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2CHAPTER 1. AN APPROACH TOMODEL AND ANALYZE VARIATIONS OF SCENARIO-BASEDMODELLINGAn exellent example of suh systems is illustrated in Intelligent Transport Systems(ITS) where road operators, the infrastruture, vehiles, their drivers and other road usersmust ooperate for an e�ient and seure system. Suh systems are even more omplexto analyze than previous distributed systems and require more reliability.These distributed systems have suh spei� strategies that it is useless to imagine ashort-term solution "in the large" that will �t numerous appliations. We prefer to takeinto onsideration the spei�ities of the appliation domain by seleting the appropriatemodel and designing an aurate methodology. Then, it is of interest to onsider that thesedistributed systems are entered on the notion of "ase studies" where exeution senariosare elaborated and analyzed. This approah is pratied in ITS projets [3℄. Moreover,paradigms suh as lient/server, that allow the reuse of Objet Oriented Approah, annotsale up to the needs of suh systems.Major ators in ompanies or institutions dealing with ritial appliations aknowl-edge that formal methods are neessary, but that new tehniques are needed to fae theombinatorial explosion problem when dealing with large industrial systems [11℄. Conse-quently, there is a need for spei� methodology and tools to design and analyze them.The purpose of this paper is to present a modeling methodology based on formal meth-ods and tools that allow the assessment of implementation hoies in distributed systems.We fous on tehniques to easily hange omponents and assembling operations to de�nenew models, thus allowing for the reuse of omponents in di�erent model arhitetures orase study senarios. Thanks to these tehniques, the de�nition of variations of senarioswithin a short time, with minimum e�ort and maximum reusability an be performed.This methodology enables formal veri�ation of omplex systems omposed of disreteand ontinuous events.Our approah fouses on:
• a modular design entered on a model arhiteture;
• a way to integrate omplex physial funtions into the system spei�ation;
• a onnetion to formal methods to ahieve qualitative analysis.The paper is strutured as follows. The �rst part presents an analysis of IntelligentTransport Systems ontext and some related work on formal methods in Set. 1.2. Se-tion 1.3 presents our methodology based on formal methods. Then, Set. 1.4 details a safeinsertion ase study, its arhiteture and senario. In Set. 1.5 we present modeled om-ponents and the assembling operations. Finally, the analysis of the system is disussed inSet. 1.6.1.2 Related workIn this paper we are mainly interested in qualitative analysis of systems and quantitativeevaluation is not onsidered yet. However, these systems also have ontinuous harater-istis we must ope with.Here, we �rst present the ontext of intelligent Transport Systems as a good exampleof suh modern omplex systems. After whih, we present a brief overview of the ongoingwork around modeling and analysis using formal methods.



1.2. RELATED WORK 31.2.1 The ontext of ITSSeveral reent Intelligent Transport Systems projets aim at providing assistane to driversand deal with partially automated motorways. The ommunity investigated �rst a fullautomated infrastruture and vehiles approah (like in the PATH [15℄ projet) in the1990's. This approah was then dropped in favor of a new line of researh and developmentativities, more entered on safety strategies in various �problem areas�, suh as �LaneChange and Merge Collision Avoidane�, �Intersetion Collision Avoidane� or �SafetyMargin for Assistane Vehiles� [17℄.This vision relies on Cooperative Systems where �road operators, infrastruture, vehi-les, their drivers and other road users will ooperate to deliver the most e�ient, safe,seure and omfortable journeys� [5℄. Implementing these systems omponents then fol-lows a peer-to-peer organization where eah ator or omponent must fully ooperate ina time-onstrained and safety-ritial environment. Many di�erent implemented featuresneed the partiipation of all or some of the omponents and the use of omplex algorithms.Suh systems are even more omplex to analyze than previous distributed systems.Moreover, they require more reliability. Consequently, there is a need for spei� method-ology and tools to design and analyze them.1.2.2 Formalisms for systems modeling and analysisThere exists a wide range of spei�ation languages to model and analyze systems, atvarious levels of abstration. For example, for sequential proesses, it is possible to usetransition systems or automata. When onsidering ooperative onurrent proesses,proess algebras or Petri nets are interesting hoies.We are working on the behaviors of large hierarhial distributed systems omposedof ooperative systems on whih we want to apply formal methods. The fundamentalunderlying approah is to perform formal veri�ation of safety properties on those systems.Sine we are quite familiar with Petri nets formalism whih brings an extensive theorywith a well developed mathematial model, we have deided to onsider its modeling andanalysis apabilities.It is known that olored Petri nets [22℄ are suitable to formally speify the behavior ofdistributed systems. The proposed approah in this paper aims at verifying omplex andhierarhial distributed systems in whih we should ope with disrete onurrent eventsas well as their ontinuous aspets.Therefore, the hoie of a modeling formalism or a ombination of modeling formalismsmust take into aount qualitative analysis, along with ontinuous harateristis. PetriNets are suitable for suh an approah by providing properties like boundness, liveness,evaluation of temporal logi formulae, et. They were developed to allow for e�ientveri�ation tehniques assoiated with a powerful expressivity [12℄.There are other approahes ombining Petri Nets with semi-formal notations, suh asUML [2℄ or AUML [6℄. Typially, in [2℄, systems are desribed by means of Stateharts andSequene Diagrams, �emphasizing spei� patterns of interations among Stateharts�. Atranslation to Generalized Stohasti Petri Nets (GSPNs) is then provided. Composition-ality is a key onept to build the �nal model. Using suh a tehnique, validation andperformane evaluation are the hief objetives.An important tehnique related to qualitative analysis we want to evaluate and im-
