1]
Parameter of anticipation term (no dimension)

a, b, rcrit, rjam, vfree
Parameters of equilibrium relation

c
Parameter in state transition function of average speed in km/h2.veh2.

Parameter values to be entered on the start of the program, are N, t0, t1, tstep, {length(i), Lanes(i) | i = 1,2,…,N}, (,tr, (, a, b, rcrit, rjam, vfree.

Initial conditions

{x(t0,i), r(t0,i) | i = 1,2,…,N}

Inflow of first section

{q0(t) | t = t0, t0+1, …, t1}.

Computation: 

For t= t0, t0+1, t0+2,…,t1 do the following steps.

Computation of the flow out of all sections

For i =1,…,N do
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For i = 1,…,N-1 do
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Set qout(t,N) = q(t,N). For i=1,…,N-1 do
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For i=1,…,N modify
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Computation of flow into all sections

For i=2,…,N do
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State transition for the densities.

For i=1,2,…,N do
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State transition for the average speeds.

For i=2,…,N-1 do
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(1)
For the transition of the average speed v(t,1) of the first section omit from equation (1) the convection term and for the transition of the average v(t,N) speed of the last section omit from equation (1) the anticipation term.

Write to file the variables

{x(t,i), v(t,i), q(t,i) | i=1,…,N}.

If useful, write to file the variables

{qout(t,i) | i=1,…,N}.

(end of algorithm)

Comments on the algorithm follow. In Step 1 the intermediate density xa is computed and the variable qout possibly modified to guarantee that the new density, computed in Step 3, is positive. Note that if xa(i) < 0 then one sets qout (t,i) = q(t,i). Then
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If Length(i)=0.5km and tstep=6s. then the condition is v(t,i) ( 300 km/h, the modification qout(t,i) = q(t,i) results in inequality (2) and hence the new density is always positive.

The transition functions have been taken from the thesis of Dr. Smulders, see [Smulders, 1989, p. 34 (3.4), p. 39 (3.6), p. 40, parameter values].

A computer program for Algorithm 1 has been written by A.G. Steenbeek in the computer language C++. The program runs under the UNIX operating system on a Sun Ultra 10 Workstation.

3.2.
Simulation of traffic flow on a motorway stretch

In this subsection actual simulations are described of traffic flow on a motorway stretch. The dynamic system for the traffic flow has been presented in the preceding subsection.

The motorway stretch considered has a length of 6 km. The road is partitioned into 12 sections each of which has a length of 0.5 km. Initially every section has three lanes. In a case considered later the Sections 7 and 8 have two lanes and the remaining sections 3 lanes. This case models the behavior of traffic flow on a motorway with a bottleneck as a tunnel or a bridge.

Simulation 1 In this case the motorway has two lanes per section in all sections. The initial conditions for the density and average speed in all sections have been taken as zero. The flow of traffic that enters the first section is taken to be q0=2916 veh/h, the flow per time step is then q0 (t) = q0 * tstep = 2916 * 6/3600 veh. The value of 2916 veh/h has been computed at 60% of the road capacity. The maximum flow according to the equilibrium relations is approximately
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The time needed by a car to travel through the 6 km stretch at a speed of 90 km/h is 4 minutes or 240 s. The distance travelled at this speed during one time step of 6 s. is 150 m.

The simulated behavior of the density and the average speed in several sections is displayed in Figure 3. The transient part of the density and the speed trajectories at the initial time should not be given much attention. The model has been developed and tested for moderate to high traffic flows.

The conclusion of this and other simulations that are not represented here is that the simulation model is quite realistic at moderate traffic flows.
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Figure 3. Simulated behavior of the density and the average speed in several sections for simulation  1.

Simulation 2 In this case the motorway has in the Sections 7 and 8 two lanes and in the other sections three lanes. This traffic situation may arise if on a three lane motorway one lane is closed due to an incident or due to maintenance activities. The traffic flow that enters the first section varies with time. It is specified by the function
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The values of the traffic flow in this function have been determined on the basis of the road capacity. The road capacity of a section with two lanes is about 4860 veh/h and that of a section with three lanes is about 7290 veh/h. Thus if the inflow is 4000 veh/h then the traffic flow is below the road capacity of all sections while if the inflow is 6000 veh/h then the traffic flow exceeds the road capacity of the Sections 7 and 8 and a traffic queue will form while it is below the road capacity in the other sections. The initial conditions are set at the value 0 for all sections.

The densities and the average speed of all sections produced by the simulation run are provided in Figure 4. The computation time over a horizon of 30 minutes is less than one second.

Note that due to a traffic flow that is higher than the road capacity in the Sections 7 and 8 during the period [9,21] minutes, the traffic densities in the Sections 7 and 8 increase, the densities in the Sections 6, 5, and 4 rise rapidly and the speeds in these sections decrease. Downstream of the Sections 7 and 8 the densities increase due to the higher flow and the speed decrease.

The conclusion of this simulation is that the model is able to describe the effects of traffic overload on a motorway in a reasonably realistic way.
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Figure 4. Simulated densities and average speed for simulation 2.

3.3.
Travel time estimation

The routing control algorithm to be discussed in the next section uses travel time estimates. Therefore a travel time estimator is needed. Two such estimates are described in this subsection.

Problem. Estimate the travel time of the traffic flow between two points in a motorway network along a specified route using data generated by a simulation of the traffic flow in the network.

It should be clear that the problem is to estimate the travel time of the traffic flow. The travel time of an actual car along the route will in general fluctuate around the value estimated on the basis of the flow.

Two travel time estimators will be discussed. Each estimator runs during the simulation of traffic flow on a motorway as described in the previous section.

3.3.1.
Travel time estimator based on distance travelled

The principle of this travel time estimator is simple. Take as state variables of the estimator: The pointer of the traffic flow along the road, the distance traveled, and the estimate of time traveled so far. During every time step of the simulation program the distance traveled by the flow during this time step is computed and the state variables of the estimator are adjusted accordingly. In case the pointer of the flow passes a section boundary, the distance and the time traveled in both sections are computed. The model for the traffic flow has been dimensioned in such a way that a car cannot enter and leave a motorway section in one time step.

Algorithm 2. Travel time estimation based on distance traveled.

Definition of variables

Symbol
Description

dsum ( R
Distance traveled from starting point

tsum ( R
Time traveled since start of trip

ploc ( R
Pointer to location at which the travel time estimator should continue with the computation

t1 ( R
Time traveled in current section

t2 ( R
Time traveled in next section

d1 ( R
Distance traveled in current section

d2 ( R
Distance traveled in next section

i
Index of section

tstep
Duration of one time step

tstart
Time at which to start the travel time estimator

pbegin(i)
Absolute location along the road at the beginning of Section i

pend(i)
Absolute location along the road at the end of Section i

Initialization

Assumed is available a model of a motorway network and a simulation program for the traffic flow in this network. The value of the variable tstep can be obtained from this program and during the simulation the average speeds of cars in all sections are available. The beginning and the end location of all sections is assumed to be available.

The start, the end point, and the route, over which the travel time is to be estimated are to be specified. The start point is the beginning of a section and the end point is the end of a section. The route is specified as a list of section numbers.

The initialization of the states of the travel time estimator is: ploc:= 0, dsum:= 0, tsum:= 0, tstart.

During every time step of the simulation run after tstart till the moment at which the algorithm has completed the estimation do:
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and stop algorithm.

Output to file: label on begin, end, and route used, tsum, dsum, vaver, sstart, tstart + tsum, where vaver = dsum/tsum.

A computer program for this travel time estimator has been written.

3.3.2.
Travel time estimator based on traffic flows at begin and end of route

The principle of the second travel time estimator is based on the availability of information on the traffic flow at the begin and the end point of the route. Consider a stretch of motorway. The cumulative traffic flow at the begin and at the end of the stretch is produced by the simulation program and can be saved in a file. Denote these traffic flows by qbegin(t) and qend(t). Suppose that the travel time estimate is to start at time tstart. The travel time estimate can then be computed according to
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It should be clear that this travel time estimate is an estimate of the travel time of the traffic flow. The actual travel time of an individual car over this route during this period will in general fluctuate around the travel time estimate.

A computer program for this travel time estimator has been written.

3.3.3.
Comparison of travel time estimators

Both travel time estimators have been applied to the simulations described in Subsection 3.2. For Simulation 2 of that Section, the travel time estimates from the begin to the end of the stretch are presented in Table 2.

tstart
min
TTE1
min:sec
TTE2
min:sec
Vaver1
km/h
Vaver2
km/h

15
5:40
5:42
63.5
63.2

18
6:40
6:48
54.0
52.9

21
6:31
6:30
55.2
55.4

Table 2. Comparison of two travel time estimators.

In this table tstart refers to the starting time of the travel time estimator, TTE1 refers to the travel time estimate based on distance traveled, Vaver1 refers to the average speed over the stretch according to TTE1, TTE2 refers to the travel time estimate based on traffic flows, and Vaver2 refers to the average speed related to TTE2.

The conclusion is that the differences between the two travel time estimators are small, for the values displayed 2% or less. No systematic difference has been noticed. The computation time for the travel time estimator 1 (based on distance traveled) is slightly larger than that for travel time estimator 2 (based on traffic flows). But travel time estimator 2 requires more memory for the files of the traffic flows. This can be a problem if there are many travel time estimators running in parallel. The extra computation of travel time estimator 1 is minor with respect to the simulation time.

The authors have a slight preference for the travel time estimator based on distance traveled rather than that for the travel time estimator based on traffic flows. The arguments for this preference are the methods of the travel time estimators, the memory requirements, and the argument provided in the next paragraph.

Care should be taken in applying Travel Time Estimator 2 in case of traffic flow on motorway networks with two or more different routes. Consider traffic flow from an origin to a destination along two routes. Suppose that the destination is at some distance downstream from where the two routes meet again. Then the travel time estimates from the origin to the destination based on traffic flows at the origin and the destination provides information only on the travel time averaged over both routes. The travel time estimator based on distance traveled along a route does not have this disadvantage. The estimate will be for the route specified. It is possible to make a travel time estimate based on traffic flows along a route by carefully selecting the begin and the end point of route, say at the fork and at the join points of two routes.

4.
Simulation of routing control in a motorway network

In this section the simulation is described of traffic flow in a motorway network. In addition, the effect of a routing control algorithm on the traffic flow in a motorway network is evaluated by simulation.

4.1.
A model for traffic flow in a motorway network

4.1.1.
Description of the motorway network

The object of study is a motorway network. Such a network is almost always part of a larger network. A specification must be provided of the delimination of the network.

Once the road network has been specified then the roads of the network must be divided into sections. The division should respect a minimum and a maximum length of a section. These lengths are based on values for which the model is realistic and of moderate size. For the Amsterdam network a minimum length of 300 m. and a maximum length of 600 m. are used. The average length is about 450 m. The section boundaries must be selected in accordance to the model. Thus at splitts or merges of a motorway there must be a section boundary. Similarly, there must be section boundaries at on-ramps and off-ramps. The convention of the model is that an on-ramp traffic flow enters a section at the begin and that an off-ramp traffic flow exits a section at the end. For every section, a list of all upstream and of all down stream sections is to be specified. At a motorway split a section may have two or more downstream sections. At a motorway merge a section may have two or more upstream sections.

A motorway network has origins and destination. An origin is located either on a motorway at the boundary or at a location of the network, or in a regional or an urban network that is connected to the motorway network with an on-ramp. A destination is located either on a motorway or in another network directly downstream of an off-ramp. An origin-destination (OD) pair is a tuple of an origin and a destination. In principle there can be a traffic flow through the network for every OD pair. For practical reasons, it may not be possible to have a traffic flow for a certain OD pair.

The possible routes of the traffic flow of each OD pair must be specified as part of the model. The graph of the model determines how many routes between an origin and a destination exist. In the Amsterdam network, see Appendix A, there are not more than two routes per OD pair. For the further specification of the operation of the traffic model it is necessary that for every OD pair the length of routes of that OD pair are computed.

The traffic flow of every OD pair must be assigned to a first section or to two or more first sections. The flow enters the motorway network at the first section(s) mentioned. If the origin of the OD pair is on a motorway then the traffic flow enters the motorway at the section of the origin. If the origin of the OD pair is at one or more on-ramps then the first section is selected as follows. If there is only one route for the OD pair then the traffic flow enters the motorway network at the first section of this route. If there are two or more routes for this OD pair then compare the lengths of all routes. If one route has a length that is significantly smaller (say 20% or more) than that of all other routes then the traffic flow is assigned to the shortest length route and the flow enters the motorway network at the first section of that route. If the lengths of two or more routes are comparable, say they differ less than 20% in length, then a fraction of the traffic flow may be assigned to all of the short routes. The traffic flow then enters at the first section of the corresponding route. In the Amsterdam network this could be effected by assigning the traffic of an OD pair partly to a section on the inner ring and partly to a section on the outer ring near the same location.

