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Introduction 11 Introduction1.1 Aims & ObjectivesThis report presents a solution to the problem presented by the organisers of a Case Study Work-shop in connection with Coordination'97: the Second International Conference on CoordinationModels and Languages, Berlin, Germany, 4 September, 1997.The solution decomposes the problem into the solution of a number of subsidiary problems andis presented in the form of a set of four pairs of descriptions:1. A Comprehensive Domain Theory(a) Informal Descriptions: Synopsis, Terminology, Narrative(b) A Formal DescriptionThe domain theory addresses the issue: What is a Railway?Our domain theory provides a partial answer to this question without any reference to com-puting. We say that the domain theory is comprehensive since it covers a wide spectrumof the concept of being a railway.2. A set of n Requirements De�nitionsEach consisting of:(a) Informal Descriptions: Synopsis, Terminology, Narrative(b) A Formal DescriptionThe requirements de�nitions address the issues: What kind of Computing (& Communi-cations) Support could be provided for the Railway? for a variety of distinct applicationswithin a railway organisation.\Exercising" several rather distinct requirements allow us to identify overlapping sub--systems: that is potential software that can be shared amongst rather di�erent applica-tions.3. A Computing Systems, in particular Software Architecture(a) Informal Descriptions: Synopsis, Terminology, Narrative(b) A Formal DescriptionThe software architecture identi�es major \engines" that interface to the application users.4. Program OrganisationReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



2 Introduction(a) Informal Descriptions: Synopsis, Terminology, Narrative(b) A Formal DescriptionThe program organisation identi�es a number of internal processes.Our distinction between Software Architecture and ProgramOrganisation is quite simple: whateverthe user \sees" (i.e. experiences) of the software: its commands, data structures, etc., that is:the external interfaces, belongs to architecture; whatever internal interfaces that cannot beascertained by the user, for example process decompositions, process-to-process messages, etc.,belongs to program organisation. We therefore call `program organisation' what our colleagues atCarnegie-Mellon University, Profs. David Garland, Mary Shaw, etc., call \software architecture"!And we like what they are doing!The formal descriptions are expressed in RSL: The RAISE Speci�cation Language. Relationsbetween the three stages of development (1.{2.{3.) are expressed in terms of the RAISE Imple-mentation Relation.1.2 BackgroundThe work of this report has been carried out by many people. The authors are at or come fromeither IT/TUD: the Institute of Information Technology, the Technical University of Denmark (DB,BSH, HL), CRI Inc. (CWG, SP), or UNU/IIST (DB, CWG, BSH, HL). Therefore we briey statethe four background components: RAISE, IT/TUD, CRI Inc., and UNU/IIST.1.2.1 RAISERAISE stands for Rigorous Approach to Industrial Software Engineering. RAISE contains a Method:The RAISE Method, a speci�cation and design language RSL: The RAISE Speci�cation Language,and The RAISE Tool Set. RAISE features both functional, axiomatic, imperative, algebraic andprocess algebra constructs, an implementation relation, and a proof system and thus permitsformal veri�cation of properties and steps of re�nement, model as well as property oriented speci-�cations, abstract as well as concrete designs of applicative as well as concurrent systems. RAISEthus embodies logic and features of VDM, OBJ, ccs, CSP, and Standard ML. , indexMethod!VDM1.2.2 The IT/TUD BackgroundThree of the authors (DB, BSH, HL) come from IT/TUD, but were at UNU/IIST during themajor development of this report.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Introduction 3The research and education pro�le of IT/TUD's Programming Methodology Group focuses verymuch on the issues of this report.1.2.3 The CRI Inc. BackgroundTwo of the co-authors (CWG, SP) of this report come from or are at CRI Inc.CRI Inc. has been a major developer and researcher of The RAISE Method, Speci�cation Language(RSL) and Tool Set. It took over this e�ort from Dansk Datamatik Centre (DDC) when itsprogramming methodology sta� and projects were transferred from DDC to CRI Inc. in late1988. The RAISE project was joint with, amongst others, STL Harlow (now BNR [Nortel]). Afterthe 1985{1989 RAISE R&D project CRI Inc. conducted the LaCoS (Large-scale Construction ofSoftware using formal methods) project together with several industrial partners around Europe.Here RAISE was applied to a number of diverse applications: tethered satellites, global shippingtransactions, marine engineering control, railways, etc. The railway sub-project was conductedprimarily by Matra Transportation.1.2.4 The UNU/IIST BackgroundThe �rst and founding Director of UNU/IIST (DB) was a co-developer and researcher of bothVDM and RAISE and helped instigate the RAISE and LaCoS projects. He was also a co-founderof DDC | while at TUD.Two CRI Inc. sta� (CWG, SP; co-instigators and main researchers and developers of RAISE)have together spent the �rst �ve years of UNU/IIST's existence at UNU/IIST.During the �rst �ve years of UNU/IIST, that is: since July 1992, software development has beenresearched and practiced on the background of �rst developing domain theory (enterprise model)descriptions, from domain theories requirements descriptions were re�ned; and �nally softwarewas developed from requirements.UNU/IIST has in its many advanced development consultancy projects, together with fellowswho visit UNU/IIST for 8{12 month periods, researched and developed many domain theories:railways, manufacturing, multi-script document systems, air tra�c, airlines, radio telecommu-nications systems, toll-ways, etc. With the Ministry of Railways of the People's Republic ofChina and of the Russian Federation, UNU/IIST has studied or are studying such models and,with fellows, jointly developed advanced control software for railway sub-systems. The modelsgiven in this report derives from varieties of similar railway system models.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



4 Coordinated Models & Languages2 Coordinated Models & LanguagesA main term of the conference to one of whose workshops this report | or, more likely, anextended summary of this report | is intended to be submitted is that of `coordination'. Wedo not know of the conference organisers de�nition of this term. We will anyway suggest ourown, albeit implicit de�nition. This section serves that rôle.2.1 Understanding Large{scale Application DomainsThe problem that this paper addresses is that of understanding application domains. Thatis: of constructing descriptions, both informal and formal, of application domains \devoid" ofany reference to computing. We wish to refer to such descriptions as `domain theories' and totheir development and investigation as `domain analysis'. Other names for such descriptions are`enterprise models' or `business engineering'.We wish in particular to focus our techniques on such application domains which we could call`infrastructures'.The next two subsections therefore will spend a few more words on these two concepts: `infras-tructures' and `domain analyses & theories'.The concept of `coordination models and languages' perhaps derives its basic justi�cation exactlyfrom the need to provide software support for infrastructures.2.2 Infrastructures2.2.1 DelineationA country's infrastructure is normally thought of as one thing composed from such other thingsas: transportation systems ((i) roads, (ii) railways, (iii) shipping, (iv) air transport, etc.), utilities((v) telecommunications, (vi) electricity supply, (vii) gas supply, (viii) water supply, (ix) sewagedisposal, etc.), (x) manufacturing markets (suppliers, consumers, traders and producers), etc.We will, in this paper, take the view that an infrastructure is one of these \other things". Suchan infrastructure is \large enough" to warrant a separate investigation: a theory (or set oftheories as it may well turn out to become) and its analysis (respectively their analyses).A de�nition of infrastructure could either emphasise the socio-economic aspects,1, or could1As in The World Bank de�nition: infrastructure is an umbrella term for many activities referred to as \socialoverhead capital" by some development economists, and encompasses activities that share technical and economicReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Coordinated Models & Languages 5emphasise the operational aspects2, or | as we will do it in this paper | will emphasise thelinguistic facets:De�nition: An infrastructure is seen as a set of distinct, professional languages sharing acommon set, a base, or a core of concepts.Let us illustrate the above:The Railway System Example: We look at the various kinds of professionals that populateany typical railway system: (1) There are the system strategy planners, and they talk aboutincreased or decreased tra�c, of lines and stations, and of speci�c train or other services; (2)then there are the `plant' development (tactical) planners and developers, and they talk aboutimplementations of the abstracted strategy concepts: speci�c lines, stations and services so as torealize speci�c tra�c (etc.) goals, they also talk about acquiring new or disposing old resources:monies (i.e. capital), personnel, main and auxiliary `plant' equipment (rails, buildings, switching& signaling \gear", locomotives, wagons (cars), etc.); (3) then there are the operations planning& development sta�, and they talk about timetables, resource schedules & allocations, qualityassurance, etc.; then there are the ground (or �eld) sta� (the previous `classes' of sta� canbe thought of as sitting in o�ce buildings not directly related to the main rail plant), andthey talk about (4) accepting seat reservations and selling passenger tickets, (5) of day-to-dayfreight handling, (6) train dispatch, monitoring & control, (7) signaling, (8) line management,(9) station management (including shunting and marshalling yard management), etc.; and (10)then there is the sta� which gather statistics for various purposes: preventive maintenance, localscheduling & allocation adjustments, and more global, medium to long term planning (see items(1){(2){(3)).3The point of the above example is to try illustrate that although wide in spectrum (in termsof job pro�les etc.), all these people share a su�ciently interesting (large) number of concepts,viewed, however, with properly \intersecting" but not \identical meanings".The intersecting parts form the `base' (or `core'), and the professional languages spoken by thevarious classes of sta� (viz.: (1){(10)) form `extensions'.2.2.2 DiscussionClassically software has been provided piecemeal to enterprises within each of these sectors |with little (other than conventional operating and database system) support for these diversefeatures (such as economies of scale and spill-overs from users to non-users).2An operational de�nition of `infrastructure' could be: an infrastructure is a set of distributed, concurrentmain processes that share, change and exchange state information, that start, delay, halt and stop (or \kill')subsidiary processes, etc.3Reminder to DB: Must check that this `decomposition' is reasonably realistic with for example DSB.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