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Figure 1.1: Overview of the modeling and assembling methodologyprove is the enoding of omplex funtions in Petri nets through disretization (disussedin setion 1.3.3). High Level Petri Nets [18℄ seem from the �rst standpoint an interestingnotation to put into work. They provide muh �exibility in terms of types de�nition aswell as funtions de�nition. However, these apabilities indue omplexity in struturalanalysis and model heking that urrent tools annot handle yet.1.3 Modeling methodologyIn this setion we desribe our modeling methodology in di�erent steps leading to aomplete set of models. This methodology is skethed in Fig. 1.1. As a developmentapproah, it strongly relies on a generi model arhiteture gathering omponents of thesystem.1.3.1 De�ning the ase studyThe main idea is that, for a situation (an ITS �ase study� in [17℄) the struture ofthe generi model arhiteture will not hange. A new on�guration, or senario, (forexample, to onsider smarter vehiles, another infrastruture strategy or another partof the road network, i.e., rossroad, insertion lane...) is then obtained by replaing amodeling omponent by another one. One interfaes are properly de�ned, it is as easyas for programs.Then we �rst de�ne the ase study in terms of :1. the main situation or set of problematis onstitutive of the subjet of the study.For example a problem area taken from the domain of ITS [17℄: �Safe insertion� or�Intersetion Collision Avoidane� et.2. the set of properties we want to verify during the study. For example the minimumdistane between two vehiles or the absene of deadloks.3. di�erent senarios or on�gurations of the system that enable the study of theproblematis and the veri�ation of properties in the whole ontext. For example,onsidering smarter vehiles or a di�erent part of the road network.Then it is important to onsider that eah senario leads to the de�nition of a spei�arhiteture, with spei� omponents and their on�guration. It is only when a set ofsenarios has been de�ned that the generi arhiteture with all omponents neessary



1.3. MODELING METHODOLOGY 5for the ase study analysis is obtained. Note that if we only hange the initialization ofomponents (and not omponents seletion), we all it a variation of a senario and nota new senario.Alternative desriptions of omponents are stored in a library and seleted using a �lethat desribes the spei� senario.Thus, the modeling proess an be de�ned in di�erent steps (numbered in Fig. 1.1):1. de�nition of the ase study problematis and properties to analyze;2. de�nition of di�erent senarios omponents, and the modeling of the omponents inthe library;3. seletion and on�guration of omponents aording to a given level of abstrationin the analysis of the situation that is investigated. This is the �nal step in thede�nition of a senario, or ase study spei� on�guration;4. use of the assembling mehanisms to obtain a omplete model and analyzing it withan appropriate set of tools.Steps 2 to 4 an be repeated several times, as long as the system is not fully analyzed,or there remain some variations to be analyzed, or some hypothesis made at a given levelof abstration is not ensured.A similar approah was �rst experimented in the formal veri�ation of the miro-Broker in the PolyORB middleware [16℄ but with almost no tools to automate the mod-eling part (most of it was performed using shell sripts and the Unix sed ommand as aprototyping environment).Let us now desribe the main hoies we have made, as well as the tool we havedesigned in order to help a designer to model and analyze his system. It is important toautomate the proess, sine this allows us to use the formal model as a basis to evaluatethe non-regression of the system when strategies are explored.1.3.2 Modeling the omponents behaviorModeling senarios omponents behaviors using olored Petri nets is the seond step inthe design. The �rst step, as stated above, onsists in de�ning the ase study.In olored Petri nets, a olor domain (a disrete data type) is assoiated with plaesand transitions. The olors of a plae label tokens ontained in this plae, whereas theolors of a transition de�ne di�erent ways of �ring it. In order to speify these �rings, aolor funtion is attahed to every ar whih, given a olor of the transition onneted tothe ar, determines the number of olored tokens that will be added to or removed fromthe orresponding plae. Finally the initial marking is de�ned by a multi-set of oloredtokens in eah plae.A olor domain is a artesian produt of olor lasses whih may be viewed as primitivedomains. This produt is possibly empty (e.g., a plae whih ontains neutral tokens) andmay inlude repetitions (e.g., a transition whih synhronizes two olors inside a lass).We have seleted a spei� lass of olored Petri Nets: Well Formed Petri Nets [7℄.They restrit the use of funtions to : identity, artesian produt, suessor and prede-essor, broadast, belongs to. Hene, they preserve some interesting properties that areuseful to handle the veri�ation of large systems using model heking tehniques:
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2 4 6 8 10Figure 1.2: Example of funtion, its possible disretization and the assoiated Petri net.