The model also requires the specification of the route directives at the motorway splits. A split can occur only at a motorway intersection. If at a split no variable route directives are displayed then the model should contain the specification in which direction the traffic flow should proceed. In this case the direction follows from the route selected. If at a section with a split downstream a variable direction sign is used then the specification to which direction the traffic flow should proceed will be set by the routing control algorithm. Depending on the route directive displayed, the drivers decide to follow the directive or to do otherwise. Therefore the traffic flow splits according to a compliance fraction that will be treated as a parameter of the model. Each of the possible downstream sections receives in principle a traffic flow that is equal to the traffic of the current section times the respective compliance fraction. The compliance fraction depends on the section at which it is defined, on the destination, and on the route directive displayed. The following format is used in the computer program to define the split of the traffic at a section:

At Section k for traffic to

the Route Director Sector X (consisting of the destination Dx, Dy, etc.)

the split fractions of the possible route directives are:

Route Directive 1: Section m, 0.8; Section r, 0.2;

Route Directive 2: Section m, 0.3; Section r, 0.7.

4.1.2.
A control system for traffic flow in a motorway network

In this subsection a control system will be defined for traffic flow in a motorway network. A control system is a concept from control and system theory. The control system will be used for simulation of traffic in the Amsterdam network. The control system and the corresponding model of traffic flow defined in this report differ in a few aspects from that described in the report [Van Schuppen, 1997, D06.1.D]. The main difference is in the definition of the state of the model.

The states of the control system have been specified in the reference [Van Schuppen, 1997, D06.1.D]. A summary of the specification and a modification of the definition follow. Traffic flow in a motorway network is in a model with road sections described by the density (in veh/km.lane) and by the average speed (in km/h) of all cars in the section, and this for all sections. The density is distinguished into: section, origin, destination, and upstream section. The notation for the state variables is:


[image: image42.wmf]R

t

k

j

i

k

r

up

Î

)

,

,

,

,

(

 denotes the density in Section k for the traffic flow from Origin i to Destination j that has entered Section k from Section kup at time t ( T in veh/km.lane. Thus 
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The set of all section indices is denoted by K0 ( N and the set of all origin destination pairs by OD; hence in r(k, i, j, k1, t), the elements take values in k, k1 ( K,(i, j) ( OD, and t ( T. If k1 = 0 then an upstream section does not exist.

Next the transition function of the control system is described. The transition functions for the flow are based on those for a motorway stretch as described  in Section 3.2. The differences with the model of that section are due to a network having intersections, on-ramps, and off-ramps. As a consequence the state transition functions have a much longer description.

A specification of the transition functions follows. The different steps of the computation are described. Suppose that t ( T is kept fixed.

Algorithm 3. Transition function of a control system for a motorway network
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The index set of all sections which are downstream of Section k. If 
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The index set of all section upstream from section k. If 
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O
Index set of origins

D
Index set of destinations

OD
Index set of origin-destinations pairs
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Set of all triples (k,i,j) for which the traffic flow of OD pair 
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Set of all triples (k,i,j) for which the traffic flow of OD pair 
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exits the network at the end of Section k.


[image: image55.wmf]K

t

k

j

i

KRD

Í

)

,

,

,

(


Set of all indices of sections kd to which the traffic flow of OD pair (i,j) at Section k and at time 
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Density in Section k of the traffic flow of OD pair (i,j) coming from upstream section ku at time 
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Average speed of all cars in Section k at time t in km/h.

Length(k) ( R
Length of Section k in km.

Lanes(k) ( R
Number of lanes of Section k.


[image: image60.wmf]R

t

k

j

i

k

q

u

Î

)

,

,

,

,

(


Traffic flow in Section k of OD pair (i,j) coming from upstream section ku at time t, in veh/h.
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Density of traffic flow in Section k that is flowing towards Section ku at time t, in veh/km*lane.
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Compliance fraction of traffic in Section k for OD pair (i,j) in case it is directed to Section kdir and flows to Section kd.
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Traffic flow in Section k that is flowing towards Section kd at time t in veh/h.
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Traffic flow in Section k that comes from Section ku, at time t, in veh/h.
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Fork traffic flow from Section k to Section kd at time t, in veh/h.
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Traffic flow out of the Section k, OD pair (i,j),and 
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Traffic flow at destination for Section k, OD pair (i,j), at time t, in veh/h.
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Traffic flow into the state density of the Section k, OD pair (i,j), upstream Section ku, time t, in veh/h.
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Traffic flow of Origin i for OD pair (i,j) that enters Section k at time t, in veh/h.
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Compliance fraction of traffic for Origin i and OD pair (i,j) that is advised to enter at Section k.
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Traffic flow out of the state density 
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2. For every 
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 compute the density of the traffic flow in Section k that is flowing towards the downstream Section kd ,
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12. For all Sections 
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13. Stop.

The transition function of the control system can be written in the standard form of system theory. Let 
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The dimension of the vector space then depends on the model of the motorway network, it will not be specified here. The state transition may then be represented by the formula
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The input function 
[image: image136.wmf]M

R

U

T

u

=

®

:

 determines the route directives. Thus 
[image: image137.wmf]M

R

t

u

Î

)

(

 consists of all elements 
[image: image138.wmf]},

{

)

,

,

,

(

kd

t

k

j

i

KRD

=

 for 
[image: image139.wmf]OD

j

i

Î

)

,

(

 and 
[image: image140.wmf]K

k

Î

. The traffic inflows are collected in the function 
[image: image141.wmf].

:

0

n

od

R

T

q

®

 Thus 
[image: image142.wmf])

(

t

q

od

 contains the traffic inflow 
[image: image143.wmf])

,

,

,

(

t

j

i

k

q

od

 for all Sections k and OD pairs (i,j).

The model is initialised by the initial condition 
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then qout has been modified in Step 5 such that the expression (*) becomes
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The latter equation is positive iff 
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4.1.3.
Algorithms for simulation of traffic flow

The simulation of the traffic flow in a motorway network proceeds according to the control system specified in the previous Subsection. In this subsection general algorithms are specified.

As part of the formulation of the control system, the length of the routes between all OD pairs is needed. An algorithm for this computation is not specified here. For any OD pair the lengths of all possible routes are used to determine at which section the origin-destination flow enters the network. In addition, the default route directives are determined. The default route directives are used in case no input function is provided to the computer program that simulates the control system.

Before starting a simulation run, the equilibrium flows are computed. Suppose the OD traffic flows of the network are specified and consider the values qod (to) for the starting time. It can then be computed what the density and the average speed is of every section in the equilibrium of the control system.

Algorithm 4. Computation of equilibrium flows.

Data: Motorway network. Equilibrium relation. Origin-destination flows qod ( Rno.

Compute for each Section k ( K, 
[image: image157.wmf]å

å

*

=

),

,

,

(

)

,

,

(

)

(

1

)

,

(

1

j

i

k

cfo

j

i

k

q

k

q

od

k

j

i

 where the contribution to the sum is zero if Section k is not used by the shortest distance route of OD pair 
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For each Section k ( K compute the maximal traffic flow according to 
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 where a, vfree, rcrit (R are parameters of the equilibrium relation.

For all section k (K compute,  if 
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Output for all sections, message if present and (req (k), veq (k), q(k)).

Stop.

The result of the computation of the equilibrium flow according to the above algorithm may differ from that of the solution of the equation

x = f (x, u0, qod (t0)),

for x ( X = RN where u0 is the default route directive and qod (t0) ( Rno the vector of OD traffic flows. This difference is noticeable mainly at the first and the last sections of the motorway network model and is due entirely to the boundary conditions.

When the model of the motorway network has been determined then the simulation run can be made. This concerns the case in which the default route directives are used. Thus every OD traffic flow is directed to its shortest distance route. To collect the information on the simulation run, an algorithm is presented.

Algorithm 5. Simulation of traffic flow in a motorway network.

Input data. The list of sections with per section information on the section number, the length, the number of lanes, and the location of the section. The list of upstream and downstream sections of every section. The default route directives. The list relating origins with first sections. The list relating destinations with last sections. The OD traffic flows in terms of flows per origin and per origin the distribution of the flow over all destinations. The parameter values of the control system. The begin and the end time of the simulation and the time discretization tstep. The initial condition of the control system.

From t = tbegin step tstep to tend do:

Compute the new state according to
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 where the transition function is specified in Subsection 4.1.2.

Output at every time step to file:
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Stop.

During a simulation run travel time estimates may be performed. Two methods for travel time estimation have been described in Section 3. The first method described there is used for travel time estimation in a motorway network. For each travel time estimator the following information is to be provided: the section at which the path starts, the section where the path ends, the route of the path, and the starting time of the travel time estimator in terms of the time of the simulation run.

4.2.
Simulation of traffic flow in the Amsterdam network

In this section simulation results are described for the traffic flow in the Amsterdam network.

A model for the traffic flow in a motorway network is described in the preceding Subsection. The data of the Amsterdam network may be found in Appendix A.

A computer program for the simulation has been written by A. G. Steenbeek, co-author of this report. The program is written in the language C++ and has been synthesized using the object-oriented programming method. The program runs on a SUN ULTRA10 workstation. The time of a simulation run for the Amsterdam network over a horizon of 30 minutes on this computer takes about 7 secs.

For the OD traffic flows specified in Appendix A, the equilibrium flows have been computed as specified in Subsection 4.1.3. Note that these values are not based on simulation! The density in all sections is below the critical density which in the model has the value of 27 veh/km.lane

A simulation run has been computed according to the model of Subsection 4.1. For each simulation results will be presented. Results may be presented in the form of  a figure of time versus density in a section or of time versus average speed in a section. Because the model is simulated without noise, the density or the average speed in a section converges quickly to a constant value which is then maintained. Such a figure is therefore not so interesting. Of considerable interest is the status of the network, which sections have high densities and consequently low speeds. This information is provided below. It will be called the Network Traffic Report.

Simulation 1. 

The initial condition is zero for all densities and speeds. The OD traffic flows are as specified in Appendix A. The network has been simulated over a horizon of 30 minutes. The time trajectories of density and speed in Section 43 are displayed in Figure 5 and Figure 6, respectively. Section 43 is located on A10 West for the traffic flow in the Southern direction of the Coentunnel. Because the OD flows are kept constant, the trajectories quickly converge to a stationary value. The response to the initial condition should not be given much attention, the model has been validated for stationary flow and for such flow the model is mainly used. The network traffic report of this simulation run obtained at the end of the 30 minute horizon is presented in Table 24 in Appendix A.

The conclusion of this simulation is that the computer program works well. The densities and the speeds behave as expected. The main bottlenecks of the actual network in the morning peak hour show up also in the simulation. These bottlenecks are: The outer ring A10 West in the Southern direction, from the A8 on-ramp through the Coentunnel till the S102 off-ramp. Further South on the A10 West there are also high intensities. The second bottleneck is on the inner ring from the A2 on-ramp to the S108 off-ramp. A third bottleneck is the outer ring from the A4 on-ramp to the S108 off-ramp. High intensities are also noted on the inner ring from the A1 on-ramp to the A2 off-ramp. The overall impression is that the OD traffic flows are not exceptionally high. It would be of interest to simulate the network model with higher values of OD traffic flows. Since the authors do not have direct access to data on actual traffic flows such a simulation cannot be made in the current investigation.
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Figure 5. Time versus density in Section 43 during simulation run 1 (standard OD flows).
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Figure 6. Time versus speed in Section 43 during simulation run 1 (standard OD flows).

Simulation 2.

The setup is the same as that of Simulation 1 except that higher origin flows have been used for the motorways A2 and A8. The origin flow of the A8 has been increased from 4600 veh/h in the standard setting to 7000 veh/h. The origin flow of the A2 has been increased from 3000 veh/h to 4458 veh/h. The OD traffic flow fractions are identical to those of the standard situation specified in Subsection A.4. The new origin flow values have been determined after some computations. The capacity of the A2 and the A8 on-ramps to the A10 should not be exceeded. The capacity of the Coentunnel should not be exceeded. The situation considered will be described as that of the higher than standard OD flows.

The time trajectories of density and speed in Section 43 are displayed Figure 7 and Figure 8 respectively. The network traffic report for this simulation at 30 minutes after the start of the simulation is presented in Table 25 in Subsection A.5.

The conclusion of this simulation is that the network model is quite able to handle the traffic flow. No traffic queues occur. Several on-ramps of the A2 and the A8 are almost saturated with traffic flow but this does not lead to flow problems upstream. The higher origin flows have not been used in the remainder of the investigation.
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Figure 7. Time versus density in Section 43 during simulation run 2 
(higher than standard OD flows)
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Figure 8. Time versus speed in Section 43 during simulation run 2 
(higher than standard OD flows).

4.3. A routing control algorithm for traffic flow in a motorway network

The routing control law  is extensively described in Section 4 of the reference [Van Schuppen, 1997,  06.1.D]. The reader is referred to this report for the concept of a Nash equilibrium and for the details of the control law.