6 Coordinated Models & Languagessoftware packages to invoke each other and share data. In our approach to software for infras-tructures we provide frameworks of application speci�c software that tie existing and (especially)future application packages together.Software for infrastructures is typically distributed and is concerned with the ow of opera-tions and communication of information across geographically wide areas. Issues of openness,timeliness, security, lack of corruption and resilience are often important.Modern techniques now allow developers to model very large scale infrastructures and thus todevelop software for their support.2.2.3 Laws of Man{made SystemsJust like physical systems | like mechanics (including celestial mechanics), electricity, thermo-dynamics, etc. | satisfy laws such as Newton's (Copernicus', Gallileo's, Kepler's), Ohm's, the�rst, second, etc. laws of thermodynamics, etc., so we may expect that man-made systems |like railways, etc. | satisfy certain laws. We shall attempt to identify such laws in connectionwith sub-parts of railway systems.Our descriptions, whether informal or formal, must imply these laws.2.3 Domain Analyses & TheoriesThe goal of establishing a domain theory is to give semantics to the core terms as well as toterms of the extended languages.We emphasise that we are not, we repeat: not, giving semantics to the professional languagesof the various infrastructure parts, but \only" to their crucial terms.We further emphasise that our descriptions are both informal and formal. This paper willonly illustrate these descriptions but will not present the varieties of techniques used by theirconstructors. We usually \divide" the informal descriptions into three parts: A brief Synopsis,a longer Narrative, and an accompanying Terminology.Terminology: We do not illustrate the concept of Terminology, but stress that in any projectthe terminology become a central object of development and management control: at any stagein the overall development process the Terminologymust be up-to-date or \ahead": any discrep-ancy (\lagging behind") is usually a clear sign of project mis-management. So: A Terminologydocument must be established, maintained and adhered to: all the terms used in other descrip-tion documents must \follow" the de�nitions given in the Terminology.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Coordinated Models & Languages 72.3.1 Core + Extensions vs. Intrinsic &c. Views| Core + ExtensionsIn The Railway System Example of subsection 2.2.1 we illustrated 10 sub-languages. Theyall shared the core concepts of rail net, trains and tra�c. Each sub-language description extendsthis core by `own' extensions. Examples of extensions are the terms, i.e. the concepts andfacilities of: (1) strategic planning & planners, (2) tactical resource allocation & schedulingplanners, etc.How will we know whether a term belongs to the core or some extension? We may only knowso after some experimentation | where the experimentation consists of writing descriptions ofthe individual sub-languages (i.e. of their universes of discourse, that is: subdomains). Onlythen might we, through careful examination (i.e. analysis) discover the common (that is, thecore) terms, and, by exclusion, thus also the extension terms. More realistically there is a wholelattice of cores and extensions, sub-cores and sub-extensions. When we present our full formalmodels (in appendix A then the reader will see these sub-cores and sub-extensions.| Intrinsic &c. ViewsWe suggest to build up the description of any of the sub-languages | that is: of any one ofthe above mentioned parts (1){(10) of a railway system | by the stepwise development andcomposition of a set of views of the sub-language domain. A view is a selection of individualsand phenomena of the domain at the exclusion of others | so a view is a partial description ofa domain.Major views can be given names:� Intrinsics� Support Technologies� Rules & Regulations� Sta� and Client Behaviours� Environment� EconomicsIt is a part of the method of domain description that the developer (the scribe) analyse the do-main to ascertain which of these and other views are relevant, and in which order of compositionthey occur.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



8 Coordinated Models & LanguagesDescription of what each of these views cover (i.e. focus on) are given in the next subsections.2.3.2 IntrinsicsWhat separates a view of the intrinsics of a domain from non-intrinsic views is that the formeris invariant w.r.t. time, w.r.t. ever changing supporting technologies, w.r.t. ever changing rules& regulations, etc. There will always be: lines and stations, tracks, switches and cross-overs,time tables, and tra�c. Thus intrinsic notions are often abstract in the sense that their currentconcretization also reects a choice of supporting technology, a seemingly arbitrary collection ofrules & regulations | which may change with technology, etc.Both the informal synopsis, narrative and terminology, and the formal description of the intrinsicsmust capture all components and their properties. In the intrinsics descriptions the emphasis is onabstract properties.2.3.3 Support TechnologiesBy support technologies we understand concretizations of intrinsic notions. A switch, a hundredyears ago, was typically `thrown' manually by a railway worker positioned at the switch, whilemaybe still today it may be electro-mechanically operated from a seemingly remote cabin tower,or even part of a solid state (i.e. electronic + communications) interlocking arrangement.Both the informal synopsis, narrative and terminology, and the formal description of the supporttechnologies must capture all support technology components and their properties. In the supporttechnology descriptions the emphasis is on concrete behaviours and must include dependability issues.Typically we �nd that temporal descriptions of reactive (including hybrid) systems are required.2.3.4 Rules & RegulationsBy rules & regulations we understand prescriptions of sta� and client behaviour vis-a-vis theintrinsics, the supporting technologies and other sta� and clients of the domain. In China, atmost railway stations, at most one train is allowed to enter or leave a station (boundary) in anytwo minute interval. A single or return railway ticket is not allowed to imply travel that passesthe same station more than once. Etc.Both the informal synopsis, narrative and terminology, and the formal description of the rules &regulations must capture as much of the logics of these procedures, including their implications. Inthe rules & regulation descriptions the emphasis is on logic properties | and usually a variety oflogics are need to adequately cover a domain.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Coordinated Models & Languages 92.3.5 Sta� & Client BehavioursBy sta� and client behaviours we mean the sequences of those events (actions and reactions) thatinvolve, i.e. interact with, intrinsic or supporting technology components of the domain and/orwith other sta� or clients of the domain. Sta� and client behaviours are not `programmable', atmost `biddable' !Both the informal synopsis, narrative and terminology, and the formal description of the humanbehaviours must capture as much of these behaviours, including their fallibility. In the humanbehaviour descriptions the emphasis is on reactiveness, temporality and logic | and usually a varietyof [modal] logics are need to adequately cover a domain.2.3.6 EnvironmentBy environment we here mean the temporal state of environmental (biological, mineralogical,historical, cultural, etc.) indicators of the domain. Again: Intrinsic components, the supporttechnologies, and the sta� and client behaviours inuence environment indicators.Both the informal synopsis, narrative and terminology, and the formal description of the [desired]environment of the domain must capture as many equities and indicators. Usually the formal de-scriptions are couched in classical mathematical, cum biological etc. formalisms.2.3.7 EconomicsBy economy of a domain we understand the temporal state of economic indicators of the domain.Intrinsic component, the support technology, and the sta� and client behaviours are expectedto achieve some optimality functions, typically wrt. economics, resulting in pro�ts, etc.Both the informal synopsis, narrative and terminology, and the formal description of the possibleeconomics of the domain must capture as much of the economic indicators, including risk factors.Usually the models are \borrowed" from the �elds of economics and enterprise management.
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10 The Given Narrative3 The Given NarrativeThe following text is \lifted" directly from the workshop announcement referred to in the Abstractand Introduction.3.1 Problem DescriptionConsider a railway network consisting of a railway tracks, junctions and stations. A number oftrains is expected to traverse the network in accordance to a global schedule. For each train theschedule determines the route that is to be traversed and a timetable, that speci�es the expectedtimes of arrival and departure for each station along the route.It is required that a control system be developed for a given railway network. The primaryobjective of the system is to avoid collisions between trains. The secondary objective of thesystem is to respect the timetables as much as possible. A third objective is to make travellingas comfortable as possible, which means that trains should try to avoid abrupt changes in speed.Below, the problem is explained in more detail. Note, however, that the description is by nomeans precise or complete. If required, the reader is free to make additional assumptions, aslong as these assumptions can be justi�ed as being reasonable and realistic.3.1.1 The Railway NetworkThe railway network consists of a two-dimensional map of railway tracks. Wherever two ormore tracks meet, there is a junction. A railway station is situated along one or more paralleltracks. At each of these tracks a platform allows passengers and cargo to enter or leave thetrain. Tracks, platforms, as well as trains have a certain length. Consequently, platforms andrailway tracks can hold a limited number of trains.The tracks are bidirectional, i.e. trains may move in either way. However, trains cannot passeach other on a single track, and two trains that keep moving in opposite directions towardseach other on the same track will eventually collide.3.1.2 SchedulesEach train travels according to a { possible in�nite { schedule that lists the stations it subse-quently has to arrive at (these are not necessarily neighbours). In addition, the schedule speci�esfor each of the listed stations, the platform the train should stop at, and the time of arrival anddeparture. Trains should adhere to this schedule as much as possible. They may arrive earlier,Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Given Narrative 11and depart later that speci�ed, but one should take into account that this might delay othertrains. The exact route a train has to follow is left unspeci�ed, so given the current situation,the railway control system may choose any suitable path for a train to reach its next destination.3.1.3 TrainsTrains have both a maximum speed and a maximum acceleration/deceleration. In addition,they have a certain length. Trains are fragile objects: if at any time they fail to keep a safedistance, they collide and break down. The latter means that both trains instantly stop andblock the track (possibly causing more collisions). Then a collision has occurred, the track willbe cleared after some period of time.3.1.4 InfrastructureCommunication between the trains and the railway control system is established by means of amobile wide area network (MWAN). The network supports at least broadcasting of messages, butalso multicasting and point-to-point addressing can be used, if so desired. The communicationnetwork has limited bandwidth and messages are subject to somemaximumlatency. The MWANis typically used to transfer information from the trains to the control system, and conversely,to relay commands from the control system to the trains.3.2 System RequirementsRepeatedly the railway control system has to perform the following tasks.� Monitor the position of each of the trains (speed, acceleration and direction should at leastbe derivable from this). At all times, a train is capable of determining its own position.� Assess the current situation, predict future developments, and if necessary, prepare cor-rective action in order to meet the three objectives of the system: avoiding collisions,respecting the timetables as much as possible, and arranging a comfortable journey. Basi-cally there are two possible actions. The speed of one or more of the trains can be adjusted,either by acceleration or deceleration. Alternatively a train can be rerouted, for instancealong a faster route, or make way for another train to pass by.� Execute the planned actions. Using the communication network, the planned actions aremade available to the trains. A certain amount of time has to be reserved for the executionof actions, since neither communication nor the actions themselves occur instantaneously.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



