MODELLING AND SIMULATION OF AUTOMATIC DEBITINGSYSTEMS FOR ELECTRONIC TOLL COLLECTION ON MOTORHIGHWAYSA.G. HOEKSTRA, L. DORST, M. BERGMAN, J. LAGERBERG, A. VISSER, H. YAKALI, F.GROEN, L.O. HERTZBERGERProceedings IASTED International Conference Applied Modelling and Simulation, Ed M.H. Hamzam pp 104-108, 1997.

MODELLING AND SIMULATION OF AUTOMATIC DEBITINGSYSTEMS FOR ELECTRONIC TOLL COLLECTION ON MOTORHIGHWAYSA.G. HOEKSTRA, L. DORST, M. BERGMAN, J. LAGERBERG, A. VISSER, H. YAKALI, F.GROEN, L.O. HERTZBERGERDepartment of Computer Science, Faculty of Mathematics, Computer Science, Physics, and Astronomy, University ofAmsterdam, Kruislaan 403, 1098 SJ Amsterdam, the Netherlands, tel. +31 20 5257463, fax. +31 20 5257490, emailalfons@wins.uva.nl, URL http://www.wins.uva.nl/ABSTRACTWe have developed a Modelling and Simulationplatform for technical evaluation of Automatic DebitingSystems (ADS) for Electronic Toll Collection on MotorHighways. This platform is used in a project of the Dutchgovernment to assess the technical feasibility of TollCollection systems proposed by industry. The modellingapproach and the simulation environment (ADS-SIM) willbe presented. As a case study, an example of modellingand simulation of a fictitious ADS will be shown.Finally, the need for High Performance Computing tocarry out the simulations is discussed.KEYWORDSTransportation, modelling and simulation, discrete eventmodels, evaluation1 . INTRODUCTIONWe are involved in a project from the Dutch Ministryof Transport, Public Works, and Water Management toevaluate the technical feasibility of Automatic DebitingSystems for Electronic Toll Collection on motorhighways, as proposed by industry to be implemented onthe Dutch road network. We have developed a modellingand simulation approach, and realised a softwareenvironment to perform these simulations. Theenvironment, called ADS-SIM, is used both by theMinistry and industry for the technical evaluation studies.In a previous paper [1] we have embedded our modellingapproach in a general framework of High PerformanceDiscrete Event Simulations of Complex IndustrialSystems.Here we describe our work in the evaluationproject.2 . EVALUATION OF AUTOMATICDEBITING SYSTEMS2 . 1 Description of an Automatic DebitingSystemDue to heavy road congestion in the Netherlands,especially in the western part around the major cities(Amsterdam, Rotterdam, Den Haag) the DutchGovernment intends to implement a system of ElectronicToll Collection with the goal to reduce these congestion.It is foreseen that these systems will have to becomeoperational in the year 2001. The toll collection shouldnot interfere with normal traffic flow. Therefore, anAutomatic Debiting System (ADS) is required.An ADS will be constructed as follows (see Fig. 1).Vehicles will have an On Board Unit (OBU) whichcontains an electronic purse (a smart card) and m-waveequipment to communicate with the Road Side System(RSS). The RSS consists of a communication system, asensor system, a registration system and a coordinationsystem.