The routing control problem is considered as a dynamic game problem with the OD traffic flows as agents, with the Nash equilibrium, and with the travel time of each OD traffic flow as the cost function to be minimized. The dynamic game problem is neither analytically nor numerically tractable. Therefore another approach has been developed.

Attention is restricted to route directives. It is assumed that the route directives, once determined, are displayed over a period of 10 minutes, after which they may be changed and are kept fixed again over a 10 minute period, etc.

In the following attention is restricted to those OD traffic flows for which there exist two or more realistic routes between the origin and the destination. In the Amsterdam network attention has been restricted to four OD traffic flows: (A2,A8), (A4,A8), (A8,A2), and (A8,A4). For the other OD flows alternatives in regular traffic conditions are not so realistic. More OD traffic flows can be included in this list during a future investigation. Below the expression `OD traffic flows' will refer to those OD traffic flows with two or more routes.

The control law is based on a moving horizon algorithm in a discrete time setting. For each period a Nash equilibrim of the route directives is searched for while the travel times are estimated by a prediction control algorithm. A detailed description follows.

Consider first a particular OD traffic flow. The control law for the variable route directive of this OD traffic flow is based on the following principles:

· Moving horizon: The time axis is partitioned into periods of, say, 10 minutes in which the route directive is kept fixed. In addition, a plan horizon of about 30 minutes is considered. At the start of each period a variable route directive has been selected. It is then displayed above the road for a period of 10 minutes. After the period has almost ended, the variable route directive is determined for the next period. The cycle of operations then continues.

· Predictive control. At each period the value of the cost function,  the travel time along a route, is estimated by forward simulation of the traffic flows in the network.

· Input optimization. That variable route directive is selected that achieves for this OD pair the lowest cost over the horizon.

The search for the Nash equilibrium is carried out as follows.

At each time step do:

1. Order the OD traffic flow pairs for the search based on the current and the predicted state of traffic. For the details the reader is referred to the report quoted above.

2. Check if the route directive of all OD pairs following the shortest distance route is a Nash equilibrium. If so, then one is done. If not, then, at the first OD pair for which the Nash equilibrium condition is violated, change the route directive such that for the OD pair for which a violation was noted the the alternate route directive is used. In this case start the check on the Nash equilibrium for this new variable route directive at the first OD pair of the ordered list.

For the Amsterdam network the search order selected is: (A8,A2), (A8,A4), (A2,A8), and (A8,A4). If it is not advantageous to reroute the traffic flow (A8,A2) to the alternate route along the northern and southern part of the ring, then it is unlikely that the traffic flow (A8,A4) needs to be rerouted. A similar argument applies to the route choice for the (A2,A8) and (A4,A8) flows. These arguments lead to the search order indicated above.

The model uses a compliance fraction. This fraction models the percentage of road users that follows the route recommendation. Initially only 60% say of the road users of a particular OD pair will accept the route recommendation. This percentage may rise if users gain confidence in the route directives. The compliance fraction may depend on the destination, the location, and the time of display. In this simulation study the compliance fraction has been set equal to one for all OD pairs, for all locations, and for all times.

The application of the routing control law to the Amsterdam network is described in the next section.

Theoretical questions for this routing control law concern the existence, the uniqueness, and the search for a Nash equilibrium. Several special cases of the existence question have been solved, see  [Huijberts, Van Schuppen, 1995; Van Schuppen, 1997, D06.1.D].

4.4.
Simulation of the traffic flow in the Amsterdam network with routing control

The routing control algorithm described in the previous subsection has been tested by simulation. The simulation model has been described in Subsection 4.2. In this subsection the simulation results for routing control are described.

According to a selection made for the Amsterdam network, alternate routes are considered only for the origins and destinations listed in Table 3. The corresponding flows that can be rerouted are described in Table 4.

Origin
Destination
Route 1
Route 2

A2
A8, S118
Ring South and West
Ring East and North

A4
A8, S116, S117, S118
Ring West
Ring South, East and North

A8
A2, S109
Ring West and South
Ring North and East

A8
A4, S108
Ring West
Ring North, East and South

Table 3. Origins and destinations with two routes.

Origin
Destinations
Rerouting
Fraction
Rerouting Flow
(veh/h)
Origin flow
(veh/h)

A2
A8, S118
0.061
183
3000

A4
A8, S116, S117, S118
0.095
437
4600

A8
A2, S109
0.118
660
5600

A8
A4, S108
0.122
683
5600

Table 4. Traffic flows that are considered for routing control.

First consider routing control for one OD pair. As described in the previous subsection, the route choice is made by predictive control. The travel times are estimated by forward simulation of the traffic flow in the Amsterdam network.

Simulation 1 for routing control.

The initial condition is taken as zero. The OD traffic flows are the standard values specified in Appendix A. Consider the traffic flow of OD pair (A8,A2). Route 1 is the shortest distance route of this pair which runs from the A8 via the western and southern part of the ring. Route 2 is the alternate route via the northern and eastern part of the ring. The simulation proceeded as follows. The simulation started at time 0. At the time of 20 minutes Traveller 1 started his travel from A8 at the start of Section 501 and he arrived at the end of Section 311 at time 30.80 minutes. At time 30 minutes the route directives were changed from Route 1 to Route 2. At time 35 minutes Traveller 2 started his travel at the same point as Traveller 1. The results are summarized in Table 5. The simulation ended at time 50 minutes.

Route
Distance
km
Travel time
min
Speed
km/h

Route 1
18.01
10.80
100.1

Route 2
19.63
11.62
101.4

Difference
1.62
0.82
1.3

Table 5. Travel time predictions for OD pair (A8,A2) for two different route directives.

The conclusion from this is that the variable route directives are best pointed at Route 1.

Simulation 2 for routing control.

This simulation differs from the previous run in that only higher OD traffic flows are used for the origins of the A8 and the A2. The results are summarized in Table 6.

Route
Distance
km
Travel time
min
Speed
km/h

Route 1
18.01
10.86
99.5

Route 2
19.63
11.66
101.0

Difference
1.62
0.80
1.5

Table 6. Travel time predictions for OD pair (A8,A2) for two different route directives at higher origin traffic flows for A2 and A8.

The conclusion from this table is that the route directives are best pointed to Route 1. Note that the difference in the travel times between the routes is smaller that in Simulation run 1 for routing control.

Search for Nash equilibrium

Next the search for the Nash equilibrium is described. For other OD pairs than those listed in Table 3 alternate routes are unlikely to offer a considerable reduction in travel time under traffic conditions as expected in the morning peak period. For example, the shortest distance route of the OD pair (A1,A2) is so much shorter than the alternate route that rerouting is not a realistic alternative. Moreover, there are alternate routes for this OD pair outside this network. For destinations in the part of the ring directly left or right from an A-road, an alternative route is not realistic. This could change if unforeseen incidents are taken into consideration, for example, the closure of a bridge or tunnel for a long period.

Below attention is restricted to the routing control problem for the OD traffic flows with two routes listed in Table 3. The destinations will be referred to by the label of the corresponding A-road. Thus the destinations A8 and S118 of origin A2 will be referred to as destination A8. The OD pairs with two routes are then (A2,A8), (A4,A8), (A8,A2), and (A8,A4). The traffic flows that can be rerouted by variable direction signs are mentioned in Table 4.

Rather than search for a Nash equilibrium, the travel times of all possible route directives of all these OD pairs will be computed. It can then be seen whether a Nash equilibrium exists, and, if so, how many there are.

Below data are presented for travel times along routes of the OD flows selected above. The travel times are from the begin of an origin section to the end of a destination section. Information on the sections is provided in Table 7. 

Origin
Destination
Route
Begin section
End section
Length route (km)

A2
A8
1
301
510
16.939



2
301
510
17.896

A4
A8
1
401
510
11.435



2
401
510
22.957

A8
A2
1
501
311
17.633



2
501
311
19.251

A8
A4
1
501
409
12.601



2
501
409
24.576

Table 7. The begin and end sections of routes used in the computation of travel time predictions.

Simulation 3 for routing control

Search for Nash equilibrium in case of standard OD flows.

The setting is that of the Amsterdam network with standard OD traffic flows. The initial condition is taken as zero. First the network is simulated for 15 minutes at which time the control system has reached an equilibrium state. The state at that time has been stored in a database.

Subsequently the network has been simulated from that time on with that initial state for all possible route directives. For any such route directive, the traffic flow is simulated over a horizon of 30 minutes. In general, the horizon should be so large that the traffic starting at the begin of the horizon at the origin reaches the destination before the end of the horizon. During the simulation the travel times of the traffic flows of several OD pairs are estimated. The OD pairs are those of (A2,A8), (A4,A8), (A8,A2), and (A8,A4). A route directive is kept fixed for a 10 minute period after which it can be changed. In the simulation, the route directives are kept fixed at the same value for all three periods of the 30 minute horizon. Route directive (1,1,1,1) or 1111 refers to the shortest distance routes for all of the four OD pairs and for all of the three periods of the horizon. The travel time estimator starts at 5 minutes after the start of the first period of 10 minutes. The travel time estimate is then considered representative for the first period. The travel times are estimated for all of the four OD pairs. Subsequently, the travel times of these pairs have been estimated for all 16 possible variable route directives, see Table 9.

From the travel time estimates it can be concluded that there is an unique Nash equilibrium, see Table 8. In principle this determination is carried out by checking the conditions of a Nash equilibrium for every route directive. In the actual computation the search tree can easily be pruned.

Suppose that the route directive (1,1,1,1) is used in the first period. Recall that it was also used in the 15 minutes before the first period. At the end of the first period the state of the network model will then be identical to what it was at the start of the period because the inflows are deterministic and constant over time. The routing control algorithm will then recommend to use the same route for the second and for all subsequent periods.

The state of the network at time 30 minutes is displayed in the following Figures: the densities on the outer ring in Figure 9, the speeds on the outer ring in Figure 10, the densities on the inner ring in Figure 11 and the speeds on the inner ring in Figure 12. The network traffic report in numeric form is presented in Section A.6.

The conclusion of this simulation is that for the traffic situation considered there exists a Nash equilibrium and the Nash equilibrium is unique. The computation time of the travel estimates of all route directives is between 1 and 2 minutes on the computer used for this simulation project.

ODPair
Route
directives
Travel time
(min:sec)
Travel time
(min:sec)
Route
directives

(A2, A8)
1111
10:56
11:06
2111

(A4, A8)
1111
07:21
14:15
1211

(A8, A2)
1111
11:02
11:52
1121

(A8, A4)
1111
07:57
15:08
1112

Table 8. Data for Nash equilibrium of Route Directives (1,1,1,1) under standard OD flows.


Travel time (min:sec)

Route directives
(A2, A8)
(A4, A8)
(A8, A2)
(A8, A4)

1111
10:56
7:21
11:02
7:57

1112
10:56
7:21
10:56
15:08

1121
10:56
7:21
11:52
7:51

1122
10:56
7:21
11:59
15:15

1211
10:53
14:15
11:04
7:57

1212
10:53
14:15
10:58
15:08

1221
10:53
14:15
11:52
7:51

1222
10:53
14:15
11:59
15:15

2111
11:06
7:19
11:02
7:57

2112
11:06
7:19
10:56
15:07

2121
11:06
7:19
11:52
7:51

2122
11:06
7:19
11:59
15:14

2211
11:10
14:17
11:04
7:57

2212
11:10
14:17
10:58
15:07

2221
11:10
14:17
11:52
7:51

2222
11:10
14:17
11:59
15:14

Table 9. Travel time estimates of selected OD pairs for all combinations of route directives in case of standard OD flows.
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Figure 9. Densities on the outer ring.
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Figure 10. Speed on the outer ring.
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Figure 11. Densities on the inner ring.
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Figure 12. Speed on the inner ring.

Simulation 4 for routing control

Search for a Nash equilibrium in case of a traffic queue on A10 West.
The setting of this simulation for the Amsterdam network is partly the same as that of Simulation 3. First the network has been simulated with the standard OD traffic flows for 15 minutes. At that time the occurence of an incident has been imposed on the model. On the outer ring A10 West in the Southern direction in the Sections 48 and 49 just south of the Coentunnel the number of lanes has been reduced from 2 to 1. Due to the traffic flows in these sections, a traffic queue starts to form upstream from these sections.

The state of the network at 30 minutes after the start of the simulation and at 15 minutes after the start of the incident is stored in a data base. Then a horizon is considered over the period [30,60] minutes and at 35 minutes travel time estimators start for the four OD pairs. Subsequently this is repeated for all possible route directives. These travel time estimates may be found in Table 11. From this table it may be deduced that there is a Nash equilibrium at route directive (1,1,2,1), see Table 10. This route directive is such that the traffic flow of OD pair (A8,A2) is directed to the route via A10 North and East rather than via A10 West and South. The shortest distance route via West and South goes through the sections with the traffic queues. The difference in the estimated travel times between the routes is considerable, 11 versus 16 minutes. The traffic flows of the other OD pairs are directed to the shortest distance routes. Note that the route directive of OD pair (A8,A4) is to use A10 West even though this leads through the congestion.