12 The Given NarrativeBesides the functional requirements of the system, a number of additional aspects must be takeninto account.3.2.1 TimingDeadlines of di�erent importance have to be taken into account. Firstly, potential collisionsmust be resolved before they become unavoidable, and secondly, actual rerouting should takeplace before arrival at the corresponding station or junction.3.2.2 ScalabilityThe control systemmust be scalable. Ideally, a control system should work without modi�cationsfor a railway network of any size, and for any (feasible) schedule. In practice this will not bepossible, due to real-time constraints. With respect to this, one should be able to assess theability of a certain con�guration to handle particular networks and schedules.3.2.3 ExtendibilityThe railway control system should support anticipated changes in its environment. Since railwayservices must continue to be available at all times, the system must allow upgrading on-line, i.e.during operational use.In reality, nothing is ever �xed. In our world, merely three things may change:� The railway network topology may be altered. This means either that new tracks and/orstations get inserted in the network, or that some get removed. Removal of a stationimplies modi�cations of all schedules that contain that station.� The parameters of a train, i.e. its maximum speed and acceleration/deceleration, and itslength, may change. For instance, this may occur when a train is replaced by a new model.These changes only occur at the railway stations.� The schedule may get altered. This includes the addition of extra trains to the cup �nal,or removal of trains that are considered too expensive because very few passengers use it(as soon as a train has no schedule, it will be removed). Trains may also be delayed ata station, for example because of some sort of unexpected maintenance. Trains will onlybe removed when they are at a station (unless accidents occur and trains are removed atthe location of the accident). Likewise, new trains will only be inserted at a station, afterhaving made sure that this will not lead to inevitable collisions.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Given Narrative 133.2.4 Fault ToleranceIn reality both the railway control system and its environmentmay exhibit unexpected behaviourdue to failures. Despite these failures, however, the system should be able to continue operating,at least in a degraded mode where the safety-critical functions, related to collision avoidance,are retained.We distinguish between three di�erent types of failures.� Trains may fail for numerous reasons at unpredictable times (e.g. someone pulling theemergency brake). In our world, a broken train typically decelerates as quickly as possibleto a full stop, e�ectively blocking the railway track for other trains. A broken train willget �xed after some period of time and will proceed on its journey.� The communication network that is used for information exchange between the controlsystem and the trains, is unreliable. Messages will not be corrupted, but they tend to getlost at unpredictable times. So, there is no guarantee that messages will arrive. This isone of the most fundamental problems that the system has to deal with. (Solutions thatemploy an abundant duplication of messages to increase reliability will have to make somerealistic assertions concerning the necessary bandwidth.)� The processor, or processors, of the computing system that hosts the railway controlsystem, are prone to failure. Whenever a processor fails, it immediately stops executingwithout further notice. By incorporating redundant hardware the control system shouldbe able to continue operating, either fully or in a degraded mode.
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14 The Domain Model4 The Domain ModelWe rephrase and signi�cantly expand on the domain aspects as presented in section 3.1.4.1 SynopsisA railway system consists here of the rail net, timetables, trains (with passengers and freight)which run on the net (thus constituting a tra�c) and according to schedules determined by thenet and the timetables. We are interested in long (i.e. strategic), medium (i.e. tactical) andshort term (day-to-day) planning and operational aspects of railways.4.2 NarrativeWe treat the question of What is a Railway? by decomposing the answer into a number ofcomponents: What is a Rail Net?, What is a Timetable?, What is a Schedule?, What is Traf-�c?, What is Rescheduling?, What are Resources and their Allocation?, What is Shunting &Marshalling?, What is Station Management?, and What are Customer Services?
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The Domain Model 154.2.1 Rail NetA railway net is composed from Lines and Stations. Lines are composed from Units. Sequencesof units form blocks or segments. Stations are composed from units and contain tracks whichare either platforms, sidings, or other.The above description was \top-down": most composite notions were mentioned �rst, and de�nedin terms of successively less composite quantities. Finally we mentioned units. We shall nowreverse the presentation into \bottom-up": starting with units and connectors.| Units & ConnectorsThe rail net consists of connected units. Units are the blocks, from which the rail net is build.Units have connectors. Connectors are further unde�ned quantities.If two units have a connector in common then they are said to be connected at that connector.typeU, Cvalueobs U Cs: U ! C-setUnits are either linear units (pairs of straight or curved rails, having two distinct connectors,one at either \end" of the unit), or are junctions (switches, one connector at one end, two atthe other end, all distinct), or are cross-overs (two connectors at either end, all distinct, two ateither end), etc.
Linear unit Junction Crossover CrossoverFigure 1: Di�erent kinds of unitsvalueis Linear U: U ! Bool,is Junction U: U ! Bool,is Crossover U: U ! BoolaxiomReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