• types of token an be divided in stati sublasses that are subsets of the type whereolor values have equivalent behavior all over the reahability graph; stati sub-lasses denote global symmetries in the system (i.e., the identity of a proess an bepermuted in a ritial setion without hanging the global behavior of the system);
• stati sublasses an be divided in dynami sublasses that are subsets of the typewhere olor values have equivalent behavior in some parts of the reahability graph;dynami sublasses apture loal symmetries that only our in some parts of thereahability graph;
• both stati and dynami sublasses an be omputed using the struture of thespei�ation [20, 1℄.Based on these harateristis, it is possible to build the symboli reahability graphwhere a symboli state represents an equivalene lass of states, appropriate for LinearTime Logi model heking [8℄. The ratio between the size of the symboli reahabilitygraph and the reahability graph may be exponential in favorable ases.This lass of Petri nets also allows the use of strutural tehniques [22℄ suh as invari-ants, traps or bounds. If some strutural properties are not yet extended to olored nets,the unfolding operation (that transforms a olored net into a P/T one) helps in providingsuh properties.1.3.3 Modeling omplex physial funtionsWell Formed Petri Nets preserve some interesting properties for veri�ation and modelheking. However, modeling is not as easy to handle as in CPNs [18℄ where tokens anbe manipulated using any type of ML or C funtion.To ope with this partiular issue, we have elaborated a modeling tehnique thatallows one to speify omplex funtions similarily to CPNs but in a way that enables theuse of Well Formed Petri Nets and their assoiated properties. The priniple is based ondisretizing the funtion to be enoded.Let us illustrate this priniple using the example of Fig. 1.2 that represents a funtion

y = f(x) and its possible disretization.It is possible to represent this funtion using one Petri net module of Fig. 1.2. Plaef represents the funtion: its values are stored as the initial marking representing all thepossible < x, f(x) > ouples in the onsidered intervals (here, type_X and type_Y). Thepath going from plae P1 to plae P2 via transition T omputes y from the value of x.



1.3. MODELING METHODOLOGY 7This tehnique an be generalized to any funtion x = f(x1, x2, ..., xn), regardless of itsomplexity. Non deterministi funtions an also be spei�ed the same way (for example,to model potential errors in the system). Let us note that:
• the disretization of any funtion beomes a modeling hypothesis and must be val-idated separately (to evaluate the impat of impreision due to disretization),
• given a programmed funtion, it is easy to automatially generate the list of valuesto store in the initial marking of the plae representing the funtion.From the veri�ation point of view, it is interesting to note that the large marking ofplaes representing omplex funtions does not impat the size of the reahability graphif the model heking tehniques mentioned in Set. 1.3.2 are applied. Sine the plaemarking never hanges, it is only stored one in memory.1.3.4 Assembling model omponentsOne a senario arhiteture and omponents de�ned, the modeler has a global vision ofa spei�ation of the ase study (i.e., a senario). Behaviors of omponents to be modeledmust then be de�ned, as well as their interfaes and onnetions.Components interat through interfaes we have de�ned. Theses interfaes apturesynhronizations, ommuniations, inlusions or abstration of a omponent. Operationsto onnet omponents through interfaes are also de�ned. When setting up the onne-tions, the modeler must enfore some semanti rules we have also de�ned.Components InterfaesIn this ontext, interfaes are nodes, plaes or transitions, through whih a omponentinterats with others. In ontrast, a loal node is not an interfae. Its sope is stritlywithin a omponent. Here are the relevant interfaes we use in the ase study presentedin Set. 1.4:
• sub-net transition. This interfae represents a omponent (herafter sub-net) that isto be inserted into the omponent (herafter super-net) that transition is an interfaeof.
• synhronization transition. Components synhronize through this interfae duringtheir exeution.