communicationsystemOBUsensor systemregistrationsystemcoordinationsystemRSSFIGURE 1: A SCHEMATIC DRAWING OF AN AUTOMATICDEBITING SYSTEM. OBU STANDS FOR ON BOARD UNIT;RSS IS THE ROAD SIDE SYSTEM.When a vehicle enters the tolling zone thecommunication system will start an exchange of messageswith the OBU, resulting, under normal operation, in adebiting of the smart card in the OBU. Thecommunication system keeps record of the debiting ofeach vehicle. Furthermore, the communication system will also assess the position of the OBU with which it iscommunicating. All this data is sent to the coordinationsystem. At the same time the sensor system will bemeasuring the positions of vehicles in the tolling zone.This data is also transferred to the coordination system.The coordination system will correlate all incoming data,and in that way is able to verify if all passing vehicleshave actually paid the tolling fee. Normally this is thecase and the coordination system is able to correlate allvehicles seen by the sensor system with the data comingfrom the communication system.However, the ADS must also be able to handleviolators. If a vehicle does not have an OBU, if it is turnedoff or does not contain a smart-card, or if the smart carddoes not contain enough money, the vehicle is consideredto be a violator. In the first two cases the vehicle will notcommunicate with the communication system. However,the sensor system will still detect the car, and thecoordination system is in that case not able to match thesensor data with communication data. In the other twocases the communication system will communicate withthe OBU, but is not able to charge (enough) money fromthe smart card. The communication system will send thisinformation to the coordination system, where it iscorrelated with data coming from the sensor system. In allfour cases the coordination system concludes that thevehicle is a violator, and triggers the registration system,which takes a photograph of the license plate of thevehicle. This photograph is sent to a back office systemfor further processing.So far the desired, correct operation of an ADS isdescribed. However, in many situations errors can occur.For instance, if a vehicle is not a violator, but for somereason an error occurs in the communication system. Inthat situation the coordination system can only concludethat the vehicle is a violator and trigger the registrationsystem. In the most severe case the driver will have noproof that he or she was willing to pay and the driver isunjustly forced to pay a fine. These so-called NonCharging Events have to be reduced to an absoluteminimum.Another case occurs when the debiting has been donecorrectly, but through an error in the sensor system, orthrough a wrong correlation of data in the coordinationsystem, the coordination system decides to trigger theregistration system. Again, the driver is forced to pay afine, but now a proof of toll fee payment is available bypresenting the log file which is maintained on the smartcard. This mistake is less severe than the previousexample, but should still be very rare.A last example is that of a free ride, where a violator,through an error in the sensor system or coordinationsystem, is not identified as such and therefore is notregistered. Many other possible errors in the operation ofan ADS can be identified.The requirements of an ADS, as laid down by theMinistry, result in a set of System Quality Factors (SQF)which describe the chance that a particular error in thesystem occurs. An example is the already mentioned NonCharging Event, which, in the Dutch setting, is requiredto be smaller than one in a million. The key issue is toproof that an ADS can operate correctly under such strictrequirements. The approach taken by the Dutchgovernment is to simulate the behaviour of an ADS withthe goal to find possible faulty operation. In such a waythe technical feasibility of all proposed ADS systems willbe evaluated.We have developed a modelling approach to set updiscrete event models of an ADS, and we have realised asimulation environment, called ADS-SIM, to implementthe models and run the simulations. ADS-SIM is used bythe Dutch government to assess the technical feasibility ofADS designs proposed by industry.2 . 2 Modelling and Simulation of an ADSThe technical requirements for an ADS are of such astringent nature that highly sophisticated methods areneeded to assess to what extent the proposed solutions canbe compliant with those requirements.For this we need to model a complete ADS, applyrealistic traffic input to the model, and use as much aspossible knowledge which is available on ADS sub-systems. The model should be able to deal with stochasticparameters such as the probability of a non functioningOBU or dirty license plates. As the response of an ADSdepends on detailed microscopic traffic configurations it isnatural to use a discrete traffic model as input to the ADSsimulator. Finally, the ADS model should be able to takeenvironmental parameters into account, such as theinfluence of weather conditions on sensor behaviour andon traffic, or e.g. rare specular reflections of sunlightdirectly into a registration camera.We model an ADS in a top-down appproach. Thismeans that we hierarchically decompose an ADS into asmall number of sub-systems. The sub-systemsthemselves are modelled using (known) parametrisations.We assume that the state of a sub-system changes on pre-definable time-stamps, due to external inputs and/or due tochanges in other sub-modules. This assumption results ina discrete event model of an ADS.The ADS model is set up as follows. First, we apply asmall number of hierarchical decompositions of the ADSand use (known) parametrisations of the remainingmodules to describe their behaviour. The connectionsbetween the modules and the response of the modules tothe presence of vehicles are specified, resulting in adiscrete event model of an ADS.To illustrate the concept we introduce the case of afictitious ADS (fADS) and show how this hypotheticalsystem can be modelled. In Fig. 2 a schematic drawing offADS is shown. It consists of four gantries, put on theroad and containing the rear-registration camera, the wakeup antenna (to put the OBU from sleep in idle mode), thecommunication antenna, and the front registration camera.Furthermore, fADS has a sensor which measures positionand length of each vehicle, on 25 positions on the road.