16 The Domain Modelforall u:U �is Linear U(u) ) card obs U Cs(u) = 2,is Junction U(u) ) card obs U Cs(u) = 3,is Crossover U(u) ) card obs U Cs(u) = 4Linear units always have exactly two connectors, junctions have 3 etc. Later we will state furtheraxioms for di�erent kinds of units. The number of connectors is not su�cient to describe theinternal layout of units.| Unit Paths & StatesA path (through a unit) is a pair of connectors. A path designates a possible direction of traintra�c through a unit.The physical state of a unit is a set of paths. The state contains the paths, that are currentpossible directions of travel through the unit. The physical state of a unit may depend on thetopology of the unit, states of switch points etc.A path through a unit is physically open, if it is in the physical state of the unit. If not in thestate, the path is physically closed.The managed state of a unit is a subset of the paths in the physical state of the unit. Themanaged state contains the paths that are intended directions of travel through the unit. Thatis, the rail net management only allow tra�c to use paths in the managed states of units. Themanaged state will for instance depend on states of light signals, laws of tra�c, signs at the railetc.A path through a unit is managed open if it is in the managed state of the unit. If not in themanaged state, the path is managed closed.An empty managed state designates a closed unit. That is, no tra�c is intended through theunit.The managed state of a unit depends on management decisions. The position of the unit inthe network will often have e�ect on the managed state. For instance, units before the humpof a marshalling yard are typically only open in the direction of the hump, and after the humpaway from the hump. The managed states of units in the network are known to the rail netmanagement.Every unit has a set of possible (physical) states, the state space. These possible states aredetermined by for instance the shape and physical layout of the unit. The set of possible statesmay also contain states that are not intended and should never appear on the rail net. Thesemay include situations of broken switchpoints etc. Never the less, these states may occur andReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 17should therefore be included in the intrinsic model. The physical state of a unit will allways beone of the possible states of that unit.typeP = C � C,� = P-set,
 = �-setvalueobs U 
: U ! 
,obs U Physical �: U ! �,obs U Managed �: U ! �,=� All physically possible paths through a unit �=U Ps: U ! P-setU Ps(u) �f p j p:P � 9 �:� �� 2 obs U 
(u) ^ p 2 �g,=� All connectors of a set of units �=Us Cs: U-set ! C-setUs Cs(us) �f c j c:C �9 u:U � u 2 us ^ c 2 obs U Cs(u)gaxiom=� The physical state is in the set of all states �=8 u:U � obs U Physical �(u) 2 obs U 
(u),=� All connectors of paths in states are connectors of the unit �=8 u:U, �:�, (c,c0):P �� 2 obs U 
(u) ^ (c,c0) 2 � )fc,c0g � obs U Cs(u),=� Managed states are subsets of Physical states �=8 u:U � obs U Managed �(u) � obs U Physical �(u)A linear unit, with connectors c; c0 will usually only have one possible physical state:f(c; c0); (c0; c)gReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



18 The Domain ModelThe unit gives rise to potentially four di�erent managed states:fg; f(c; c0)g; f(c0; c)g; f(c; c0); (c0; c)g
c c’ c c’ c c’ c c’Figure 2: States of a linear unitIn the last state the unit is open for tra�c in both directions!There are several kinds of junction units. A certain junction unit, u, with connectors c0; c00 atone end and connector c at the other end may for instance have three possible physical states:f(c0; c); (c00; c)g; f(c; c0); (c0; c)gandf(c; c00); (c00; c)gThe unit potentially has eight possible managed states:1. �0 : fg (closed),2. �1 : f(c; c0)g (open in one direction, from \tongue" to left fork),3. �2 : f(c; c00)g (open in one direction, from \tongue" to right fork),4. �3 : f(c0; c)g (open in one direction, from left fork to \tongue"),5. �4 : f(c00; c)g (open in one direction, from right fork to \tongue"),6. �5 : f(c0; c); (c00; c)g (open in two directions, from either fork to \tongue")7. �6 : f(c; c0); (c0; c)g (open in two directions, from right fork to \tongue" and from \tongue"to right fork)8. �7 : f(c; c00); (c00; c)g (open in two directions, from left fork to \tongue" and from \tongue"to left fork)There are also several kinds of crossover units. A crossover unit with connectors c, c0 and c00, c000at respective ends may for instance have only one possible physical state:f(c; c000); (c000; c); (c0; c00); (c00; c0)gReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 19The unit will have 16 possible managed states.closed: fgfour open in one direction: f(c; c000)g; f(c000; c)g; f(c0; c00)g; f(c00; c0)gsix open in two directions:f(c; c000); (c000; c)g; f(c0; c00); (c00; c0)g; f(c; c000); (c0; c00)g; f(c000; c); (c00; c0)g; f(c00; c0); (c; c000)g; f(c0; c00); (c000; c)gfour open in three directions:f(c; c000); (c000; c); (c0; c00)g; f(c; c000); (c000; c); (c00; c0)g; f(c0; c00); (c00; c0); (c; c000)g; f(c0; c00); (c00; c0); (c000; c0)gand one open in four directions: f(c; c000); (c000; c); (c0; c00); (c00; c0)gEtcetera for other forms of units.Using the possible states of units, one can put further constraints on di�erent kinds of units. Forinstance, there should be a physical state of any linear unit, such that it is open from one endto the other. For a junction, travel should be possible from or to both forks and travel shouldnot be possible between forks.axiomforall u:U �is Linear U(u) ) U Ps(u)6=fg,is Junction U(u) )9 c1,c2,c3:C � card fc1,c2,c3g = 3 ^f(c1,c2),(c2,c1)g \ U Ps(u) 6= fg ^f(c1,c3),(c3,c1)g \ U Ps(u) 6= fg ^f(c2,c3),(c3,c2)g \ U Ps(u) = fg,is Crossover U(u) )9 c1,c2,c3,c4:C � card fc1,c2,c3,c4g = 4 ^f(c1,c4),(c4,c1)g \ U Ps(u) 6= fg ^f(c2,c3),(c3,c2)g \ U Ps(u) 6= fg ^f(c1,c3),(c3,c1)g \ U Ps(u) = fg ^f(c2,c4),(c4,c2)g \ U Ps(u) = fg| Auxiliary Unit AttributesWith units we can associate a large variety of attributes (types), and for each attribute a rangeof values. Examples are:Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



20 The Domain Model1. Lengths: The lengths, say in meters, of a unit, may be given as a map from paths tolengths.2. Topology: The topology, from which we could derive the lengths, of a unit, describes |for example as a sequence of Bezier curve triples | the three dimensional layout of theunit: its co-ordinates so-to-speak. Included would also be additional information on therelative \tilting" of rails in curves, etc.3. Context: The context of a unit tells us whether it is positioned on a bridge, in a tunnel,along a platform, along a quay, etc. Context information may determine maximum andminimum train speeds.4. &c.| NetworksA network is build from units. Not any composition of units is allowed though. A connector cannever connect more than two units. Also, two units of a network share no paths. These rulesexpress how one may compose units into networks. For example the unit compositions of �gure3 will not be legal in any network.
c1 c2 c3

c4

c5

c6

c7Figure 3: Illegal compositions of unitstypeNvalueobs N Us: N ! U-setaxiom=� In a network, a connector connects no more than two units �=8 n:N, c:C �card f u j u:U � u 2 obs N Us(n) ^ c 2 obs U Cs(u) g � 2,=� In a network, two units do not contain the same path �=8 n:N, u,u0:U �fu,u0g � obs N Us(n) ^ u6=u0 ) U Ps(u) \ U Ps(u0) = fgReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 21| Routes: Open and ClosedThe concept of routes play an important role in speaking about train journies. A route is asequence of connectors. The connectors of a route designate paths in some network. That is,directions of travel.A route is feasible in a network, if the route describes only possible paths though units of thenetwork.The rule that two units of a network share no paths ensures that a feasible route of a networkdescribes a unique sequence of unit-paths through the network. That is, given a feasible routeof a network, it is possible to �nd the units of the route in that network.A route is physically open in a given network, if the connectors of the route designate physicallyopen paths in units of the network. That is, the units are open in direction of the route.A route is managed open in a given network, if the connectors of the route designate managedopen paths in units of the network.A routable set of units is a set of units, such that there is a route through the units that includesall units in the set. That is, it is physically possible to travel along a route through the units,though it may not be allowed by the current states of the units of the route.A route is cyclic in a network if it contains two or more paths through the same unit, such thatthese paths end in the same connector. That is an acyclic route may very well contain severalpaths through the same unit, as long as the exit-connectors of these paths are distinct.
U1

U2

c1 c2

c3

U3 U4

U5

c4 c5

c6c7

c8

Units without cyclic route Units with cyclic routeFigure 4: Cyclic and acyclic routesThis means that in �gure 4, the routeh c1,c2,c3,c1 iis an acyclic route, while the routeReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