• Resoure or �ow sharing. Components share resoures or ommuniate using thistype of interfae. For example, an abstration plae represents another omponent'splae.When de�ning omponents behavior, some important hoies are required:
• the level of abstration of the analysis (it an be re�ned from a former analysis usingthe same arhiteture for the same ase study);
• strategies to be evaluated in the system must be seleted (aording to the abstra-tion level);
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• initial onditions of the system must be de�ned.In suh systems, multiple variations have to be investigated aording to the strategiesin the system, the initial onditions, or loal implementation hoies in omponents. Thus,eah variation must lead to the de�nition of a on�guration �le. This on�guration �leis a sript that gathers a spei� version (seleted from a library) for eah omponent inthe arhiteture.For example, let us imagine that we need to formally validate the behavior of thetra� in a motorway at various saturation levels. There is one senario and severalvariations that will, in this ase, selet more or less instanes of vehiles in the system.Another variation ould be the level of agressivity of eah driver or the strategy of theinfrastruture.The on�guration phase then orresponds to the de�nition of a sript to assemblethe seleted on�guration. After the PolyORB experiene [16℄, it was obvious that somedediated language was neessary. We then designed and implemented PetriSript [14℄. Itspurpose is to enable a high �exible design of Petri nets models using sripting tehniques.It provides basi integers and string types, along with useful new built-in types suh as listsof nodes. A key advantage of using PetriSript is the parametrization of the whole modelto be built when a partiular on�guration is seleted for the ase study. It is interestingto note that in the last release of Tina [19℄, a similar system has been introdued to buildomplex nets by omposition, using plae and/or transition labels (TPN).Assembling operationsThe assembling operations build a omplete Petri net model from individual omponents.Four operations are used in our assembling sripts to assemble Well Formed Petri Netsomponents. Some of them are de�ned in [23℄:O1 transition expansion: it is the operation by whih a sub-net is inserted into a super-net. Atually, the sub-net will replae the sub-net transition in the super-net. Con-sequently, the �rst and last elements of the sub-net onneted to the super-net aretransitions.O2 plae fusion: ommuniation or abstration plaes are merged between two or moreomponents.O3 transition fusion: synhronization transitions are merged between two or more nets.O4 Building the net delarations, initial markings and guards. It means setting upthe domains, omputing the initial markings (whih an be huge) and the guardsaording to the parameters for the seleted on�guration.When assembling the omplete model, rules we have de�ned are used to enfore itssyntati and semanti well-formedness.1.4 De�nition of a Case StudyIn this setion, we present an appliation of our modeling approah to a ase studyextrated from Intelligent Transport Systems.
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L 0Figure 1.3: Topology of the �Safe Insertion� ase study1.4.1 Presentation of the Case StudyLet us provide a desription of the system situation or problematis, a �Safe insertion�ase study, illustrated by Fig. 1.3. This is a motorway with two lanes: L1 (the rightmostone) and L2. An entrane to the motorway, L0, is onneted to L1. Vehiles are using thetwo lanes. We use the notation Vi,j,k, where i is the lane number, j is the position on thelane, and k is the identi�er. V0,j,k vehiles are entering the motorway. We want to studya ooperative insertion of vehiles arriving in the entrane lane.We now desribe the properties we want to verify in this ase study. We want to letV0,j,k vehiles get into the main tra� without violating the following properties:1. distane between two vehiles in the same lane must be over a minimum safe distaneto let drivers reat to sudden events;2. V0,j,k vehiles eventually get into the motorway;3. keep Vi,j,k vehiles from stopping.Now we desribe a example senario where the deision is mainly taken by the infras-truture. The motorway has a road-side enter (alled in the following RSC) that enablesommuniation with vehiles and an ompute ommands related to safety or �ow ontrol.Vehiles an get their positions using a satellite loalization tehnology [4℄ (it may beombined with ground installations and digitized maps) and send them periodially tothe infrastruture. Subsequently, the infrastruture is able to maintain a dynami map ofall vehiles in its range of ommuniation.The infrastruture and vehiles behaviors and interations are split into three mainsteps : 1) vehiles get their positions from the ontext, 2) they send this information tothe infrastruture and 3) when the infrastruture has all positions of vehiles, it issuesommands to them aording to its strategy.We suppose in this study that all vehiles Vi,j,k are equipped with ommuniationdevies and that the drivers follow instrutions provided by the road-side enter.We also want to onsider several on�gurations for this senario: the density of thetra� in L1, the existene of vehiles in L2, and the management strategy in the road-sideenter (suh as, trying to maintain vehiles irulating in L1 or not, et.).1.4.2 Arhiteture of the model for the ase studyThe primary spei�ation of the system arhiteture, shown in Fig. 1.4, is strutured intoeleven omponents.