The state of the network at time 50 minutes is displayed in the following Figures: the densities on the outer ring in Figure 13, the speeds on the outer ring in Figure 14, the densities on the inner ring in Figure 15 and the speeds on the inner ring inFigure 16. The network traffic report in numeric form is presented in Section A.6.

The conclusion is that for the traffic situation considered there exists a Nash equilibrium and that this equilibrium is unique.

OD pair
Route directive
Travel time
min:sec
Travel time
min:sec
Route directive

(A2, A8)
1121
10:56
11:06
2121

(A4, A8)
1121
7:21
14:14
1221

(A8, A2)
1121
11:52
16:19
1111

(A8, A4)
1121
11:59
15:15
1122

Table 10. Data for Nash equilibrium of Route Directive (1,1,2,1) in traffic situation of traffic queues on A10 WEST heading South.


Travel time (min:sec)

Route
directives
(A2, A8)
(A4, A8)
(A8, A2)
(A8, A4)

1111
10:56
7:21
16:19
13:14

1112
10:56
7:21
15:01
15:08

1121
10:56
7:21
11:52
11:59

1122
10:56
7:21
11:59
15:15

1211
10:53
14:14
16:21
13:14

1212
10:53
14:14
15:02
15:08

1221
10:53
14:14
11:52
11:59

1222
10:53
14:14
11:59
15:15

2111
11:06
7:19
16:19
13:14

2112
11:06
7:19
15:01
15:07

2121
11:06
7:19
11:52
11:59

2122
11:06
7:19
11:59
15:14

2211
11:10
14:17
16:21
13:14

2212
11:10
14:17
15:02
15:07

2221
11:10
14:17
11:52
11:59

2222
11:10
14:17
11:59
15:14

Table 11. Travel time estimates of selected OD pairs for all combinations of route directives in traffic situation of traffic queues on A10 West heading South.
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Figure 13. Densities on the outer ring in traffic situation of traffic queues 
on A10 West heading South.
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Figure 14. Speed on the outer ring in traffic situation of traffic queues 
on A10 West heading South.
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Figure 15. Densities on the inner ring in traffic situation of traffic queues 
on A10 West heading South.
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Figure 16. Speed on the inner ring in traffic situation of traffic queues 
on A10 West heading South.

Simulation 5 for routing control

Search for a Nash equilibrium in case of two traffic queues.

The setting of this simulation is similar to that of Simulation 4. In addition to that simulation a second incident is modeled. After the model has been simulated for 15 minutes, two lane reductions are imposed. The lane reducations are on the outer ring on the A10 West in the Sections 48 and 49 from 2 to 1 lane and on the A10 East on the inner ring in the Sections 169 and 170 from 3 lanes to 1 lane. Due to the traffic flows at these sections, the flows exceeds the capacity after the lane reductions, traffic queues start to build up.

The state of the network at 30 minutes after the start of the simulation and at 15 minutes after the start of the incident is stored in a data base. Then a horizon is considered over the period [30,60] minutes and at 35 minutes travel time estimators start for the four OD pairs. Subsequently this is repeated for all possible route directives. These travel time estimates may be found in Table 13. The state of the network at time 50 minutes is displayed in the following figures: The densities on the outer ring in Figure 17, the densities on the inner ring in Figure 19. The network traffic report in numeric form at that time is presented in Subsection A.6.

For the traffic situation considered the program determines a Nash equilibrium and this equilibrium is unique. The Nash equilibrium is at the route directive (1,1,1,1). Note that for the traffic flow (A8,A2) the recommendation is to use the shortest distance route. This is in contrast with the result of Simulation 4. In that simulation the traffic flow was recommended to use the alternate route via A10 North and East. In Simulation 5 the congestion created by the lane reductions in the Sections 171 and 172 on the inner ring of A10 East, results in a travel time of the alternate route that is longer than that of the shortest distance route.

Information on the traffic situation for route directive (1,1,1,1) follows for the time of 50 minutes after the simulation has started and 35 minutes after the lane reductions have been imposed on the model. On the outer ring A10 West there is congestion (a density higher than 27 veh/km.lane) in the Sections 43 - 49 where the ring road has two lanes. On the inner ring A10 East there is congestion in the Sections 169 - 172 where it has to be noted that the ring road there has three lanes.

The conclusion of this simulation is that the routing control law easily determines a Nash equilibrium for this traffic situation. Note that the traffic situation is so complex  that a human operator can no longer determine the route with the shortest travel time without computer assistance.

The travel information currently displayed at the Amsterdam network does not provide recommendations as computed by the program for Simulation 5. On the A8 directly before the fork to the A10 only the lengths of the traffic queues near the Coentunnel and near the Zeeburgertunnel on the Eastern ring are displayed. Even if the traffic queue lengths on the relevant parts of the ring were displayed then it would be difficult for road users to estimate the travel times of both routes in the short period between the moment they see the display and the moment they have to take the route choice. Note also that the traffic on the A10 West is on a two lane link while that on the A10 East is on a three lane link. The conclusion is that the routing control law is able to compute route directives even for complex traffic situations.

OD pair
Route directive
Travel time
min:sec
Travel time
min:sec
Route directive

(A2, A8)
1111
10:56
11:06
2111

(A4, A8)
1111
7:20
14:14
1211

(A8, A2)
1111
16:51
17:01
1121

(A8, A4)
1111
13:45
22:13
1112

Table 12. Data for Nash equilibrium of Route directive (1,1,1,1) in case of traffic situation with two traffic queues.


Travel time (min:sec)

Route
directives
(A2, A8)
(A4, A8)
(A8, A2)
(A8, A4)

1111
10:56
7:20
16:59
13:45

1112
10:56
7:20
16:24
22:13

1121
10:56
7:20
17:01
13:17

1122
10:56
7:20
15:28
18:43

1211
10:53
14:14
16:52
13:45

1212
10:53
14:14
16:25
22:09

1221
10:53
14:14
17:01
13:17

1222
10:53
14:14
15:28
18:43

2111
11:06
7:19
16:51
13:45

2112
11:06
7:19
16:24
22:11

2121
11:06
7:19
17:01
13:17

2122
11:06
7:19
15:28
18:42

2211
11:10
14:17
16:52
13:45

2212
11:10
14:17
16:25
22:07

2221
11:10
14:17
17:01
13:17

2222
11:10
14:17
15:28
18:42

Table 13. Travel time estimates of selected OD pairs for all combinations of route directives in case of a traffic situation with two traffic queues.
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Figure 17. Densities on the outer ring in traffic situation with two traffic queues.
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Figure 18. Speed on the outer ring in traffic situation with two traffic queues.
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Figure 19. Densities on the inner ring in traffic situation with two traffic queues.

[image: image180.wmf]Title:

ring.speed.sim5.eps

Creator:

MATLAB, The Mathworks, Inc.

Preview:

This EPS picture was not saved

with a preview included in it.

Comment:

This EPS picture will print to a

PostScript printer, but not to

other types of printers.


Figure 20. Speed on the inner ring in traffic situation with two traffic queues.

5.
 Concluding remarks

The conclusions of the investigations are:

A computer program has been produced to simulate the traffic flow in a motorway network and to determine variable route directives for routing control. The program has been made in a relatively short time. Based on limited experience with the program the conclusion is that the program works well.


Novel in this investigation is the structure of the network model. The model differs in minor points from that described in the report [Van Schuppen, 1997, D06.1.D] and in the references mentioned there. The Amsterdam network has been defined according to this model. The model and the program differ from those of the references [Messmer, Papageorgiou, 1990, METANET] and [Pavlis, Papageorgiou, 1998, D06.3.G] in the formulation of the control system, in particular in the definition of the states and in the state transition function.

The simulation of the traffic flow in a motorway network near Amsterdam has been carried out. The results seem realistic when considered from several evaluation criteria. The computation time of a simulation of traffic flow in the Amsterdam network over a horizon of 30 minutes is about 7 seconds.

The performance of the routing control law in case of several traffic situations is very good. The results are as expected on the basis of the previous investigation, see [Van Schuppen, 1997, D06.1.D]. For the Amsterdam network and for the traffic situations considered, the program determines a Nash equilibrium and this Nash equilibrium is unique. The computation time of the routing control algorithm is comparatively small with respect to the actual time of the traffic flow (7 seconds versus 30 minutes).

The results differ from those of [Pavlis, Papageorgiou, 1998, D06.3.G] in the consideration of a user equilibrium and in the use of a different model for the traffic flow and of the control of the traffic flow.

Recommendations for further research:

Further simulations with the computer program may be made for the Amsterdam network. More traffic situations may be considered. In addition, other periods of the day than the morning peak hour may be considered.

The collection of information from road users on the OD traffic flows in the Amsterdam network will be useful for the future use of routing control.

Simulation for a larger motorway network near Amsterdam may be useful. The network may include the A9 road between the A1, A2, and the A4, the A9 road itself,  and the tunnels near Haarlem and Beverwijk. This network has more possibilities for alternate routes. The network is supervised from the traffic control center `De Wijde Blik' near Velsen.

 Investigate how realistic the traffic flow model is at low speeds, say speeds below 50 km/h, or less, in case of congestion. The performance of the routing control algorithm developed  in this investigation depends very much on the model being realistic on this point.

Formulate control theory for routing control. In particular, establish the existence of a Nash equilibrium, investigate whether a Nash equilibrium is unique or not and formulate a search procedure for a Nash equilbirium.
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Appendix A.
The Amsterdam network

In the body of this report simulation results of the traffic flow on a motorway network near Amsterdam are provided. In this appendix the Amsterdam network is described.

The choice for the Amsterdam network is based on the fact that it is a DACCORD test site, that information about the network is available with other DACCORD partners, that the network has for the major origin-destination pairs not more than two routes, and that the extent of the network is moderate. The DACCORD test site Paris has a much larger extent than the Amsterdam network. The DACCORD test site Venice does not have alternate routes in the motorway network.

A.1.
Description of the roads of the Amsterdam network

The motorway network near Amsterdam is connected to that of the province of North-Holland and hence to that of The Netherlands. A delimination of the Amsterdam network has been made. The network considered consists of the ring A10 around the city with stretches of about 2 km along the motorways A1, A2, A4, and A8. These motorways all end on the ring A10. It was decided not to include in the Amsterdam network those parts of the motorway A9 that connect the A1 and the A2, and that connect the A2 and the A4. Another extension is the motorway A9 with the two tunnels near Haarlem and the connection between the A8 and the A9. Those extensions are left for a future investigation.

The research team has been provided with a list of locations of the network. The list has been produced by Dr. H.C.G. van Grol of the company Hague Consulting Group (a DACCORD partner). The owner of the information is the road agency Rijkswaterstaat Noord-Holland (also a DACCORD partner). The owner has given permission for the use of the information by the CWI team.

A description of the locations of the network follows. The data on the Amsterdam network refer to the locations of on-ramps, off-ramps, splits and merges of intersections, and of the locations of detection loops. These data are taken from two digital maps which are based on different conventions. The data from the different maps have been combined by Hague Consulting Group. For this investigation only the data on the locations of on-ramps, off-ramps, and intersections have been used. The locations of the detection loops have not been used, they are needed in case of an online algorithm for routing control.

For the simulation program the Amsterdam network must be partitioned in sections. Because of the conventions adopted in the model of traffic flow in a motorway network, section boundaries must be defined at splits and merges of motorway intersections, and preferably at the locations of on-ramps and off-ramps. The conventions specify that an on-ramp is located at the beginning of a section with respect to the direction of traffic flow and an off-ramp is located at the end of a section. Section boundaries have been defined according to these conventions. The discretization of the model in space and in time implies constraints on the section length. A time step of 6 seconds, as will be used in the simulation program, implies that the traffic flow at an average speed of 100 km/h travels in such a time step about 167 m. It has therefore been decided to take as minimum section length 320 m. and as maximum section length 640 m. The model for the traffic flow will not work realistically if a section length of less than 200 m. is used.

The initial section boundaries have been chosen at on-ramps, off-ramps, and at splits and merges of intersections as described above. The remaining section boundaries have been defined by partitioning the links between the initial section boundaries in sections of about equal length with a length between 300 m. and 600 m. The average length of all sections is about 450 m. At one point a very short section between two initial section boundaries with a length of about 70 m. has been artificially lengthened to 320 m. The resulting sections have been assigned numbers for use by the simulation program. The specification of all sections consists of: the section number, the begin and the end locations, the length of the section, and the number of lanes. A part of this specification is listed in Table 14.