D (24m)frontregistrationcameraW(5m)C(5m)1mwake-upcommunication+R (3m)f4m5mR (3m)rrearregistration camera-4m7mFIGURE 2: THE FICTITIOUS ADSIf a vehicle enters fADS, the sensor will first detect thevehicle, and because it measures the length and position ofthe vehicle, is able to detect when the back of the vehicleis in field of view of the rear-registration camera. In thatcase the camera is triggered and a picture of the rear licenseplate is stored. As the vehicle moves on, the sensor keepsmeasuring the position of the car, and with these measuredpoints a track of the vehicle is built up. When the vehiclemoves under the wake-up antenna, the OBU is put in idlemode, and under the communication antenna the debitingis performed, and the position of the OBU is measured.This OBU position is matched to the closest availabletrack. The vehicle moves on, and when it is in field ofview of the front registration camera, the coordinationsystem checks if the track of that car was correlated withan OBU. If so, the vehicle performed a correct debiting andregistration is not necessary. The picture of the rear licenseplate is removed from the system. However, if the track ofthe vehicle does not contain an OBU, the coordinationsystem must conclude that the vehicle is a violator, andwill therefore trigger the front registration camera, andsend the pictures to the back office for further processing.The first step in building the model of fADS is tospecify the sensitive volumes of all sensors. A sensitivevolume is defined as the volume where a specific sensor(be it an antenna, or a camera) is able to detect a vehicle.In this example we assume a two dimensional model andwe will speak of sensitive zones. The real modelling ofthe ADS systems as proposed by the industry will ofcourse in practice be in three dimensions. The sensitivezones are needed to trigger basic events in the simulator,as will be described in section 2.3.Next we perform the hierarchical decomposition. Therear and front registration system are modelled as oneabstract module. We assume that the OBU wake up alwayssucceeds, and therefore the wake up system is not includedin the model. The communication system is also modelledas one abstract module, which performs the debiting andmeasures the position of an OBU. Finally, we assume thatthe sensor system cannot be modelled as one singlemodule. In real models this depends to what extend it ispossible to define validated models of e.g. such tracksensor. In the fADS case the sensor system is decomposedfurther to 25 sensors which measure the length andposition of the vehicle.It should be pointed out here that, especially inmodelling of the sensor system, it is possible that afterthe decomposition of the ADS the resulting sub-modulesneed no longer be physical sub-systems, but might as wellbe logical units which perform a certain measurement. Wecould say that the sensor system of fADS is modelled as25 virtual sensors which measure a length and position.The concept of logical sensors was first introduced byHenderson and Silcrat [2] and later Weller, Groen andHertzberger refined it to virtual sensors [3]. A discussionof the virtual sensor modelling that we have developed forADS simulations is beyond the scope of this paper andwill be published elsewhere.Finally we need to find a model for the remainingelements. In the fADS example the models are verysimple, but they do reveal the general ideas. The virtuallength and position sensors are characterised through aparametrisation of the final measurement errors made bythe virtual sensors, which are Dl and Dx respectively. Theerrors will normally depend on a number of otherparameters, but in the example we assume that the errorsare constant. In the simulation we use these errors togenerate a measurement, byxm = x + RAN ,[1]where RAN is a random number drawn from a normaldistribution with zero mean and with a standard deviationDx.The communication module is modelled by aprobability p that the communication fails, by atransaction time t needed for the communication, and byan error Dx for the OBU localisation.Modelling a real ADS will result in more elements inthe model and more complicated parametrisations of theelements. However the models will be comparable to thehighly simplified fADS example.2 . 3 ADS-SIMWe have developed a discrete event simulationenvironment for ADS simulations. This tool, called ADS-SIM, is developed using Modsim1, which is a genericdiscrete event system. ADS-SIM executes ADS models.The dynamics of vehicles in the ADS is governed by thestatistics of traffic flow on highways for a number ofselected scenarios. The vehicles, i.e. cars, motor drivers ortrucks, are traced through the ADS topology, and eventsare scheduled which represent all activities of the ADS.These events represent e.g. a start-up of communication,OBU activity, a sensor activity or a registration activity.For each vehicle all ADS activity is logged. Next, afterthe vehicle leaves the ADS, it enters an analysis module,which generates estimates of the desired System QualityFactors. The analysis module carries out the statisticalanalysis of the generated data (e.g. variance estimation),and decides upon termination of the simulation.ADS-SIM, which is a joint development of CMG andthe University of Amsterdam, consists of three mainmodules (see Fig. 3). A traffic generator, developed by theRWTH Aachen, Germany, simulates traffic moving over asegment of the road. The traffic is validated against real(Dutch) traffic. Currently the traffic generator writestrajectories of each vehicle (i.e. position of vehicles as 1Modsim is a trademark of CACI, La Jolla, CA, USA.