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V e h i c l e s r s i d ec o n t e x t v i e wV e h i c l e sS a f e t yS t r a t e g yFigure 1.4: Main arhiteture of the modeled systemIn an infrastruture-based strategy, the range of the ontext we an manage is morelikely to be larger than in a vehiles-entered one. Furthermore, the stress put on safetyand reliability requirements for a �Safe Insertion� ase study (beause of the inreasedlevel of danger), leads to a strong involvement of the infrastruture in the deision pro-ess. Therefore, for this ase study we adopt an infrastruture-oriented approah andsubsequently there are more omponents that desribe the RSC and its strategy than forvehiles.This generi arhiteture is strutured in two ategories of omponents. The �rstone desribes the ontinuous aspets of the system like the management of time and therequired physial funtions. The seond ategory orresponds to the omponents we wantto analyse like vehiles or the RSC.The �rst ategory is omposed of three omponents that model the disretization ofthe system:
• the physial ontext, whih stores atual 'physial states' of vehiles (e.g., vehilespositions);
• the physial ontext updater, whih implements our physial funtions to update thephysial ontext ;
• the time-line that implements the time disretization of synhronizing all ompo-nents at the end of eah time frame. The time-line is divided in suessive timeframes that implement its disretization. It handles a �fair� exeution of ompo-nents in the system (i.e. no vehile may exeute more yle than expeted during atime frame).Some omponents an only be exeuted within a time frame (e.g., vehiles or theinfrastruture omponent), whereas others an at within or between time frames like theobserver or the physial ontext.The �rst ategory also omprises an observer whih has to detet invalid behaviors ofthe model in terms of transitions that should not be �red or states that should not bereahed.In the seond ategory, we have three omponents onstitutive of the RSC, three othersonerning vehiles, and a ommuniation medium omponent:
• The infrastruture itself, desribes the infrastruture behavior. This behavior isrepresented in terms of a hronologial suession of interations, ommuniationsor synhronizations with the omponents of the RSC or other omponents.
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• The infrastruture safety strategy models the infrastruture deision making proess,whih omputes ommands or instrutions to send to vehiles.
• The infrastruture ontext view represents what the infrastruture an see of theenvironment and is fed with data from ommuniations with vehiles. It is used bythe infrastruture safety strategy omponent to ompute new ommands. However,it may not be as aurate as the physial ontext if for example loss of data oursduring ommuniations.
• Vehiles omponent holds vehiles behavior.
• Vehiles ontext view and Vehiles safety strategy at like their ounterparts in theRSC.
• The ommuniation medium omponent manages data exhanges or ommands be-tween vehiles and the infrastruture, and allows us to introdue loss of data.1.4.3 Components seletion and on�guration for the �rst se-narioIn our �rst senario, we have deided to on�gure (or initialize) the physial ontextomponent so that all vehiles (Vi,j,k) are traveling along the rightmost lane (L1 in Fig. 1.3)exept vehiles (V0,j,k) that are oming from the entrane lane. Initially, there is no vehilein the seond lane (L2).The time line is on�gured so as to enable random insertion of vehiles in the systemwith respet to the onsidered safety distane. Thus, vehiles are injeted and removedfrom the system between eah time frame.We have hosen a partiular infrastruture strategy whih relies on all vehiles positionsto ahieve the �Safe Insertion�. If a vehile on the motorway has an invalid safety distanewhen the inserting vehile arrives on the motorway, the infrastruture issues a 'hangelane' ommand. Aording to that ommand, this vehile must move from lane L1 to laneL2 where there is no vehile. For the others, the infrastruture sends a 'nop' ommand.It means that they should keep their urrent traveling parameters.We �rst onsider a level of abstration where ommuniations are idealisti, thus thereis no loss of data. Hene, the ommuniation medium omponent is not seleted. We alsoonsider at this level of abstration that the infrastruture ontext view is refreshed at thesame rate as the physial ontext. Thus, the infrastruture an diretly use the physialontext sine it does not need its own ontext omponent. Consequently, the physialontext omponent is in fat the same as the infrastruture's . The same assumption wasmade for vehiles ontext view. Finally, in this senario, we also onsider that vehilesare fully ooperative and exeute immediately ommands they reeive. Hene, no smartbehavior is seleted. In Fig. 1.4, seleted omponents are represented with a ontinuousline.This senario, and its orresponding infrastruture strategy are simple as this is a wayto assess our methodology.