Section no.
Length (m)
No. of lanes
Description of section

1
467
3
outer ring between onramp S110 - onramp A2

2
592
3
outer ring between onramp A2 - offramp S111

3
300
3
outer ring between off/on-ramp S111

4
309
3
outer ring between onramp S111 - offramp S112 A

5
309
3
outer ring between onramp S111 - offramp S112 B

6
300
3
outer ring between off/on-ramp S112

7
424
3
outer ring between onramp S112 - offramp S113

8
525
3
outer ring between off/on-ramp S113

9
316
3
outer ring between onramp S113 - offramp A1 A

10
377
3
outer ring between onramp S113 - offramp A1 B

11
372
3
outer ring between off/on-ramp A1 A

12
463
3
outer ring between off/on-ramp A1 B

13
427
3
outer ring between onramp A1 - offramp S114 A

14
427
3
outer ring between onramp A1 - offramp S114 B

15
427
3
outer ring between onramp A1 - offramp S114 C

16
428
3
outer ring between onramp A1 - offramp S114 D

17
459
3
outer ring between offramp S114 - offramp S115 Zeeburgertunnel A

18
458
3
outer ring between offramp S114 - offramp S115 Zeeburgertunnel B

19
459
3
outer ring between offramp S114 - offramp S115 Zeeburgertunnel C

20
458
3
outer ring between offramp S114 - offramp S115 Zeeburgertunnel D

21
459
3
outer ring between offramp S114 - offramp S115 Zeeburgertunnel E

22
491
3
outer ring between off/on-ramp S115

23
411
3
outer ring between onramp S115 - offramp S116 A

24
412
3
outer ring between onramp S115 - offramp S116 B

25
411
3
outer ring between onramp S115 - offramp S116 C

26
412
3
outer ring between onramp S115 - offramp S116 D

27
411
3
outer ring between onramp S115 - offramp S116 E

28
319
3
outer ring between off/on-ramp S116 A

29
318
3
outer ring between off/on-ramp S116 B

30
420
3
outer ring between onramp S116 - offramp S117 A

31
421
3
outer ring between onramp S116 - offramp S117 B

32
420
3
outer ring between onramp S116 - offramp S117 C

33
421
3
outer ring between onramp S116 - offramp S117 D

34
421
3
outer ring between onramp S116 - offramp S117 E

35
300
3
outer ring between off/on-ramp S117

36
386
2
outer ring between onramp S117 - offramp A8/S118 A

37
386
2
outer ring between onramp S117 - offramp A8/S118 B

38
386
2
outer ring between onramp S117 - offramp A8/S118 C

39
503
2
outer ring between offramp A8 - onramp S118 A

40
504
2
outer ring between offramp A8 - onramp S118 B

41
454
1
outer ring between onramp S118 - A8

42
300
3
outer ring between onramp A8 and Coentunnel

43
474
2
outer ring between onramp A8 - offramp S101 Coentunnel A

44
475
2
outer ring between onramp A8 - offramp S101 Coentunnel B

45
474
2
outer ring between onramp A8 - offramp S101 Coentunnel C

46
474
2
outer ring between onramp A8 - offramp S101 Coentunnel D

47
453
2
outer ring between off/on-ramp S101

48
510
2
outer ring between onramp S101 - offramp S102 A

49
519
2
outer ring between onramp S101 - offramp S102 B

50
535
2
outer ring between off/on-ramp S102

51
390
3
outer ring between onramp S102 - S103/S104 A

52
389
3
outer ring between onramp S102 - S103/S104 B

53
300
3
outer ring between off/on-ramp S104

54
533
3
outer ring between S104 - S105

55
362
3
outer ring between off/on-ramp S105 A

56
362
3
outer ring between off/on-ramp S105 B

57
423
3
outer ring between S105 - offramp S106 A

58
423
3
outer ring between S105 - offramp S106 B

59
339
3
outer ring between off/on-ramp S106 A

60
339
3
outer ring between off/on-ramp S106 B

61
409
2
outer ring between onramp S106 - offramp S107 A

62
409
2
outer ring between onramp S106 - offramp S107 B

63
470
2
outer ring between offramp S107 – offramp to A4

64
300
2
outer ring between offramp naar A4 – onramp S107

65
598
2
outer ring between onramp S107 – onramp A4 at junction Nieuwe Meer

66
475
3
outer ring between junction Nieuwe Meer – offramp S108 A

67
475
3
outer ring between junction Nieuwe Meer – offramp S108 B

68
300
3
outer ring between off/on-ramp S108

69
406
3
outer ring between onramp S108 - offramp S109 A

70
405
3
outer ring between onramp S108 - offramp S109 B

71
406
3
outer ring between onramp S108 - offramp S109 C

72
405
3
outer ring between onramp S108 - offramp S109 D

73
406
3
outer ring between onramp S108 - offramp S109 E

74
300
3
outer ring between off/on-ramp S109

75
368
3
outer ring between onramp S109 and offramp A2 A

76
369
3
outer ring between onramp S109 and offramp A2 B

77
327
3
outer ring between offramp A2 and onramp S110 A

78
327
3
outer ring between offramp A2 and onramp S110 B

101
386
3
inner ring between off/on-ramp A2 A

102
387
3
inner ring between off/on-ramp A2 B

103
386
3
inner ring between off/on-ramp A2 C

104
388
3
inner ring between onramp A2 - offramp S109 A

105
388
3
inner ring between onramp A2 - offramp S109 B

106
421
3
inner ring between off/on-ramp S109 A

107
420
3
inner ring between off/on-ramp S109 B

108
506
3
inner ring between onramp S109 - offramp S108 A

109
507
3
inner ring between onramp S109 - offramp S108 B

110
506
3
inner ring between onramp S109 - offramp S108 C

111
300
3
inner ring between off/on-ramp S108

112
504
2
inner ring between onramp S108 - offramp A4 A

113
505
2
inner ring between onramp S108 - offramp A4 B

114
358
2
inner ring between offramp A4 - offramp S107

115
300
2
inner ring between offramp S107 and onramp A4

116
310
3
inner ring between onramp from A4 and onramp S107 A

117
310
3
inner ring between onramp from A4 and onramp S107 B

118
384
4
inner ring between onramp S107 - offramp S106 A

119
384
4
inner ring between onramp S107 - offramp S106 B

120
339
3
inner ring between off/on-ramp S106 A

121
339
3
inner ring between off/on-ramp S106 B

122
409
4
inner ring between onramp S106 - offramp S105 A

123
408
4
inner ring between onramp S106 - offramp S105 B

124
356
3
inner ring between off/on-ramp S105 A

125
357
3
inner ring between off/on-ramp S105 B

126
562
3
inner ring between S105 - S104

127
314
3
inner ring between off/on-ramp S104

128
378
3
inner ring between S104/S103 - offramp S102 A

129
379
3
inner ring between S104/S103 - offramp S102 B

130
598
2
inner ring between off/on-ramp S102

131
466
2
inner ring between onramp S102 - offramp S101 A

132
467
2
inner ring between onramp S102 - offramp S101 B

133
418
2
inner ring between off/on-ramp S101

134
434
2
inner ring between onramp S101 - A8 Coentunnel A

135
434
2
inner ring between onramp S101 - A8 Coentunnel B

136
434
2
inner ring between onramp S101 - A8 Coentunnel C

137
434
2
inner ring between onramp S101 - A8 Coentunnel D

138
434
2
inner ring between onramp S101 - A8 Coentunnel E

139
342
2
inner ring between offramp A8 - offramp S118

140
561
2
inner ring between offramp S118 - onramp A8

141
567
3
inner ring between onramp A8 and onramp S118

142
444
3
inner ring between onramp S118 - offramp S117 A

143
443
3
inner ring between onramp S118 - offramp S117 B

144
444
3
inner ring between onramp S118 - offramp S117 C

145
300
3
inner ring between off/on-ramp S117

146
416
3
inner ring between onramp S117 - offramp S116 A

147
416
3
inner ring between onramp S117 - offramp S116 B

148
416
3
inner ring between onramp S117 - offramp S116 C

149
416
3
inner ring between onramp S117 - offramp S116 D

150
444
3
inner ring between off/on-ramp S116 A

151
444
3
inner ring between off/on-ramp S116 B

152
514
3
inner ring between onramp S116 - offramp S115 A

153
515
3
inner ring between onramp S116 - offramp S115 B

154
514
3
inner ring between onramp S116 - offramp S115 C

155
515
3
inner ring between onramp S116 - offramp S115 D

156
548
3
inner ring between off/on-ramp S115

157
560
3
inner ring between onramp S115 - onramp S114 A

158
561
3
inner ring between onramp S115 - onramp S114 B

159
561
3
inner ring between onramp S115 - onramp S114 C

160
561
3
inner ring between onramp S115 - onramp S114 D

161
456
3
inner ring between onramp S114 - offramp A1 A

162
456
3
inner ring between onramp S114 - offramp A1 B

163
456
3
inner ring between onramp S114 - offramp A1 C

164
456
3
inner ring between onramp S114 - offramp A1 D

165
416
3
inner ring between off/on-ramp A1 A

166
415
3
inner ring between off/on-ramp A1 B

167
488
3
inner ring between A1 - offramp S113

168
300
3
inner ring between off/on-ramp S113

169
437
3
inner ring between onramp S113 - offramp S112 A

170
437
3
inner ring between onramp S113 - offramp S112 B

171
300
3
inner ring between off/on-ramp S112

172
533
3
inner ring between onramp S112 - offramp S111

173
300
3
inner ring between off/on-ramp S111

174
430
3
inner ring between onramp S111 - offramp A2

200
500
4
A1 direction West A

201
391
4
A1 direction West B

202
324
2
A1 onramp outer ring A

203
325
2
A1 onramp outer ring B

204
403
2
A1 onramp inner ring A

205
404
2
A1 onramp inner ring B

206
403
2
A1 onramp inner ring C

207
419
2
outer ring offramp A1 A

208
419
2
outer ring offramp A1 B

209
300
4
A1 direction East

210
462
1
inner ring offramp A1 A

211
463
1
inner ring offramp A1 B

300
500
4
A2 direction West A

301
354
4
A2 direction West B

302
354
4
A2 richting west C

303
401
2
A2 onramp ringway

304
490
1
A2 onramp outer ring

305
538
1
A2 onramp inner ring A

306
539
1
A2 onramp inner ring B

307
300
2
A2 offramp S110

308
416
1
outer ring offramp to A2 A

309
417
1
outer ring offramp to A2 B

310
309
2
outer ring offramp to A2 C

311
380
4
A2 direction East

312
300
1
inner ring offramp to A2 between ring and offramp S110

313
462
1
inner ring offramp to A2 between offramp S110 and A2 A

314
463
1
inner ring offramp to A2 between offramp S110 and A2 b

315
300
2
inner ring offramp to A2 between offramp S110 and A2 C

321
450
2
A2 between S110 and onramp A10 East

322
300
1
A2 from Northern direction onramp outer ring

323
400
2
A2 between onramp outer ring and offramp A10 naar A2

400
500
4
A4 direction East A

401
300
4
A4 direction East B

402
454
2
A4 onramp to outer ring A

403
470
2
A4 onramp to outer ring B

404
542
2
A4 onramp to inner ring A

405
542
2
A4 onramp to inner ring B

406
441
2
outer ring offramp to A4 between ring and onramp S107

407
441
2
outer ring offramp to A4 between onramp S107 and A4 A

408
441
2
outer ring offramp to A4 between onramp S107 and A4 B

409
300
4
A4 direction West

410
415
2
inner ring offramp to A4 A

411
416
2
inner ring offramp to A4 B

412
415
2
inner ring offramp to A4 C

501
450
3
A8 direction South A

502
450
3
A8 direction South B

503
508
2
A8 onramp to outer ring A

504
508
2
A8 onramp to outer ring B

505
673
2
A8 onramp to inner ring A

506
674
2
A8 onramp to inner ring B

507
383
1
outer ring offramp to A8 between ring and offramp S118

508
439
1
outer ring offramp to A8 between offramp S118 and onramp A8 A

509
440
1
outer ring offramp to A8 between offramp S118 and onramp A8 B

510
300
2
A8 direction Norht

511
352
2
inner ring offramp to A8 A

512
351
2
inner ring offramp to A8 B

Table 14. Description of the sections in the Amsterdam network.

A.2.
Origins and destinations of the Amsterdam network

The model of the Amsterdam network requires the definition of the origins and destinations of the network. This subsection provides this information.

To the motorway ring A10 around the center of Amsterdam are connected four motorways, see Table 15.

Motorway
Connects to

A1
Eastern Netherlands; towns Almere, Hilversum, Amersfoort, Enschede, Groningen.

A2
Central and Southern Netherlands; towns Utrecht, ‘s Hertogenbosch, Eindhoven, Maastricht.

A4
Southwestern Holland; towns Leiden, The Hague, Rotterdam.

A8
North Holland; towns Zaandam, Alkmaar, Purmerend, Hoorn, Enkhuizen.