function of time) to a file, which is read by theFramework. The Framework is based on the evaluator tooldeveloped by CMG [4]. It contains the man-machineinterface of ADS-SIM, and takes care of analysis andlogging of the simulation results. The Kernel is used toimplement the actual ADS model and to run thesimulation. The Kernel contains a number of predefinedevents which are used to map the discrete event model ofan ADS to ADS-SIM.FrameworkKernelTrafficGeneratorman-machine interfacescenario specificationevent generationevent handlingutilitiesmodel interfaceSQF’sanalysislogging event handling routinesconfiguration fileFIGURE 3: ADS-SIM DESIGNIn the evaluation project it is necessary to be able toimplement several, different ADS models. We provided amechanism for this. The user of ADS-SIM provides aconfiguration file, containing the geometry of the ADS,and the event handling routines. These routines, which arewritten in C, are linked with the Kernel through the modelinterface. They contain the parametrisations of the sub-systems and all the logic to connect sub-systems, mappedto events, with each other.The simulation proceeds as follows. The frameworkreads trajectories of each vehicle and passes them to thekernel. At the correct time the kernel launches the vehiclesin the simulator. Next, the kernel calculates at which timethe vehicle enters and leaves all sensitive zones which aredefined in the configuration file, and on each of thesetimes schedules an in_zone or out_zone event (see Fig.4). These events, which are automatically scheduled byADS-SIM, form the basis to implement the ADS model.The event handling routines for the in_ and out_ zoneevents, which have to be provided by the user of ADS-SIM, will typically schedule other events, available inADS-SIM, which are used to implement the ADS model.In the example of Fig. 4, if the next event is thein_detection_zone event on time t1, ADS-SIM willexecute the event handling function which was provided bythe user.Using a b-release of ADS-SIM we implemented thefADS model and performed a number of tests. Running ona Sun UltraSparc workstation ADS-SIM handles in theorder of 2 million vehicles per day. Under normal trafficconditions the simulations show that fADS is a feasibledesign which operates correctly. However, if an obviousdesign error is introduced in fADS (such as a very hightransaction time for communication) this immediatelyshows up in the simulation results. More interesting,under dense traffic conditions an unexpected and verysubtle error showed up in the simulations, which has to dowith a combination of measurement errors in the OBUlocalisation and faulty correlation of OBU�s with measuredvehicle tracks. We never intended to have this subtle errorin the fADS system. Only after the simulations werealised that under dense traffic conditions fADS is proneto such errors.sensitive zone of a sensortime = t1sensitive zone of a sensortime = t2vehicle andits trajectoryin_detection_zoneout_detection_zoneresulting event listt1t2time axisFIGURE 4: AUTOMATIC SCHEDULING, BY ADS-SIM, OFTHE BASIC IN_ AND OUT_ EVENTS.We must keep in mind that the fADS example isconstructed to serve as an example. Validation of themodel was of no concern in that case. In setting up modelsor a real ADS it is vital to our modelling approach, interms of connecting models of sub-systems together in adiscrete event model, that the sub-system models arevalidated and the range of validity of the models is knownexactly [5].The ADS-SIM tool is currently being finalised, and isused by the Dutch Ministry of Transport, Public Worksand Water Management for evaluation studies of real ADSdesigns. ADS-SIM is currently designed as an evaluationtool. However, the modelling techniques are also veryuseful for the design and optimisation of an ADS. ADS-SIM will therefore be extended to