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Figure 1.5: One Petri Net omponent of the time line1.5 Modeling and assembling omponents for the se-nario1.5.1 Modeling the omponentsWe now have de�ned the generi arhiteture of the model for the ase study. Then wehave hosen some omponents from the library and have on�gured them aording to the�rst senario arhiteture. We are now desribing eah spei� behavior in this setion,along with the interations between the omponents.In the Petri net models of the presented omponents, sub-nets interfaes are depitedby squares. while synhronization interfaes are depited by longer transitions. Commu-niation interfaes are represented by bigger irles. Normal notation is used for onven-tional (i.e., loal) plaes and transitions.Time line omponentThe time line, shown in �gure 1.5, provides two essential funtions:
• the �rst one implements elapsing of time and omponents synhronization in thesystem;
• the other one implements vehiles injetion and removal of the system between eahtime frame.The purpose of the �rst funtion is to handle a fair exeution step for all the otheromponents in terms of disretized time. It thus synhronizes the infrastruture andvehiles within eah time frame simultaneously. The Petri net model representing theinfrastruture omponent is inserted into transition Blok_RSU and the one representingvehiles into transition Blok_timeframe (see setion 1.5.2 for more details about thisoperation). At the end of eah time frame, the time line waits for all synhronizedomponents at transition Next_tf before the next time frame an begin.
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Figure 1.6: One Petri Net omponent for vehileBetween two time frames, the time line omponent is able to remove or add vehiles tothe motorway using Update_State_Ctx, New_InOut_Context, New_State, Contex andShortut transitions and plaes. For instane, as shown in �gure 1.5, vehiles that aresimply taken out of the motorway are tagged with �vout� olor and e�etively removedwith transition Shortut.Vehiles omponentThis omponent, shown in Fig. 1.6, is inluded in transition Blok_timeframe of the timeline. Conretely, transition Blok_timeframe is replaed by the Petri net model of vehilesomponent (details about this operation are provided in setion 1.5.2).Vehiles perform three main di�erent operations within eah time frame.
• First of all, they �get� their positions. This is implemented by the physial ontextupdater updating the ontext. To do so, we merge transition Call_NewContext_Cof vehiles omponent with the orresponding one of the physial ontext updater.
• Afterwards, they all �send� their positions to the RSC. In fat, the RSC is noti-�ed that their positions are ready to be retrieved. This operation is performed bymerging transition Notify_Infra_I with the orresponding one of the infrastrutureomponent.
• Finally, they �wait� for the RSC's deisions at transition V_setNewCom_Inf, whihis merged with transition S_getNewCom_Inf of the infrastruture safety strategyomponent (see Fig. 1.7). Vehiles aknowledge reeption of ommands by mergingtransition Synhro_End with the orresponding one of the infrastruture.Infrastruture safety strategy omponentTo ompute deisions, safety strategy needs to know the urrent ontext of insertingvehiles (V0,j,k). This ontext is then retrieved using the synhronization on transitionS_getVOSt_Inf and the ommuniation plae V0_State (see Fig. 1.7).From that point and in full ooperation with the ontext omponent, eah vehile on-text is retrieved and ompared to that of the inserting vehiles V0,j,k and the appropriateommand issued to that vehile. That ommand is either nop, or hglane.
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Observer partFigure 1.7: One Petri Net omponent of the infrastrutureSine this omponent implements the deision funtions of the RSC, it also follows thedesign tehnique introdued in setion 1.3.3 and illustrated by �gure 1.2, Consequently,the marking of plae New_Command_Vehi is automatially generated using PetriSript.Physial ontext updater and physial ontext omponentsContext updater implements physial funtions to update vehiles physial ontext, usingthe tehnique depited in setion 1.3.3.These physial funtions are in initial markings of the omponent. They list the posi-tion values of vehiles aording to physial parameters, suh as veloity, road onditions,et. These markings are generated using PetriSript.Physial ontext omponent stores urrent 'physial states' of vehiles (i.e., for in-stane, vehiles positions) in plae Context_Vehi_Inf.The observer omponentThe observer aptures invalid behaviors we are interested in by looking up states thatpoint them out. The key advantage of using an observer is that it is not intrusive for themodeled system. Therefore, it does not a�et the behavior framework of the system.In Fig. 1.7, the observer is represented by transition Extrat_Faulty_St and plaeFaulty_States. If the implemented safety strategy is valid, w.r.t. rules de�ned in set. 1.4.then this plae is supposed to have no marking in the system state spae.1.5.2 Assembling a on�gurationThe assembling is performed in four main steps, as expressed in setion1.3. We use theassembling operations de�ned in setion 1.3.4.1. The �rst step orresponds to the senario spei�ation arhiteture depited inFig. 1.1. This �rst step is ompleted through six ations:(a) Inserting the infrastruture and vehiles omponents as sub-nets into the timeline, applying operation O1. Vehiles omponent is inserted into transitionBlok_timeframe, as depited by Fig. 1.8, and the infrastruture omponentinto Blok_RSU. Atually, Blok_timeframe and Blok_RSU are replaed by