Table 15. The A roads connected to the Amsterdam motorway ring.

On the motorway ring A10 are 18 origins and destinations with on-ramps and off-ramps. The road authorities have assigned to these roads the numbers S101 to S118. The labels used with those origins and destinations are provided in Table 16.

City road
Name of destination

S101
Westpoort 2000-3000

S102
Westpoort 3000-9000

S103
Haarlem

S104
Bos en Lommer

S105
Geuzenveld

S106
Osdorp

S107
Sloten

S108
Amstelveen

S109
RAI

S110
Amstel

S111
Weespertrekvaart

S112
Duivendrecht

S113
Diemen

S114
Zeeburg

S115
Nieuwendam

S116
Noord/Volendam

S117
Kadoelen

S118
Oostzanerwerf

Table 16. On-ramps and off ramps on the Amsterdam motorway ring.

A.3.
Routes in the Amsterdam network

The model of the Amsterdam network requires the definition of the possible routes for each origin and destination pair. In addition it must be defined at which section the origin-destination (OD) flow enters and leaves the network. Finally, at each split of an intersection it must be specified in which direction the traffic flow proceeds for each destination.

The origins and destinations of the Amsterdam network have been defined in the previous section. For each OD pair, with the destination different from the origin, it must be defined what the possible routes are. Because of the geography of the network, there are at most two routes per OD pair. The distances of the two routes for selected origins to selected destinations are listed in Table 17. The distance of the shortest route is mentioned before that of the longest route. Note that these distances are computed for the network model, they will differ from the actual distances because the length of a few sections have been adjusted.

Origin
Destination
Length of routes in km



Route 1
Route 2

A1
A1
6.351
28.966

A1
A4
11.676
23.934

A1
A8
13.050
21.139






A2
A1
5.889
29.487

A2
A4
7.476
28.780

A2
A8
16.939
17.896






A4
A1
10.950
23.983

A4
A2
6.681
28.639

A4
A8
11.435
22.957






A8
A1
14.595
21.902

A8
A2
17.633
19.251

A8
A4
12.601
24.576

Table 17. Distances in the network model between the A-roads for the possible routes.

Next each OD traffic flow must be assigned to a route and to an origin and a destination section. The traffic flows that have as origin one of the motorways A1, A2, A4, or A8 are assigned to enter the network at the first section in the model of the corresponding motorways. The traffic flows that have as destination one of the motorways A1, A2, A4, or A8 are assigned to leave the network at the last section in the model of the corresponding motorways.

The assignment of the traffic flows for OD pairs in which the origin is an S-road requires an explanation. The traffic flow for such an OD pair is assigned to the route with the shortest. Note that currently the traffic on such OD pairs is not provided with current information on the state of traffic on the network. If in the future also information is provided to road users at those locations on the state of traffic on the network then the model can be adjusted accordingly. In principle it is also possible to assign the traffic flow for an OD pair with as origin an S-road to two routes each with a fraction of the flow. The entry sections for the two routes will then be different. The assignment of the traffic flow for each OD pair in which the origin is an S-road to an entry section is then based on the shortest distance route selected. The assignment to an exit section then follows also from the route selected.

There are a few exceptions to the above guidelines. At some origins and destinations it is not possible to enter or to exit the network from a particular direction. A list of these locations follows:

S103. Entry and exit of traffic between the city road S103 and the ring A10 is possible only to and from the southern direction; to and from the northern direction there are no ramps. As a consequence the OD flows are adjusted.

S107. Exit is possible only for traffic on the A10 coming from the Northern direction or coming from the eastern direction. Traffic coming from the A4 cannot exit at destination S107. Such traffic is advised to exit from the A4 before the intersection with the A10 but that location is outside the current Amsterdam network.

S110. On the A10 from the western direction it is not possible to exit to the S110. Conversely, from the S110 it is not possible to enter the A10 into the western direction. For traffic between the neighborhood of the S110 and the A10 in the western direction there are alternative routes via city road to on- and off-ramp S109.

S114. Entry and exit of traffic between the city road S114 and the ring A10 is possible only to and from the southern direction; in the other direction there are no ramps. According to a map future entries and exits are planned. Traffic between the city road S114 and the ring A10 in the northern direction is advised to use the entry and exit of the city road S115. The authors have learned that an on- and off-ramp from the Northern direction for road S114 have been taken into operation recently but the model has not been adjusted on this point.

S118. It is not possible for traffic coming from the A8 to exit via the A10 to city road S118. Conversely, it is not possible for traffic from the S118 to enter the A8 in the limited network considered in this investigation. It is possible for such traffic to travel along local roads and to enter or exit the A8 outside the network considered.

The model of the traffic flow in the Amsterdam network requires also the specification of the directions at network intersections. Traffic on the ring A10 at the intersection with the A1 proceeds to the A1 if that is its destination or proceeds to the next section on the ring A10 otherwise. The same holds for traffic on the ring A10 at the other intersections with A roads. Traffic on the road A1 at the intersection with the ring A10 can proceed along two routes. The route directives are set by the routing control algorithm. The route directives for several destinations are the same. The specification of which route directives are valid for which destinations may be found in Table 18.

From
Route directive sector
Destinations





A1
N
S114-S117

A1
S
A2, S108-S113

A1
SW
A4

A1
W
S101-S107

A1
NW
A8, S118





A2
N
S115-S117

A2
SE
A1, S111-S114

A2
SW
A4, S108-S109

A2
W
S101-S107

A2
NW
A8, S118

A2
City
S110





A4
N
S115-S117

A4
SE
A1, S111-S114

A4
S
A2, S108-S109

A4
W
S101-S106

A4
NW
A8, S118





A8
N
S114-S118

A8
SE
A1, S112-S113

A8
S
A2, S109-S111

A8
SW
A4, S108

A8
W
S101-S107

Table 18. Relation between origin A road, route directive sector, and destinations.

A.4.
Traffic flows for origin-destination pairs.

The model of the Amsterdam network requires the specification of the traffic flows for each OD pair.

The traffic flows for all OD pairs of the Amsterdam network are not available anywhere. The Motorway Control and Signalling System installed on the motorway network of Amsterdam provides only information on the traffic flows at detection locations. But this information does not allow one to distinguish traffic according to destinations. There is a literature on the estimation of the OD flows from the data on traffic flows throughout the network. Since the authors did not have access to actual traffic flow data they have decided not to use an OD flow estimation algorithm.

Ing. M. Muste of Rijkswaterstaat Adviesdienst Verkeer en Vervoer informed the authors of the report of the DORA project and arranged for a copy of the reports, see [DORA, 1995] (In Dutch). The aim of the project Doelgroepen Onderzoek in de Regio Amsterdam (DORA; Road user group investigation in the area of Amsterdam) was to gather information on the use of the network by different road users. On April 1995 traffic counts were made and license plates were noted. About 45.000 questionaires were sent to car owners of which about 24.000 were returned in usuable form. The responders were also asked to indicate their route on a map of the network. From the tabulated results in the report information may be deduced on the OD traffic flows from the motorways A1, A2, A4, and A8 to all destinations of the Amsterdam network. Data are provided in Table 20. The data refer to traffic flows from 7 to 9 hours in the morning. The representation of the OD traffic flows is per origin, the flow in vehicles per hour and then for all destinations the fractions of the flow. Per origin the fractions sum to the value 1. The transformation of the OD flows as provided by the reports of project DORA to those used in this investigation has been carried out with interpretation. The data of the DORA reports are sometimes inconsistent, for example, the fractions do not add up before and after an intersection. Despite these interpretation problems it has been concluded that the data on the OD flows are somewhat realistic. Moreover, there are no other data available to the authors.

For the OD traffic flows with as origin a city road with an S number there are no data. Because the simulation model must be provided with the values of the OD flows the authors have defined values that seemed realistic to them. In a future investigation it seems better to estimate the OD flows from actual traffic data or for Rijkswaterstaat to conduct opinion polls among network users. The fractions of the origins for the corresponding destinations are provided in Table 21 and Table 22. The format of this table is as that for the A roads. In general, for each origin 70% to 80% of the origin flow has as destination the A roads and the remaining part as destination the S roads. The table accounts for the nonexistence of on-ramps or off-ramps from certain directions at some destination.

The traffic flows, at origins for all destinations combined are provided in Table 19. According to the traffic flows specified, one may compute the densities, speeds and flows in every section of the network. These values allows one to check whether the traffic flow exceeds the available capacity anywhere in the network. These values may be found in the Table 23.

Origin
Traffic flow (veh/h)

Origin
Traffic flow (veh/h)

A1
4200

S108
200

A2
3000

S109
600

A4
4600

S110
600

A8
5600

S111
100

S101
10

S112
500

S102
10

S113
500

S103
200

S114
100

S104
200

S115
100

S105
100

S116
300

S106
200

S117
100

S107
100

S118
100

Table 19. Origin traffic flows.

Origin:
A1
A2
A4
A8

Inflow:
4200
3000
4600
5600







Destination
Fraction
Fraction
Fraction
Fraction

A1
          -   
          -   
     0.070 
     0.162 

A2
          -   
          -   
     0.076 
     0.088 

A4
     0.159 
     0.057 
          -   
     0.110 

A8
     0.148 
     0.057 
     0.081 
          -   

S101
     0.028 
     0.019 
     0.030 
     0.052 

S102
     0.008 
     0.025 
     0.079 
     0.093 

S103
     0.017 
     0.045 
     0.035 
     0.022 

S104
     0.021 
     0.025 
     0.032 
     0.030 

S105
     0.017 
     0.045 
     0.051 
     0.038 

S106
     0.056 
     0.045 
     0.111 
     0.095 

S107
     0.039 
     0.058 
          -   
     0.045 

S108
     0.088 
     0.058 
     0.220 
     0.012 

S109
     0.095 
     0.103 
     0.085 
     0.018 

S110
     0.032 
     0.262 
          -   
     0.012 

S111
     0.017 
     0.058 
     0.053 
     0.015 

S112
     0.078 
     0.045 
     0.035 
     0.038 

S113
     0.085 
     0.045 
     0.021 
     0.022 

S114
     0.015 
     0.004 
     0.005 
          -   

S115
     0.025 
          -   
     0.002 
     0.017 

S116
     0.060 
     0.045 
     0.004 
     0.113 

S117
     0.008 
          -   
     0.008 
     0.018 

S118
     0.004 
     0.004 
     0.002 
          -   

Table 20. OD traffic flows fractions for A-road origins.

Origin:
S101
S102
S103
S104
S105
S106
S107
S108
S109

Inflow (veh/h):
10
10
200
200
100
200
100
200
600












Destination
Fraction
Fraction
Fraction
Fraction
Fraction
Fraction
Fraction
Fraction
Fraction

A1
0.05
0.05
0.085
0.05
0.05
0.05
0.05
0.2
0.2

A2
0.05
0.05
0.085
0.05
0.05
0.05
0.05
0.2
0.2

A4
0.2
0.2
0.2
0.2
0.2
0.2
0.4
0.2
0.2

A8
0.4
0.4
0.4

0.4
0.4
0.2
0.1
0.1

S101



0.4
0.01
0.01
0.01
0.01
0.01

S102



0.01
0.01
0.01
0.01
0.01
0.01

S103



0.01
0.02
0.02
0.02
0.02
0.02

S104
0.01
0.01



0.02
0.02
0.02
0.02

S105
0.02
0.02
0.02



0.01
0.01
0.01

S106
0.03
0.03
0.03
0.03



0.03
0.02

S107
0.01
0.01
0.01
0.01
0.01





S108
0.04
0.04
0.04
0.04
0.04
0.04




S109
0.05
0.05
0.05
0.05
0.05
0.06
0.05



S110










S111
0.01
0.01
0.01
0.02
0.03
0.02
0.02
0.02
0.03

S112
0.03
0.03
0.03
0.03
0.03
0.03
0.04
0.04
0.03

S113
0.03
0.03
0.03
0.03
0.02
0.02
0.04
0.04
0.04

S114
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

S115
0.01
0.01

0.01
0.01
0.01
0.01
0.04
0.04

S116
0.03
0.03

0.03
0.04
0.03
0.03
0.02
0.03

S117
0.01
0.01

0.01
0.01
0.01
0.02
0.02
0.02

S118
0.01
0.01

0.01
0.01
0.01
0.01
0.01
0.01

Table 21. OD traffic flow fractions for S-roads origins (part 1).