22 The Domain Modelh c4,c5,c6,c7,c5,c8 iis cyclic.typeRt0 = C�,Rt = fj rt:Rt0 � wf Rt(rt) jgvalue=� Wellformed routes have lenght at least two andare feasible in some network �=wf Rt: Rt0 ! Boolwf Rt(rt) � len rt � 2 ^ 9 n:N � feasible Rt(rt,n),=� A route is feasible wrt a network if the route designatespossible paths in the network and the route does notdesignate two succesive paths through the same unit �=feasible Rt: Rt0 � N ! Boolfeasible Rt(rt,n) �Rt possible paths(rt,n) ^let ul = Rt Ul(rt,n) in�9 i:Nat � fi,i+1g � inds ul ^ ul(i)=ul(i+1)endpre len rt � 2,=� Route describes possible paths of units in a network �=Rt possible paths: Rt0 � N ! BoolRt possible paths(rt,n) �8 i:Nat � fi,i+1g � inds rt )9 u:U � u 2 obs N Us(n) ^ (rt(i),rt(i+1)) 2 U Ps(u),=� The list of units designated by a route �=Rt Ul: Rt � N �! U�Rt Ul(rt,n) as ulpostlen ul = (len rt)�1 ^elems ul � obs N Us(n) ^8 i:Nat � fi,i+1g � inds rt ) (rt(i),rt(i+1)) 2 U Ps(ul(i))pre Rt possible paths(rt,n) ^ len rt � 2,=� The list of paths designated by a route �=Rt Pl: Rt ! P�Rt Pl(rt) � h (rt(i),rt(i+1)) j i in h 1 :: (len rt)�1 i i,=� All units of a route �=Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 23Rt Us: Rt � N �! U-setRt Us(rt,n) � elems Rt Ul(rt,n)pre feasible Rt(rt,n),=� Examine if a route is physically open �=is Physical OpenRt: Rt � N �! Boolis Physical OpenRt(rt,n) �8 i:Nat � fi,i+1g � inds rt )(rt(i),rt(i+1)) 2 obs U Physical �(Rt Ul(rt,n)(i))pre feasible Rt(rt,n),=� Examine if a route is managed open �=is Managed OpenRt: Rt � N �! Boolis Managed OpenRt(rt,n) �8 i:Nat � fi,i+1g � inds rt )(rt(i),rt(i+1)) 2 obs U Managed �(Rt Ul(rt,n)(i))pre feasible Rt(rt,n),=� The �rst connector of a route �=Rt �rstC: Rt ! CRt �rstC(rt) � hd rt,=� The last connector of a route �=Rt lastC: Rt ! CRt lastC(rt) � rt(len rt),=� The �rst unit of a route �=Rt �rstU: Rt � N �! URt �rstU(rt,n) � hd Rt Ul(rt,n)pre feasible Rt(rt,n),=� The last unit of a route �=Rt lastU: Rt � N �! URt lastU(rt,n) � let ul = Rt Ul(rt,n) in ul(len ul) endpre feasible Rt(rt,n),=� All feasible routes of a network �=N Rts: N ! Rt-setN Rts(n) � f rt j rt:Rt � feasible Rt(rt,n) g,=� A route does not go through the same unit twice �=Rt DisjUs: Rt � N �! BoolRt DisjUs(rt,n) � card Rt Us(rt,n) = len Rt Ul(rt,n)pre feasible Rt(rt,n),Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



24 The Domain Model=� Two routes are disjoint �=Rt Disj: Rt � Rt � N �! BoolRt Disj(rt,rt0,n) � Rt Us(rt,n) \ Rt Us(rt0,n) = fgpre feasible Rt(rt,n) ^ feasible Rt(rt0,n),=� All possible routes through a set of units �=Us Rts: U-set �! Rt-setUs Rts(us) �f rt j rt:Rt �9 n:N �us � obs N Us(n) ^feasible Rt(rt,n) ^Rt Us(rt,n) � usgpre net Us(us),=� Examine if a set of units is part of some network �=net Us: U-set ! Boolnet Us(us) � 9 n:N � us � obs N Us(n),=� All possible routes that use all units in a set �=Us complete Rts: U-set �! Rt-setUs complete Rts(us) �f rt j rt:Rt �9 n:N �rt 2 N Rts(n) ^feasible Rt(rt,n) ^Rt Us(rt,n) = usgpre net Us(us),=� There is a route through all units in a set �=is RoutableUs: U-set ! Boolis RoutableUs(us) � Us complete Rts(us) 6= fgpre net Us(us),=� Route is cyclic �=is Cyclic Rt: Rt � N ! Boolis Cyclic Rt(rt,n) �9 i,j:Nat � fi,i+1,j,j+1g � inds rt ^ i6=j ^(Rt Ul(rt,n)(i),rt(i+1)) = (Rt Ul(rt,n)(j),rt(j+1))pre feasible Rt(rt,n)Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 25| Lines and StationsA network consists of lines and stations. That is, the units of a network can be decomposedinto those belonging to stations, those belonging to lines and the rest. A line is a routablesequence of linear units. That is, a connectable sequence of linear units, such that there is aroute through the units (in one or two directions). A station is any set of units, including linear,junctions (switches), crossovers, etc. Two lines meeting in a junction thus gives rise to a station.This station may just consist of that one junction though. The sets of units of a station canbe decomposed into those belonging to tracks, that is routable sequences of linear units, andthe rest. Among the rest there may still be identi�able routable sequences of linear units | bethat as it may. Part of tracks form platforms, sidings, etc. A line always connects exactly twodistinct stations. That is, a line always forms a route between two stations.
Station B Station C
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Line

Line

Line

Line

Line TrackFigure 5: A network of lines and stationsIf it is possible to �nd a route from a unit u to another unit u0, possibly via other units, then ucan reach u0. Reachability extends, mutually, to lines, tracks and stations. Given a line and astation (to a unit of which some [end] line [unit] is connectable) it is possible to identify exactlywhich tracks of the station can be reached from the line; and given a track of a station it islikewise possible to identify the lines that can be reached from the track.typeL, S, Trkvalueobs N Ls: N ! L-set,obs N Ss: N ! S-set,obs L Us: L ! U-set,obs S Us: S ! U-set,obs S Trks: S ! Trk-set,Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



26 The Domain Modelobs Trk Us: Trk ! U-set,=� Examine if a route of a line connects to a station �=LS connection: L � S ! BoolLS connection(l,s) �9 rt:Rt �rt 2 L Rts(l) ^Rt lastC(rt) 2 Us Cs(obs S Us(s)),=� Examine if a station connects to a route of a line �=SL connection: S � L ! BoolSL connection(s,l) �9 rt:Rt �rt 2 L Rts(l) ^Rt �rstC(rt) 2 Us Cs(obs S Us(s)),=� Examine if two stations are connected via a line �=SLSConnection: S � L � S ! BoolSLSConnection(s,l,s0) �SL connection(s,l) ^ LS connection(l,s0),=� All lines that can be reached from a trackin a given station �=TrkLs: N � S � Trk �! L-setTrkLs(n,s,t) �f l j l:L � l 2 obs N Ls(n) ^9 rt:Rt �rt 2 S Rts(s) ^Rt �rstC(rt) 2 Us Cs(obs Trk Us(t)) ^Rt lastC(rt) 2 Us Cs(obs L Us(l)) gpre t 2 obs S Trks(s) ^ s 2 obs N Ss(n),=� All tracks in a station that can be reachedfrom a given line �=LTrks: N � L � S �! Trk-setLTrks(n,l,s) �f t j t:Trk � t 2 obs S Trks(s) ^9 rt:Rt �rt 2 S Rts(s) ^Rt �rstC(rt) 2 Us Cs(obs L Us(l)) ^Rt lastC(rt) 2 Us Cs(obs Trk Us(t)) gpre l 2 obs N Ls(n) ^ s 2 obs N Ss(n),S Rts: S ! Rt-setS Rts(s) � Us Rts(obs S Us(s)),Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 27L Rts: L ! Rt-setL Rts(l) � Us Rts(obs L Us(l)),Trk Rts: Trk ! Rt-setTrk Rts(trk) � Us Rts(obs Trk Us(trk)),=� All units of the lines in a network �=N L Us: N ! U-setN L Us(n) �f u j u:U � 9 l:L � l 2 obs N Ls(n) ^ u 2 obs L Us(l)g,=� All units of the stations in a network �=N S Us: N ! U-setN S Us(n) �f u j u:U � 9 s:S � s 2 obs N Ss(n) ^ u 2 obs S Us(s)gaxiomforall n:N, l,l0:L, s,s0:S, t,t0:Trk, c:C, u:U �=� Lines are part of some network �=net Us(obs L Us(l)),=� Lines are routable �=is RoutableUs(obs L Us(l)),=� Lines consist of linear units �=u 2 obs L Us(l) ) is Linear U(u),=� Tracks are part of some station �=9 s:S � obs Trk Us(t) � obs S Us(s),=� Tracks are routable �=is RoutableUs(obs Trk Us(t)),=� Tracks consist of linear units �=u 2 obs Trk Us(t) ) is Linear U(u),=� Lines in a network do not intersect �=fl,l0g � obs N Ls(n) )obs L Us(l) � obs N Us(n) ^l6=l0 ) obs L Us(l) \ obs L Us(l0) = fg,=� Stations are part of some network �=net Us(obs S Us(s)),Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