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<i>Figure 1.8: Insertion of vehiles omponent into the time linethe new inserted omponents. The previous links are redireted onto and fromthe new inserted omponents.(b) Conneting the physial ontext and infrastruture safety strategy omponentsby applying O2. Aording to the on�guration desribed in Set. 1.4.3, theinfrastruture's vision of the ontext is based on the physial ontext ompo-nent.() Applying O3 to synhronize vehiles omponent with the physial ontextand the physial ontext updater in order for them to have their ontext up-dated at eah exeution step. This synhronization is set upon transitionsCall_NewContex_C (vehiles side) and C_getNewContext_V (physial on-text side).(d) We also synhronize vehiles omponent with the infrastruture safety strategyomponent, upon transitions V_setNewCom_Inf,S_getNewCom_Inf and Call_NewCom_SV. This enable ommands issuanefrom the infrastruture to vehiles, based on their physial ontext with respetto the urrent position of V0.(e) Vehiles notify the infrastruture with their updated ontext through the syn-hronization of transitions Notify_Infra_I (vehiles side) and Notify_Infra_V(infrastruture side).(f) For the sake of fairness of proessing all vehiles within eah exeution step,they also synhronize with the infrastruture when all ommands have beenissued. This synhronization is set upon transitions Synhro_End_I (vehilesside) and Synhro_End_V (infrastruture side).2. During the seond step, we de�ne or we selet the system omponents relevant forthe elaborated senario, aording to the arhiteture. These omponents speify



16CHAPTER 1. AN APPROACH TOMODEL AND ANALYZE VARIATIONS OF SCENARIO-BASED MODELLINGbehaviors we want to analyze, for example the safety strategy oupled with bothooperative and non-ooperative vehiles. From this point of view, we onsider that:
• either the omponents library (Fig. 1.1) is already populated with the di�erentversions of the omponents that we need and in whih ase we just selet therelevant omponents,
• either we do not have them yet and in whih ase we speify them. We mayreuse existing omponents to design new variants, the ground behaviors ofwhih are similar to the previous ones. For example, non-ooperative smartvehiles would di�er from ooperative ones by having no synhronization toreeive ommands from the infrastruture.3. The third main step orresponds to the senario on�guration, illustrated in Fig. 1.1.(a) The time line omponent has the ability to remove or add a vehile to themotorway, as stated in its desription in Set. 1.5.1. To enable this behavior,it must have aess to vehiles physial ontext between eah exeution step.Therefore, operation O2 is applied to onnet plae Context_Vehi (physialontext side) to transition Update_State_Ctx (time line side).(b) The observer is onneted to the safety strategy omponent of the infrastru-ture, by applying O3 (see Fig. 1.7).() By operation O4, we ompute for one variant of the senario delarations andinitial markings from parameters suh as the length of the blak spot, thenumber of vehiles on or out of the motorway, the position at whih the entranelane joins the main motorway, et. Guards are set to the transitions whereneeded, for example enabling the observer to detet invalid behaviors of thesystem by setting a guard on S_getNewCom_Inf and Extrat_Faulty_St (seeFig. 1.7).4. The last main step orresponds to the generation of the assembled large Petri netmodel (Fig. 1.1), by putting the omplete spei�ation enoded in PetriSript intoation.The following PetriSript example performs the insertion of vehiles omponent intothe time line, presented in Fig. 1.8.-- --------------------------------------------------------------------- inserting Vehiles module into Time Line-- -------------------------------------------------------------------delete (plae "vehi_btf" , transition "Blok_timeframe");onnet "<i>" plae "vehi_btf" to transition "Begin_BlokTimeFrame";delete (transition "Blok_timeframe" , plae "vehi_etf");onnet "<i>" transition "End_BlokTimeFrame" to plae "vehi_etf";delete (plae "Contex" , transition "Blok_timeframe");onnet "<i, st>" plae "Contex" to transition "Begin_BlokTimeFrame";delete (transition "Blok_timeframe" , plae "Contex");onnet "<i, st>" transition "Begin_BlokTimeFrame" to plae "Contex";set transition "Begin_BlokTimeFrame" to guard "[st=vin℄";delete transition "Blok_timeframe";



1.6. ANALYSIS OF THE ASSEMBLED SPECIFICATION FOR THE CASE STUDY171.6 Analysis of the assembled spei�ation for the asestudyFor the on�guration depited in Set. 1.4.3, we have quite simple modules, as theirstatistis shows in the table below.Component name number of plaes number of transitionstime line 7 6vehiles 5 6infrastruture 4 6physial ontext 1 0ontext updater 1 1safety strategy 3 2observer 1 1assembled model 21 14 (63 ars)The assembled model has a reasonable size. So far, the variations we experimented forthis senario onsist in modifying the number of vehiles in the system to evaluate how itbehaves when the tra� beomes dense. For example, it is of interest to evaluate whenthe infrastruture may deide to redue the entrane speed in the blak spot.However, despite this reasonable size, there is a lear progress when we onsider thetime we spent for building it, with respet to the omplexity of the system: a few days tounderstand the spei�ation, elaborate the arhiteture, build the Petri net omponentsand write the assembling sript. Moreover, the arhiteture remains for later analysis ofvariations in the system.Analysis of the assembled model was performed with CPN-AMI [13℄. The followingproperties were validated:
• Strutural bound analysis for plaes marking (by unfolding the Petri net into anequivalent P/T net) showed that the net is bounded. It is of interest to note thatthe unfolding tool allowed us to detet a bad ar marking in the infrastrutureomponent.