Origin:
S110
S111
S112
S113
S114
S115
S116
S117
S118

Inflow: (veh/h)
600
100
500
500
100
100
300
100
100












Destination
Fraction
Fraction
Fraction
Fraction
Fraction
Fraction
Fraction
Fraction
Fraction

A1
0.31
0.2
0.2
0.2
0.2
0.1
0.1
0.1
0.2

A2
0.6
0.2
0.2
0.2
0.1
0.1
0.1
0.1
0.2

A4

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.3

A8

0.1
0.1
0.1
0.2
0.3
0.3
0.3


S101

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

S102

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

S103

0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.02

S104

0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.02

S105

0.01
0.03
0.03
0.01
0.01
0.02
0.01
0.01

S106

0.03
0.03
0.04
0.06
0.04
0.04
0.03
0.04

S107

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

S108

0.02
0.06
0.06
0.05
0.02
0.02
0.02
0.02

S109

0.06
0.06
0.06
0.05
0.05
0.05
0.04
0.03

S110


0.01
0.02

0.05
0.04
0.02
0.02

S111






0.01
0.01
0.01

S112
0.01




0.03
0.03
0.03
0.02

S113
0.02
0.04



0.03
0.03
0.03
0.02

S114
0.01
0.01








S115
0.02
0.01
0.01
0.01
0.01

0.01
0.02
0.02

S116
0.02
0.03
0.03
0.01
0.05


0.04
0.03

S117
0.01
0.01
0.02
0.02
0.02
0.01


0.01

S118

0.01



0.01




Table 22. OD traffic flow fractions for S-roads origins (part 2).

Density and speeds according to the equilibrium relation

Section no.
no. of lanes
density
(vh/km*lane)
speed
(km/h)
traffic flow
(veh/h)

1
3
5.28
101.94
1613.6

2
3
7.29
100.77
2204.6

3
3
5.74
101.67
1749.6

4
3
5.84
101.61
1780.6

5
3
5.84
101.61
1780.6

6
3
4.65
102.3
1427

7
3
5.25
101.95
1607

8
3
4.24
102.54
1304.8

9
3
4.81
102.21
1474.8

10
3
4.81
102.21
1474.8

11
3
1.73
104
539.3

12
3
1.73
104
539.3

13
3
5.73
101.67
1748.9

14
3
5.73
101.67
1748.9

15
3
5.73
101.67
1748.9

16
3
5.73
101.67
1748.9

17
3
5.32
101.91
1627.8

18
3
5.32
101.91
1627.8

19
3
5.32
101.91
1627.8

20
3
5.32
101.91
1627.8

21
3
5.32
101.91
1627.8

22
3
4.75
102.24
1457.6

23
3
4.89
102.16
1498.6

24
3
4.89
102.16
1498.6

25
3
4.89
102.16
1498.6

26
3
4.89
102.16
1498.6

27
3
4.89
102.16
1498.6

28
3
3.41
103.02
1054.6

29
3
3.41
103.02
1054.6

30
3
4.02
102.67
1237.6

31
3
4.02
102.67
1237.6

32
3
4.02
102.67
1237.6

33
3
4.02
102.67
1237.6

34
3
4.02
102.67
1237.6

35
3
3.77
102.81
1164

36
2
6.03
101.5
1225

37
2
6.03
101.5
1225

38
2
6.03
101.5
1225

39
2
1.22
104.29
254.6

40
2
1.22
104.29
254.6

41
1
3.12
103.19
321.6

42
3
12.87
97.54
3765.6

43
2
20.18
93.29
3765.6

44
2
20.18
93.29
3765.6

45
2
20.18
93.29
3765.6

46
2
20.18
93.29
3765.6

47
2
17.68
94.74
3350.8

48
2
17.71
94.73
3355.6

49
2
17.71
94.73
3355.6

50
2
13.92
96.93
2698.6

51
3
9.04
99.76
2704

52
3
9.04
99.76
2704

53
3
8.42
100.12
2528.8

54
3
9.49
99.5
2832.8

55
3
8.69
99.96
2606.6

56
3
8.69
99.96
2606.6

57
3
8.86
99.86
2655.6

58
3
8.86
99.86
2655.6

59
3
6.89
101
2088

60
3
6.89
101
2088

61
2
11.08
98.57
2184

62
2
11.08
98.57
2184

63
2
9.67
99.39
1921.8

64
2
5.16
102.01
1051.8

65
2
5.29
101.93
1078.8

66
3
12.58
97.7
3687

67
3
12.58
97.7
3687

68
3
8.58
100.02
2575

69
3
8.98
99.79
2689

70
3
8.98
99.79
2689

71
3
8.98
99.79
2689

72
3
8.98
99.79
2689

73
3
8.98
99.79
2689

74
3
6.88
101.01
2084

75
3
8.12
100.29
2444

76
3
8.12
100.29
2444

77
3
4.47
102.41
1373.6

78
3
4.47
102.41
1373.6

101
3
9.05
99.75
2709

102
3
9.05
99.75
2709

103
3
9.05
99.75
2709

104
3
14.99
96.3
4332

105
3
14.99
96.3
4332

106
3
12
98.04
3529

107
3
12
98.04
3529

108
3
12.88
97.53
3769

109
3
12.88
97.53
3769

110
3
12.88
97.53
3769

111
3
10.62
98.84
3150.4

112
2
17.01
95.13
3236.4

113
2
17.01
95.13
3236.4

114
2
9.97
99.22
1977.6

115
2
8.11
100.3
1626.8

116
3
12.33
97.85
3618.6

117
3
12.33
97.85
3618.6

118
4
9.16
99.69
3651.6

119
4
9.16
99.69
3651.6

120
3
9.05
99.75
2708.8

121
3
9.05
99.75
2708.8

122
4
6.97
100.96
2812.8

123
4
6.97
100.96
2812.8

124
3
6.54
101.21
1985.4

125
3
6.54
101.21
1985.4

126
3
6.71
101.11
2036.4

127
3
5.34
101.9
1632

128
3
5.66
101.72
1728

129
3
5.66
101.72
1728

130
2
6.06
101.49
1230

131
2
6.08
101.47
1234.6

132
2
6.08
101.47
1234.6

133
2
4.96
102.12
1013.6

134
2
4.99
102.11
1018.8

135
2
4.99
102.11
1018.8

136
2
4.99
102.11
1018.8

137
2
4.99
102.11
1018.8

138
2
4.99
102.11
1018.8

139
2
0.66
104.62
137.2

140
2
0.49
104.72
101.8

141
3
7.48
100.66
2257.8

142
3
7.59
100.6
2290.8

143
3
7.59
100.6
2290.8

144
3
7.59
100.6
2290.8

145
3
7.07
100.9
2139

146
3
7.2
100.82
2178

147
3
7.2
100.82
2178

148
3
7.2
100.82
2178

149
3
7.2
100.82
2178

150
3
4.88
102.17
1495.2

151
3
4.88
102.17
1495.2

152
3
5.27
101.94
1612.2

153
3
5.27
101.94
1612.2

154
3
5.27
101.94
1612.2

155
3
5.27
101.94
1612.2

156
3
4.91
102.15
1503.7

157
3
5.1
102.04
1562.7

158
3
5.1
102.04
1562.7

159
3
5.1
102.04
1562.7

160
3
5.1
102.04
1562.7

161
3
5.44
101.84
1662.7

162
3
5.44
101.84
1662.7

163
3
5.44
101.84
1662.7

164
3
5.44
101.84
1662.7

165
3
2.14
103.76
665

166
3
2.14
103.76
665

167
3
12.46
97.77
3655.4

168
3
10.65
98.82
3158.2

169
3
11.85
98.13
3488.2

170
3
11.85
98.13
3488.2

171
3
9.84
99.29
2930.8

172
3
10.99
98.63
3250.8

173
3
10.41
98.96
3090.4

174
3
10.66
98.82
3159.4

200
4
10.62
98.84
4200

201
4
10.62
98.84
4200

202
2
5.96
101.55
1209.6

203
2
5.96
101.55
1209.6

204
2
15.58
95.96
2990.4

205
2
15.58
95.96
2990.4

206
2
15.58
95.96
2990.4

207
2
4.57
102.35
935.5

208
2
4.57
102.35
935.5

209
4
4.73
102.26
1933.2

210
1
10.06
99.16
997.7

211
1
10.06
99.16
997.7

300
4
7.45
100.68
3000

301
4
7.45
100.68
3000

302
4
5.43
101.85
2214

303
2
11.24
98.48
2214

304
1
5.82
101.63
591

305
1
17.07
95.1
1623

306
1
17.07
95.1
1623

307
2
3.82
102.78
786

308
1
10.84
98.71
1070.4

309
1
10.84
98.71
1070.4

310
2
5.25
101.96
1070.4

311
4
4.17
102.58
1710.4

312
1
4.4
102.45
450.4

313
1
2.71
103.43
280

314
1
2.71
103.43
280

315
2
1.34
104.22
280

321
2
2.9
103.32
600

322
1
2.32
103.66
240

323
2
1.73
104
360

400
4
11.71
98.21
4600

401
4
11.71
98.21
4600

402
2
13.41
97.22
2608.2

403
2
13.41
97.22
2608.2

404
2
10.04
99.18
1991.8

405
2
10.04
99.18
1991.8

406
2
4.24
102.54
870

407
2
4.44
102.42
910

408
2
4.44
102.42
910

409
4
5.32
101.91
2168.8

410
2
6.21
101.4
1258.8

411
2
6.21
101.4
1258.8

412
2
6.21
101.4
1258.8

501
3
19.98
93.41
5600

502
3
19.98
93.41
5600

503
2
18.24
94.42
3444

504
2
18.24
94.42
3444

505
2
10.93
98.66
2156

506
2
10.93
98.66
2156

507
1
9.77
99.33
970.4

508
1
9.57
99.45
951.6

509
1
9.57
99.45
951.6

510
2
9.2
99.67
1833.2

511
2
4.3
102.51
881.6

512
2
4.3
102.51
881.6

Table 23. Densities and speeds in the Amsterdam network according to the equilibrium relation.

A.5.
Network traffic reports of simulations runs

In this section network traffic reports are presented of the simulation of traffic flow in the Amsterdam network. The reports relate to the Simulations 1 and 2 of Subsection 4.2.

Network traffic report of Simulation run 1

section no.
no. of lanes
density
(veh/km*lane)
speed
(km/h)
flow
(veh/hr)