be used as a design tool.3 . HIGH PERFORMANCECOMPUTINGIn real ADS-SIM production runs we need to be able toextract SQF�s which are very small, in the order of 10-6.This number is typical for many safety - or reliabilitycriteria of industrial installations. In order to extract suchSQF�s in a statistically correct way from the discrete eventsimulation means that we have to run extensivesimulations. In our case of ADS simulations we have totrack a few millions vehicles through the simulator. Giventhe execution times as reported in section 2.3, this showsthat real production runs need a powerful HPCenvironment. Such large scale simulations require HighPerformance Discrete Event Simulations.The most promising approach is to see to what extendADS-SIM can use the limited parallelism offered by anHPC platform consisting of a small number of generalpurpose workstations in a network. The mean reason isthat typical users of ADS-SIM have such HPC platformsreadily available. The most straightforward way is toimplement farming parallelism, where the traffic inputfiles are split up and each processor in the networkprocesses a part of the input. The current modular designof ADS-SIM easily allows for such parallelism, byexecuting identical copies of the Kernel (see Fig. 3) oneach processor. The Framework will then coordinate this farming parallelism. Another approach would be to createa small functional pipeline, where for instance the trafficgenerator executes on one processor, and the Kernel isrunning on another. Obviously, hybrids of both methodsare also possible. In the future we will further investigatesuch approaches towards parallelism.4 . CONCLUSIONS & FUTUREW O R K We have developed a modelling and simulationapproach for ADS designs. The tool ADS-SIM is ageneric discrete event simulation tool specifically tailoredto handle ADS models. Currently we are in the process ofmodelling and simulating real ADS designs, and in thenear future we will assess the overall strength of thissimulation approach.In future work we plan to investigate the validity ofthe discrete event assumption. The possibility exists thatsome sub-modules have to be represented by discrete timemodels, resulting in a hybrid discrete-time-discrete-eventmodel of the ADS. Our current experience in modellingADS designs suggests that the discrete event model issuitable. However, it raises subtle issues in e.g. definingand modelling virtual sensors.ACKNOWLEDGEMENTSThis work was carried out under a contract with theDutch Ministry of Transport, Public Works and WaterManagement. We thank D. van Wijk and H. Hadderingh ofthe Ministry for the many stimulating discussions. Weacknowledge close cooperation with T. van der Post, G.J.van Dijk, and G. Meyer from CMG Den Haag B.V.,division Advanced Technology, in the realisation of theADS-SIM environment.REFERENCES[1]A.G. Hoekstra et al., High Performance DiscreteEvent Simulations to evaluate Complex IndustrialSystems, the case of Automatic Debitting Systemsfor Electronic Toll Collection on Motor Highways,Accepted for High Performance Computing &Networking Europe 1997, will be published inLecture Notes in Computer Science.2.T.C. Henderson E.Silcrat, Logical sensor systems,Journal of Robotics Systems, 1, 1984, 169-193.3.G.A. Weller, F.C.A. Groen, L.O. Hertzberger, Asensor processing model Incorporating error detectionand recovery, in Traditional and Non-traditionalRobotic Sensors, T.C. Henderson ed., NATO ASIseries Vol.63, 1990, Springer Verlag, 351-364.4.G-J. van Dijk, R. Poestkoke, G.R. Meijer, Amethodology for performance evaluation of electronictoll collection systems, in Proceedings of the ThirdAnnual World Congress on Intelligent TransportSystems, Orlando, USA, 1996, 14-18.5.P.L. Knepell and D.C. Arangno, SimulationValidation, A Confidence Assessment Methodology(IEEE Computer Society Press, 1993).