• Model heking was performed using small olor domains using PROD [10℄ andGreatSPN [9℄ tools (as they are integrated in CPN-AMI). With some di�ultiesdue to the extreme omplexity of the system, we ould prove that our system hasno deadlok.There is an issue for the analysis of suh models. In partiular, the tehnique adoptedto model omplex physial funtion introdues:
• very large markings that are not appropriately handled by the investigated tools,
• loal asymmetries that partially disable the use of stati lasses in GreatSPN (thisorresponds to dynami sublasses).However, plaes representing omplex funtions have a stable marking, thus, a simpleoptimization in the model heker will allow for representing these plaes only one inthe memory (instead of representing it for eah state in the system). Important memory



18CHAPTER 1. AN APPROACH TOMODEL AND ANALYZE VARIATIONS OF SCENARIO-BASED MODELLINGspae ould then be saved. Suh an optimization an be ahieved by enoding the statespae using deision diagrams.Moreover, handling of dynami symmetries should provide nie results for this type ofsystems. This enfores the hoie for Well Formed Petri Nets we motivated in Set. 1.3.2.Combined with data deision diagrams to enode the symboli reahability graph, anotherorder an be gained [21℄, leading to the analysis of very large systems. Some experimentshave provided good results and this emerging approah needs to be implemented.A new model heker exploiting these tehniques is under development at LIP6. The-oretial aspets are already de�ned and partially experimented in ooperation with thedevelopers of GreatSPN [1℄. Our purpose is to be able to perform reahability analysis(e.g., is the minimum safety distane between two vehiles respeted), as well as the eval-uation of temporal logi formulae (e.g., if a vehile gets into the entrane lane, will iteventually get into the motorway).1.7 ConlusionIn this paper, we presented a modeling methodology dediated to large systems. Similarlyto programming, the idea is to build a model arhiteture and then to �ll the gaps, withpossibly several alternative solutions. This allows to analyze several variations of a design.A �rst implementation of our methodology is integrated into CPN-AMI by means ofreent tools. The PetriSript interpretor allows us to write assembling sripts easily. Anew optimized Petri net unfolder allows us to handle large models and take bene�ts ofsome strutural tools like the omputation of strutural bounds in the system.Suh an approah is partiularly appropriate for Intelligent Transport Systems (ITS)where very omplex situations have to be analyzed. In suh projets, the analysis is drivenby ase studies so as to handle more e�iently the omplexity of identi�ed issues in thedomain.We thus applied this methodology to an ITS ase study as an assessment of ourmodeling proess. The result is satisfatory. Both the approah and the PetriSriptlanguage, developed after a previous similar experiment on the PolyORB middleware,appear to be appropriate for our purpose.Moreover, as mentioned in the paper, this work raises several interesting open issueswe will investigate in future work:1. if the omplexity of the system an be handled thanks to a smoother modelingproess, there is a problem of analyzing suh very large spei�ations. Involvedmodeling tehniques must be studied arefully to extrat the relevant optimizations(i.e., the ones that are often ativated). Then, it is neessary to onsider both themodeling and the analysis phases as a whole proess to identify and implementappropriate optimizations in the analysis with regards to the seleted modelingtehniques.2. some elements of the demonstration, suh as the orretness of omplex funtions'disretization must be investigated separately. Our methodology will have to on-sider this and provide hints to perform this task.3. if several senarios are investigated with di�erent levels of abstration, there is a needto ensure that a more preise level of abstration is an appropriate re�nement of the
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