1
3
5.32
101.18
1613.60

2
3
7.25
101.43
2204.60

3
3
5.75
101.47
1749.59

4
3
5.85
101.51
1780.63

5
3
5.84
101.61
1780.41

6
3
4.68
101.73
1428.10

7
3
5.23
101.93
1599.78

8
3
4.39
102.21
1345.72

9
3
3.95
102.27
1212.73

10
3
4.82
102.38
1479.94

11
3
1.75
102.81
539.30

12
3
1.75
102.57
539.30

13
3
5.83
99.91
1748.90

14
3
5.80
100.43
1748.90

15
3
5.78
100.80
1748.90

16
3
5.76
101.13
1748.90

17
3
5.35
101.37
1627.80

18
3
5.34
101.54
1627.80

19
3
5.34
101.65
1627.80

20
3
5.33
101.73
1627.80

21
3
5.33
101.90
1627.80

22
3
4.76
101.98
1457.60

23
3
4.90
102.03
1498.60

24
3
4.89
102.07
1498.60

25
3
4.89
102.10
1498.60

26
3
4.89
102.12
1498.60

27
3
4.88
102.30
1498.60

28
3
3.43
102.47
1054.60

29
3
3.43
102.57
1054.60

30
3
4.02
102.60
1237.60

31
3
4.02
102.62
1237.59

32
3
4.02
102.63
1237.64

33
3
4.02
102.64
1237.40

34
3
4.02
102.68
1238.73

35
3
3.76
102.57
1157.61

36
2
6.17
102.33
1263.09

37
2
4.94
102.21
1009.15

38
2
6.01
101.88
1224.08

39
2
1.24
102.68
254.60

40
2
1.23
103.12
254.60

41
1
3.13
102.80
321.60

42
3
13.16
95.37
3765.60

43
2
19.88
94.70
3765.60

44
2
19.98
94.25
3765.60

45
2
20.03
94.01
3765.60

46
2
19.90
94.64
3765.60

47
2
17.70
94.67
3350.80

48
2
17.70
94.80
3355.60

49
2
17.43
96.25
3355.60

50
2
13.78
97.93
2698.60

51
3
9.16
98.44
2704.00

52
3
9.11
98.93
2704.00

53
3
8.51
99.09
2528.80

54
3
9.48
99.64
2832.80

55
3
8.71
99.72
2606.60

56
3
8.71
99.75
2606.59

57
3
8.87
99.80
2655.66

58
3
8.83
100.29
2655.29

59
3
6.93
100.46
2089.78

60
3
6.93
99.93
2077.91

61
2
11.25
99.76
2243.79

62
2
9.25
99.69
1845.16

63
2
9.58
100.24
1920.95

64
2
5.23
100.63
1051.80

65
2
5.46
98.83
1078.80

66
3
12.63
97.29
3687.00

67
3
12.39
99.17
3687.00

68
3
8.64
99.32
2575.00

69
3
9.01
99.45
2688.99

70
3
9.00
99.55
2689.06

71
3
9.00
99.62
2688.64

72
3
9.00
99.68
2691.02

73
3
8.91
100.12
2677.55

74
3
7.14
100.33
2148.84

75
3
6.69
100.32
2013.07

76
3
8.11
100.45
2442.96

77
3
4.54
100.92
1373.60

78
3
4.52
101.22
1373.60

101
3
9.02
100.15
2709.00

102
3
9.03
100.00
2709.00

103
3
9.19
98.26
2709.00

104
3
14.84
97.32
4332.00

105
3
14.74
97.99
4332.00

106
3
12.00
97.99
3528.98

107
3
12.04
97.68
3529.09

108
3
12.87
97.63
3768.46

109
3
12.87
97.73
3772.05

110
3
12.67
98.70
3751.70

111
3
11.02
98.26
3248.44

112
2
13.75
96.95
2665.70

113
2
16.39
98.67
3235.18

114
2
9.99
98.95
1977.60

115
2
8.21
99.02
1626.80

116
3
12.35
97.69
3618.60

117
3
12.29
98.17
3618.60

118
4
9.26
98.60
3651.60

119
4
9.23
98.94
3651.60

120
3
9.11
99.14
2708.80

121
3
9.07
99.58
2708.80

122
4
7.03
99.98
2812.80

123
4
7.00
100.40
2812.80

124
3
6.58
100.61
1985.40

125
3
6.57
100.74
1985.40

126
3
6.69
101.41
2036.40

127
3
5.36
101.50
1632.00

128
3
5.67
101.56
1728.00

129
3
5.67
101.55
1728.00

130
2
6.06
101.52
1230.00

131
2
6.08
101.51
1234.59

132
2
6.08
101.60
1234.63

133
2
4.98
101.75
1013.42

134
2
5.01
101.86
1019.80

135
2
4.97
101.92
1013.15

136
2
5.15
102.02
1050.83

137
2
4.10
102.14
837.30

138
2
5.01
102.21
1023.65

139
2
0.67
102.81
137.20

140
2
0.50
102.66
101.80

141
3
7.58
99.35
2257.80

142
3
7.66
99.73
2290.80

143
3
7.64
99.99
2290.80

144
3
7.61
100.31
2290.80

145
3
7.10
100.43
2139.00

146
3
7.22
100.54
2178.00

147
3
7.21
100.62
2178.00

148
3
7.21
100.69
2178.00

149
3
7.18
101.14
2178.00

150
3
4.91
101.45
1495.20

151
3
4.91
101.59
1495.20

152
3
5.28
101.71
1612.20

153
3
5.28
101.79
1612.20

154
3
5.28
101.84
1612.20

155
3
5.27
101.97
1612.20

156
3
4.92
101.97
1503.70

157
3
5.11
102.00
1562.69

158
3
5.11
102.01
1562.75

159
3
5.11
102.02
1562.43

160
3
5.12
101.92
1564.23

161
3
5.41
101.86
1653.50

162
3
5.60
102.04
1714.82

163
3
4.47
101.97
1367.35

164
3
5.47
101.66
1668.18

165
3
2.17
102.27
665.00

166
3
2.21
100.51
665.00

167
3
12.42
98.10
3655.39

168
3
10.73
98.10
3158.28

169
3
11.85
98.14
3487.73

170
3
11.77
98.87
3490.89

171
3
9.84
98.80
2915.57

172
3
11.13
100.22
3347.04

173
3
8.49
99.96
2545.02

174
3
10.50
100.30
3159.45

200
4
9.14
94.57
3458.82

201
4
11.09
94.67
4200.00

202
2
6.28
96.38
1209.60

203
2
6.19
97.66
1209.60

204
2
15.73
95.04
2990.40

205
2
15.69
95.32
2990.40

206
2
15.56
96.06
2990.40

207
2
4.43
102.33
906.37

208
2
5.38
102.24
1100.59

209
4
4.76
101.46
1933.20

210
1
9.58
100.87
966.63

211
1
11.70
100.29
1173.76

300
4
6.13
97.84
2397.30

301
4
8.08
99.29
3207.65

302
4
4.64
98.26
1823.29

303
2
11.30
97.92
2214.00

304
1
5.96
99.09
591.00

305
1
16.73
96.98
1623.00

306
1
16.81
96.58
1623.00

307
2
3.93
100.08
786.00

308
1
10.77
99.97
1076.28

309
1
10.39
99.79
1037.06

310
2
6.28
100.22
1259.29

311
4
4.21
101.64
1710.40

312
1
4.47
100.79
450.13

313
1
2.77
101.61
281.54

314
1
2.65
102.20
271.28

315
2
1.61
102.58
329.41

321
2
2.85
103.44
588.79

322
1
2.32
103.47
240.00

323
2
2.05
103.47
423.53

400
4
10.16
93.21
3788.24

401
4
12.19
94.34
4600.00

402
2
13.69
95.25
2608.20

403
2
13.57
96.11
2608.20

404
2
10.37
96.05
1991.80

405
2
10.32
96.49
1991.80

406
2
4.33
100.92
874.78

407
2
4.35
101.33
881.66

408
2
5.27
101.51
1070.59

409
4
5.36
101.07
2168.80

410
2
6.36
99.47
1265.72

411
2
6.10
99.94
1219.60

412
2
7.38
100.34
1480.94

501
3
17.26
89.08
4611.76

502
3
19.94
93.61
5600.00

503
2
18.31
94.04
3444.00

504
2
17.94
95.98
3444.00

505
2
11.25
95.81
2156.00

506
2
10.94
98.51
2156.00

507
1
9.64
101.22
975.63

508
1
9.16
100.68
921.96

509
1
11.18
100.10
1119.52

510
2
9.10
100.71
1833.20

511
2
4.18
102.27
854.15

512
2
5.09
101.98
1037.18

Table 24. Network traffic report of Simulation run 1.

section no.
no. of lanes
density
(veh/km*lane)
speed
(km/h)
flow
(veh/h)

42
3
16.57
93.05
4626.60

43
2
25.12
92.08
4626.60

44
2
25.30
91.45
4626.60

66
3
13.30
97.00
3869.00

67
3
13.03
98.99
3869.00

102
3
9.03
99.98
2709.00

103
3
9.31
96.98
2709.00

104
3
18.03
94.66
5120.78

105
3
17.77
96.04
5120.78

112
2
16.38
95.27
3122.00

113
2
19.37
97.80
3789.14

167
3
12.78
98.05
3760.39

168
3
10.99
98.03
3232.48

169
3
12.11
98.05
3561.93

170
3
12.02
98.84
3565.09

204
2
15.73
95.04
2990.40

205
2
15.69
95.32
2990.40

206
2
15.57
96.01
2990.40

305
1
26.51
90.96
2411.78

306
1
26.27
91.80
2411.78

501
3
22.84
84.12
5764.71

502
3
25.51
91.47
7000.00

503
2
23.44
91.84
4305.00

504
2
22.72
94.72
4305.00

Table 25. Network traffic report of Simulation run 2.

A.6.
Network traffic reports of simulations with routing control.

In this subsection network traffic reports are presented for the simulation of traffic flow in the Amsterdam network under routing control. The reports relate to the Simulations 3, 4 and 5 of Subsection 4.4.

section no.
no. of lanes
density (veh/km*lane)
speed (km/h)
flow (veh/h)

42
3
13.16
95.37
3765.60

43
2
19.88
94.70
3765.60

44
2
19.98
94.25
3765.60

45
2
20.03
94.01
3765.60

46
2
19.90
94.64
3765.60

47
2
17.70
94.67
3350.80

48
2
17.70
94.80
3355.60

49
2
17.43
96.25
3355.60

50
2
13.78
97.93
2698.60

51
3
9.16
98.44
2704.00

66
3
12.63
97.29
3687.00

67
3
12.39
99.17
3687.00

103
3
9.19
98.26
2709.00

104
3
14.84
97.32
4332.00

105
3
14.74
97.99
4332.00

106
3
12.00
97.99
3528.98

107
3
12.04
97.68
3529.09

112
2
13.75
96.95
2665.70

113
2
16.39
98.67
3235.18

167
3
12.42
98.10
3655.39

168
3
10.73
98.10
3158.28

169
3
11.85
98.14
3487.73

170
3
11.77
98.87
3490.89

171
3
9.84
98.80
2915.57

172
3
11.13
100.22
3347.04

173
3
8.49
99.96
2545.02

174
3
10.50
100.30
3159.45

204
2
15.73
95.04
2990.40

205
2
15.69
95.32
2990.40

206
2
15.56
96.06
2990.40

305
1
16.73
96.98
1623.00

306
1
16.81
96.58
1623.00

501
3
17.26
89.08
4611.76

502
3
19.94
93.61
5600.00

503
2
18.31
94.04
3444.00

504
2
17.94
95.98
3444.00

Table 26. Network traffic report of Simulation run 3.

section no.
no. of lanes
density (veh/km*lane)
speed (km/h)
flow (veh/h)

42
3
10.87
95.07
3099.02

43
2
23.23
67.93
3156.31

44
2
57.15
26.45
3023.36

45
2
67.16
22.59
3034.01

46
2
81.57
29.90
4878.18

47
2
65.38
5.00
653.81

48
1
82.27
37.72
3102.97

49
1
59.94
46.21
2769.85

50
2
13.19
75.81
2000.55

51
3
8.03
84.28
2029.50

66
3
10.33
97.87
3032.02

67
3
10.15
99.61
3033.23

103
3
9.81
97.80
2877.00

104
3
15.46
97.02
4500.00

105
3
15.32
97.90
4500.00

106
3
12.01
97.92
3528.98

107
3
12.05
97.63
3529.09

112
2
13.75
96.94
2665.69

113
2
16.39
98.66
3235.15

167
3
14.73
97.65
4316.18

168
3
13.07
97.40
3819.10

169
3
14.22
97.25
4148.41

170
3
14.12
98.00
4152.33

171
3
12.18
97.78
3572.74

172
3
13.46
99.73
4028.43

173
3
10.38
99.22
3089.18

174
3
12.75
99.89
3820.33

204
2
15.73
95.04
2990.40

205
2
15.69
95.31
2990.40

206
2
15.63
95.66
2990.40

305
1
16.73
96.98
1623.00

306
1
16.82
96.51
1623.00

501
3
17.21
89.32
4611.76

502
3
19.81
94.23
5600.00

503
2
14.63
95.11
2783.28

504
2
14.39
96.68
2782.64

Table 27. Network traffic report Simulation run 4.

section no.
no. of lanes
density (veh/km*lane)
speed (km/h)
density (veh/h)

42
3
17.13
75.11
3859.57

43
2
59.84
31.84
3811.08

44
2
68.55
22.57
3094.18

45
2
86.62
37.85
6556.17

46
2
66.02
5.00
660.15

47
2
78.86
40.27
6350.56

48
1
102.99
33.05
3403.90

49
1
63.71
47.84
3048.01

50
2
17.81
76.84
2737.18

51
3
10.84
84.40
2745.51

66
3
12.65
97.26
3691.15

67
3
12.41
99.15
3690.42

103
3
9.03
91.74
2483.97

104
3
14.50
94.58
4113.18

105
3
14.31
96.11
4125.73

106
3
11.56
96.79
3356.39

107
3
11.53
96.97
3355.15

112
2
13.08
97.21
2543.79

113
2
15.63
98.77
3087.92

167
3
13.76
88.58
3656.21

168
3
22.41
43.13
2899.16

169
3
83.33
15.67
3917.49

170
3
95.48
5.00
1432.27

171
1
97.33
24.15
2350.03

172
1
66.21
47.39
3137.69

173
3
11.55
66.99
2320.82

174
3
11.83
80.46
2855.72

204
2
15.73
95.04
2990.34

205
2
15.69
95.31
2990.24

206
2
15.62
95.86
2994.18

305
1
16.73
96.98
1623.01

306
1
16.80
96.61
1623.05

501
3
17.26
89.08
4611.78

502
3
19.94
93.60
5600.20

503
2
18.33
93.93
3443.14

504
2
18.16
94.64
3436.95

Table 28. Network traffic report Simulation run 5.








J.68

_972475421.unknown

_972980553.unknown

_972982282.unknown

_974278417.unknown

_974278663.unknown

_974278868.unknown

_974278930.unknown

_974556467.unknown

_974278967.unknown

_974278913.unknown

_974278728.unknown

_974278543.unknown

_974278588.unknown

_974278466.unknown

_972983239.unknown

_974187769.unknown

_974278119.unknown

_974278151.unknown

_974188147.unknown

_974193466.unknown

_972983756.unknown

_973674620.unknown

_973674860.unknown

_973675019.unknown

_973675295.unknown

_973674777.unknown

_973674082.unknown

_973674529.unknown

_972983757.unknown

_972983537.unknown

_972983611.unknown

_972983269.unknown

_972982613.unknown

_972982694.unknown

_972982729.unknown

_972982676.unknown

_972982508.unknown
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