28 The Domain Model=� Stations in a network do not intersect �=fs,s0g � obs N Ss(n) )obs S Us(s) � obs N Us(n) ^s6=s0 ) obs S Us(s) \ obs S Us(s0) = fg,=� Lines and stations do not intersect �=l 2 obs N Ls(n) ^ s 2 obs N Ss(n) )obs L Us(l) \ obs S Us(s) = fg,=� Lines connect stations �=l 2 obs N Ls(n) )9 s,s0:S �s6=s0 ^ fs,s0g � obs N Ss(n) ^SLSConnection(s,l,s0),=� Tracks of a station do not intersect �=ft,t0g � obs S Trks(s) )obs Trk Us(t) � obs S Us(s) ^t6=t0 ) obs Trk Us(t) \ obs Trk Us(t0) = fg,=� Stations do not have common connectors �=fs,s0g � obs N Ss(n) ^ s6=s0 )Us Cs(obs S Us(s)) \ Us Cs(obs S Us(s0)) = fgUnder requirements, see section 5, we shall see that the setting of routes that connect lines andtracks is a typical station management function (station route setting) | and, given appropriatetechnologies, is supported by solid state interlocking.Stations have names (or identi�ers). No two stations share the same name, though, and nostation has two names. From a network, a map from station names to stations can be extracted.typeSnvalueobs N SnSm: N ! (Sn !m S),obs N Sns: N ! Sn-setobs N Sns(n) � dom obs N SnSm(n)axiom8 n:N �obs N Ss(n) = rng obs N SnSm(n) ^card obs N Ss(n) = card obs N Sns(n)Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 29It is possible to �nd all physically open routes and all managed open routes of a network.valuePhysical Open N Rts: N ! Rt-setPhysical Open N Rts(n) �f rt j rt:Rt � rt 2 N Rts(n) ^ is Physical OpenRt(rt,n) g,Managed Open N Rts: N ! Rt-setManaged Open N Rts(n) �f rt j rt:Rt � rt 2 N Rts(n) ^ is Managed OpenRt(rt,n) g| Train RoutesA train route is a route. The intuition behind a train route is that a train occupies exactly theunits designated by its train route in some network.A wellformed move of a train route is that of not changing the route, adding a connector to theend of the route, removing a connector from the beginning of the route or simultaniously addinga connector to the end and removing a connector from the beginning of the route. Thus, a trainroute may only be moved in the \forward" direction.typeTR = Rtvaluewf TR move: TR � TR ! Boolwf TR move(tr,tr0) �tr0=tr _tr0=tl tr _9 c:C � tr0=trbhci _ tr0=(tl tr)bhciIt is possible to determine, if a train is in a given station or at a given track. This can be doneby inspecting the train route that contains the train.valueTR at S: TR � S ! BoolTR at S(tr,s) � tr 2 S Rts(s),TR at Trk: TR � Trk ! BoolTR at Trk(tr,trk) � tr 2 Trk Rts(trk),Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



30 The Domain ModelTR at StaTrk: TR � S ! BoolTR at StaTrk(tr,s) �9 trk:Trk � trk 2 obs S Trks(s) ^ TR at Trk(tr,trk)| Managed Rail NetsA managed rail net \snap shot", i.e. a managed rail net state, is a rail net such that all unitsare in each their own state.We do not, in this description of the 'intrinsics', de�ne what sets and changes the state. Butwe prepare the reader for it: it is, of course, the combined setting of junctions (switches), lightsignals (semaphores) and conventions, that determine the state. Take a line, as an example,It may be subdivided into segments or blocks, each consisting, say, of one unit, and each suchsegment or block being delineated by a signal. (That is: the signal is at or about the point wheretwo segments (units) are connected.) A green signal means that the segment right after thatsignal is open. Etcetera!Since rail nets are regularly being updated: new line and station units are added, old removedentirely, or put under repair, etc., we have that a managed rail net is a function from time torail net states.Since changes (extensions, reductions) to the rail net are incremental: most of a rail net re-mains unchanged while a \small" part undergoes change, we impose some reasonable rule ofmonotonicity of managed rail nets. To de�ne the monotonicity concept for managed rail netswe introduce the concept of a rail net change.A simple change may remove a proper subset of (closed) units, or may insert, i.e. connect a newset of (initially closed) units:� A simple removal involves the proper closing of all a�ected units: those to be removed andpossibly also all immediately connected (i.e. neighbouring) units, followed by removal.(After removal previously neighbouring units may be reopened.)� A simple insertion involves a sequence of up to four rail net actions: closing of some units,their removal, insertion of a set of new, but closed units, and the possible opening of these(new) units.The set of units removed and the set of units inserted usually have no units in common.For a unit to be inserted it must share a number of connectors with already existing railnet units.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 31Given two successive managed rail net states, there is a �nite, possibly empty set of rail netremoval and insertion changes, each change de�ned in terms of rail net closing, removal, insertionand opening actions.typeT,MR0 = T ! N,MR = fj mr:MR0 � wf MR(mr) jgvaluewf MR: MR0 ! Boolwf MR(mr) �8 t:T � 9 t0:T � t0>t ^8 t00:T � t�t00�t0 ) MoN(mr(t),mr(t00)),MoN: N � N ! Bool,=� Removed or inserted stations contain only closed units �=rem ins S closed: N � N ! Boolrem ins S closed(n,n0) �8 s:S �s 2 (obs N Ss(n)nobs N Ss(n0)) [ (obs N Ss(n0)nobs N Ss(n)) )managed closed Us(obs S Us(s)),=� Removed or inserted lines contain only closed units �=rem ins L closed: N � N ! Boolrem ins L closed(n,n0) �8 l:L �l 2 (obs N Ls(n)nobs N Ls(n0)) [ (obs N Ls(n0)nobs N Ls(n)) )managed closed Us(obs L Us(l)),managed closed Us: U-set ! Boolmanaged closed Us(us) �8 u:U � u 2 us ) obs U Managed �(u) = fgaxiom8 n,n0:N � MoN(n,n0) )rem ins S closed(n,n0) ^rem ins L closed(n,n0) More to be writtenReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



32 The Domain Model| Laws of Rail Nets To be written1. Law of :2. Law of :3. Law of :4. Law of :
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The Domain Model 334.2.2 Tra�cA tra�c is a function from time to states of the rail net and all trains on the net. A train statecontains information on the train position, its direction of movement, velocity, acceleration, andpossibly other information as needed.Thus, a tra�c gives at any point in time the entire state of the rail net and all trains.Tra�c within stations may be due to shunting and marshalling.A tra�c may also record other matters not covered here.Certain constraints should be met by any tra�c. At any point in time, all trains are on physicallyopen routes of the network. These routes may be managed closed though. It is not physicallyimpossible to cross a red light, for instance. Furthermore, trains may not at any time \jump"from one spot to another.These given constraints for tra�cs do not reect intentions or management decisions for the railnet. They only exclude some tra�cs that would never be possible, no matter how the railnet ismanaged.typeTF0 = T ! RS,TF = fj tf:TF0 � wf TF(tf) jg,RS,TP = Tn !m TS,Tn, TSvaluenet: RS ! N,trns: RS ! TP,obs TS TR: TS ! TR,obs TS Velocity: TS ! :::obs TS Acc: TS ! :::=� Trains do not jump �=wf TF: TF0 ! Boolwf TF(tf) � continous movement(tf),=� The trains of a TP are on units of the network �=TP on physical open routes: N � TP ! BoolTP on physical open routes(n,tp) �8 tn:Tn � tn 2 dom tp )obs TS TR(tp(tn)) 2 Physical Open N Rts(n),Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



34 The Domain Model=� Trains do not jump from one spot to another �=continous movement: TF0 ! Boolcontinous movement(tf) �8 t:T, tn:Tn � tn 2 TF Tns(tf,t))train removed(tf,tn,t) _train wf move(tf,tn,t),=� In the tra�c tf the train tn is removed at time t �=train removed: TF0 � Tn � T ! Booltrain removed(tf,tn,t) �tn 2 TF Tns(tf,t) ^9 t0:T � t0>t ^8 t00:T � t<t00�t0 ) tn 62 TF Tns(tf,t00),=� In the tra�c tf the train tn is performing a wellformed(continuous) move at time t �=train wf move: TF0 � Tn � T ! Booltrain wf move(tf,tn,t) �9 t0:T � t0>t ^8 t00:T � t�t00�t0 )tn 2 TF Tns(tf,t00) ^wf TR move(TF TR(tf,tn,t),TF TR(tf,tn,t00)),TF Tns: TF0 � T ! Tn-setTF Tns(tf,t) � RS Tns(tf(t)),RS Tns: RS ! Tn-setRS Tns(rs) � dom trns(rs),TF TR: TF0 � Tn � T ! TRTF TR(tf,tn,t) � RS TR(tf(t),tn)pre tn 2 TF Tns(tf,t),RS TR: RS � Tn ! TRRS TR(rs,tn) � obs TS TR(RS TS(rs,tn))pre tn 2 RS Tns(rs),RS TS: RS � Tn ! TSRS TS(rs,tn) � trns(rs)(tn)pre tn 2 RS Tns(rs),TF N: TF � T ! NTF N(tf,t) � net(tf(t)),Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 35TF Sns: TF � T ! Sn-setTF Sns(tf,t) � obs N Sns(TF N(tf,t)),TF S: TF � Sn � T ! STF S(tf,sn,t) � obs N SnSm(TF N(tf,t))(sn)pre Sn 2 TF Sns(tf,t)axiom8 rs:RS � TP on physical open routes(net(rs),trns(rs))One could express further constraint on tra�cs. For instance the acceleration, maximum speedetc. of trains could be taken into account when describing wellformed moves for trains. Alsothe rail net topology (length of units, whether units go over bridges, through tunnels, or passcurves etc.) will have e�ect on the movements of trains.| Tra�c QualityIn a set of tra�cs there may be some tra�cs that are in some sense better than others. Indescribing the intrinsics, we will not further specify how quality of a tra�c is determined. Thismay depend on a lot of di�erent management rules and decisions. We will however describesome functions that may be used when considering the quality of a tra�c.The quality of a tra�c may depend on many di�erent aspects. For instance if the tra�c satis�escertain time conditions, trains are not delayed etc.Also, one would usually only want trains to use managed open routes of the network and to bewithin lines or stations of the network. Note that a tra�c may describe situations where theseconditions are not met. It is in fact possible for trains to be on closed routes of the network forinstance. When talking about quality of a tra�c, the conditions described should be taken intoaccount however.value=� Trains are on open routes �=TF Managed Open Rts: TF ! BoolTF Managed Open Rts(tf) �8 t:T, tn:Tn � tn 2 TF Tns(tf,t))TF TR(tf,tn,t) 2 Managed Open N Rts(TF N(tf,t)),=� Trains are on lines or within stations of the network �=TF on S or L: TF ! BoolTF on S or L(tf) �8 t:T, tn:Tn � tn 2 TF Tns(tf,t))TF TR(tf,tn,t) 2 Us Rts(N L Us(TF N(tf,t)) [ N S Us(TF N(tf,t)))Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



36 The Domain ModelOne would also prefer certain safety conditions to be met by a tra�c. Two trains should neveroccupy intersecting units of the network and a trainroute should never run through a unit twice.This would probably mean that a crash had occurred or was about to occur.valueTF no collisions: TF ! BoolTF no collisions(tf) � TF disj TR(tf) ^ TF trdisj(tf),=� No two trains share units �=TF disj TR: TF ! BoolTF disj TR(tf) � 8 t:T � RS disj TR(tf(t)),RS disj TR: RS ! BoolRS disj TR(rs) �8 tn,tn0:Tn � ftn,tn0g � RS Tns(rs) ^ tn6=tn0 )Rt Disj(RS TR(rs,tn),RS TR(rs,tn0),net(rs)),=� A trainroute does not run through the same unit twice �=TF trdisj: TF ! BoolTF trdisj(tf) � 8 t:T � RS trdisj(rs),RS trdisj: RS ! BoolRS trdisj(rs) �8 tn:Tn � tn 2 RS Tns(rs) )Rt DisjUs(RS TR(rs,tn),net(rs))A tra�c embodies the concept of managed railnets. The managed net of a tra�c should thussatisfy the notion of monotonicity outlined above.value=� The managed railnet of a tra�c is wellformed �=TF wf MR: TF ! BoolTF wf MR(tf) � 9 mr:MR � 8 t:T � mr(t) = TF N(tf,t)| Laws of Tra�c To be written1. Law of :Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 372. Law of :3. Law of :4. Law of :
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38 The Domain Model4.2.3 SchedulesA schedule is a plan for train tra�c. A schedule is a (possibly in�nite) set of acceptable tra�cs.That is, the actual tra�c on the net is intended to be in the set of tra�cs of the schedule.typeSC = TF-infsetA schedule is a way for the rail net managers to describe which tra�cs should in fact occur onthe rail net. Note that it may in some extreme cases be necessary to schedule otherwise notwanted states of the rail net. For instance if a light signal is not working it may be necessary toignore the signal and let trains pass it no matter the state of the signal. In case of train crashesit may be necessary to schedule unusual movements of trains. Furthermore, note that a scheduledescribes the states of the rail net at all points in time. Therefore, if for instance a train has atsome point in time passed a closed path, tra�cs describing this passing of a closed path shouldbe in the schedule, as this is what has in fact happened on the rail net.As can be seen from the cases described above, schedules must be able to describe any tra�c.Therefore there will not be stated further axioms describing which tra�cs could be included inschedules.| Schedule QualityIt may be useful to compare the quality of schedules. That is, which schedule is best, in somesense. This may be done by comparing the tra�cs allowed by the schedules. As for tra�cquality, the schedule quality may depend on many aspects though, and it will not be describedin the intrinsic model.| Laws of Schedules To be written1. Law of :2. Law of :3. Law of :Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 394.2.4 Passenger & Freight Train TimetablesTimetables describe certain points in time where some conditions on the tra�c are to be met.A condition could for instance be the position of a train at a given station, a train passing aspeci�c point on the rail net etc. Timetables will usually only make few conditions to the tra�c.There will for instance not be information regarding how the trains should move from one spotin the rail net to another. Timetables will also usually only contain limited information on thelayout of the rail net.typeTT| Schedules and TimetablesFor any timetable it is possible to �nd the schedule describing those tra�cs that adhere to thetimetable.valueTT SC: TT ! SCFor a schedule to satisfy a timetable, any tra�c allowed by the schedule must adhere to thetimetable.valueSC sat TT: SC � TT ! BoolSC sat TT(sc,tt) � sc � TT SC(tt)| Timetable descriptionsMany di�erent speci�cations of timetables could be used. We will in the following show anexample of such a description and de�ne the semantics of this description.We shall in this section only deal with the timetables of passenger and freight trains: plans forshunting and marshalling will be covered later.A timetable lists all trains that may engage in tra�c on the rail net. For each train its journeyis speci�ed. A journey is a set of station visits. A station visit describes arrival and departuretimes | in addition to the station name!Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



40 The Domain ModelFor a station visit the departure time is always equal to or larger than the arrival time. If thetwo times are equal then it shall mean that the train does not stop at the designated station.For the �rst (last) station in a journey the arrival (departure) time shall designate the time thetrain �rst (last) appears at the station.At any given time, a train cannot be at two distinct stations at once. That is, for a train thetime-intervals of station visits may not intersect.type=� An example of a timetable speci�cation �=TT = Tn !m J,J0 = SV-set,J = fj j:J0 � wf J(j) jg,SV0 :: sta : Sn arrival : T depart : T,SV = fj sv:SV0 � wf SV(sv) jgvalue=� Arrival before departure �=wf SV: SV0 ! Boolwf SV(sv) � arrival(sv) � depart(sv),=� Station visits are disjoint �=wf J: J0 ! Boolwf J(j) �8 sv,sv0:SV � fsv,sv0g � j ^ sv 6=sv0 ) disj SV(sv,sv0),disj SV: SV � SV ! Booldisj SV(sv,sv0) � arrival(sv)>depart(sv0) _ arrival(sv0)>depart(sv)The timetables of a railway system may consist of one, two or more timetables. These may belinked to speci�c calendar periods and cover low and high seasons, vacation and holiday seasons,etc. Any timetable may be concretely expressed in terms of modula: a quarterly timetable whichshows train journies modulo working and week-end days, from Monday through Sunday.Timetable journey entries may further indicate train types, capacities and services: passenger orfreight trains; intercity, express, regional or other trains; number of �rst, second, etc. (smokingor no-smoking) class seats (window, aisle, etc.); sleepers (berths: upper, lower, medium), dining,snack and refreshment cars (tables, seats, menu o�erings), etc.; whether seat and berth reser-vations are required, etc.; whether household (domesticated) pets can accompany passengers;etc.The semantics of a timetable is a schedule. The schedule contains exactly those tra�cs whichadhere to the timetable.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 41valueTT SC: TT ! SCTT SC(tt) � f tf j tf:TF � TF sat TT(tf,tt) g,TF sat TT: TF � TT ! BoolTF sat TT(tf,tt) �8 tn:Tn, sv:SV �tn 2 dom tt ^ sv 2 tt(tn) )TF sat SV(tf,tn,sv),=� For the duration of the stationvisit, the stationis part of the network and the train is at a trackwithin the station �=TF sat SV: TF � Tn � SV ! BoolTF sat SV(tf,tn,sv) �8 t:T � arrival(sv)�t�depart(sv))sta(sv) 2 obs N Sns(TF N(tf,t)) ^TR at StaTrk(TF TR(tf,tn,t),obs N SnSm(TF N(tf,t))(sta(sv)))Note, that it is acceptable that trains arrive at stations too early or that they leave too late. Itis not acceptable however, for trains to depart too early or arrive too late.| Laws of Timetables To be written
Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



42 The Domain Model4.2.5 ReschedulingOne can talk about a tra�c being on schedule or not. In particular one can talk about tra�cbeing delayed.For a tra�c to be on schedule, the tra�c must be one of the tra�cs allowed by the schedule.valueTF on SC: TF � SC ! BoolTF on SC(tf,sc) � tf 2 scAt any given point in time, the rail net managers will probably not know the exact state ofthe entire rail net including all train position, acceleration, speed etc. The net managers willget information from the sensors on the railnet and messages from engine men, local managersetc. Furthermore, the managers will for sure only have limited knowledge of the future states ofthe rail net. Therefore, the net manager will only know a (possibly in�nite) set, ts, of possibletra�cs. That is, the manager knows that the actual tra�c is in the set ts.For such a set of possible tra�cs, it is possible to determine if the tra�c can be concluded onschedule or not.value=� Examine if all possible tra�cs are on schedule �=TFs on SC: TF-set � SC ! BoolTFs on SC(tfs,sc) �8 tf:TF � tf 2 tfs ) TF on SC(tf,sc),=� Examine if no possible tra�cs are on schedule �=TFs not on SC: TF-set � SC ! BoolTFs not on SC(tfs,sc) �8 tf:TF � tf 2 tfs ) �TF on SC(tf,sc)As time passes, the set of possible tra�cs gets smaller. This is caused by more and moreinformation being known. That is, more and more tra�cs can be excluded as not possibletra�cs of the net.A disruption is de�ned as anything that makes the tra�c not adhere to the schedule. So there isan earliest time, t, up to, but not including which tra�c did adhere to the schedule. It may notbe possible to determine this time exactly though. A disruption may only be concluded whenno possible tra�cs adhere to the schedule.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau
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SC

TS

Traffic is on schedule

SC
TS

Traffic may be on schedule

SCTS

Traffic is not on scheduleFigure 6: Schedules and sets of possible tra�csvaluedisruption: TF-set � SC ! Booldisruption(tfs,sc) � TFs not on SC(tfs,sc)Disruption may give rise to rescheduling. Rescheduling constructs a new timetable and a sched-ule such that the tra�c adhere to the this schedule.
TF

new schedule old schedule

Figure 7: Reschedulingvalue=� Tra�c should adhere to the new schedule �=new SC: TF-set � SC ! Boolnew SC(tfs,sc) � �disruption(tfs,sc)The new schedule should satisfy the new timetable.valuenew TT: TT � SC ! Boolnew TT(tt,sc) � SC sat TT(sc,tt)Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



44 The Domain ModelNote that disruptions may be observed even before any train is delayed. If for instance a junctionbreaks down making it impossible for future tra�c to be on schedule, it could be observed as adisruption. That is, rescheduling may be done even before any delay is observed.| Laws of Rescheduling To be written1. Law of :2. Law of :3. Law of :4. Law of :
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The Domain Model 454.2.6 Shunting and MarshallingBy a train body we shall here mean a sequence of freight and specialty cars and passengerwagons.To allocate, i.e. compose train bodies, one uses shunting and marshalling.| ShuntingShunting is the decomposition and composition of train bodies outside marshalling yards, i.e. inother than marshalling parts of stations, typically across platform and siding tracks.| MarshallingA marshalling yard is a special part of a station. Here train bodies are decomposed in such away that individual wagons and cars of one incoming train body are sequentially removed fromthe head, and sent along a tree structured net of units to either one of a usually large numberof standing (other) train bodies to which they join their tails.
Incoming sidings

Outgoing sidings

HumpFigure 8: A marshalling yardA marshalling yard consists of three parts: a possibly tree structured set of incoming sidings,a hump and a tree structured set of typically several outgoing sidings. The hump is the topof the tree of incoming sidings, and is the root of the tree of outgoing sidings. That is: Eachincoming siding leads directly to the hump and from there to any outgoing siding. All units ofa marshalling yard, when in a managed open state, features exactly one path, and the directionof this path, for a unit of an in-going siding, is always towards the hump, and away from thehump if it is a unit of an outgoing siding. The hump, when managed open, is opened in thedirection from the in-going sidings toward the outgoing sidings.typeMYReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



46 The Domain Modelvalueobs MY Us: MY ! U-set,obs MY incoming: MY ! C-set,obs MY outgoing: MY ! C-set,obs MY hump: MY ! U,MY Rts: MY ! Rt-setMY Rts(my) � Us Rts(obs MY Us(my)),MY inout Rts: MY ! Rt-setMY inout Rts(my) �f rt j rt:Rt �rt 2 MY Rts(my) ^Rt �rstC(rt) 2 obs MY incoming(my) ^Rt lastC(rt) 2 obs MY outgoing(my)gaxiomforall my:MY, u:U, c,c0:C �=� Marshalling Yards are part of some network �=net Us(obs MY Us(my)),=� Humps are linear �=is Linear U(obs MY hump(my)),=� Incoming and outgoing connectors are disjoint �=obs MY incoming(my) \ obs MY outgoing(my) = fg,=� There is a route from any incoming connectorto any outgoing connector �=c 2 obs MY incoming(my) ^ c0 2 obs MY outgoing(my))9 rt:Rt � rt 2 MY inout Rts(my) ^(c,c0) = (Rt �rstC(rt),Rt lastC(rt)),=� Between any two connectors in a marshalling yardthere is no more than one route �=�9 rt,rt0:Rt � rt 6= rt0 ^ frt,rt0g � MY Rts(my) ^(Rt �rstC(rt),Rt lastC(rt)) = (Rt �rstC(rt0),Rt lastC(rt0)),=� All connectors in a marshalling yard are part of a routefrom an incoming connector to an outgoing connectorwhich goes through the hump �=c 2 Us Cs(obs MY Us(my)))9 rt:Rt � rt 2 MY Rts(my) ^fcg [ obs U Cs(obs MY hump(my)) � elems rt,Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 47=� Units are never managed open in direction from the outgoing sidetowards the incoming side �=8 rt:Rt �(rt 2 MY inout Rts(my) ^u 2 obs MY Us(my) ^(c,c0) 2 elems Rt Pl(rt))) (c0,c) 62 obs U Managed �(u)A train body list (or set) description has a name and a list (respectively set) of car and wagondescriptions.typeTB = W�,Wvalueobs TS TB: TS ! TB,obs W kind: W ! :::A marshalling plan is a pair of train body descriptions: A set of incoming train body listdescriptions and a set of outgoing train body set (or possibly list) descriptions.typeMPvalueobs MP incoming: MP ! TB-set,obs MP outgoing: MP ! TB-setA marshalling description is a list of marshalling states. A marshalling state it a set of incomingtrain bodies and the set of outgoing train bodies.For any state in a marshalling description, the next state is reached by moving exactly onewagon from the front end of an incoming train body to the rear end of an outgoing train body.typeMD0 = MS�,MD = fj md:MD0 � wf MD(md) jg,MS :: incoming: TB-set outgoing: TB-setvaluewf MD: MD0 ! Boolwf MD(md) �8 i:Nat � fi,i+1g � inds md )Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



48 The Domain Modelwf state shift(md(i),md(i+1)),wf state shift: MS � MS ! Boolwf state shift(ms,ms0) �9 w:W, tb,tb0:TB �let ims=incoming(ms)nftbg [ ftl tbg,oms=outgoing(ms)nftb0g [ ftb0bhhd tbigin ms0 = mk MS(ims,oms) endIt is possible to determine if a marshalling plan is feasible. That is, if it is possible to assemblethe outgoing train bodies from the incoming train bodies on some marshalling yard.valuefeasible MP: MP ! Boolfeasible MP(mp) �9 md:MD �incoming(hd md) = obs MP incoming(mp) ^outgoing(md(len md)) = obs MP outgoing(mp)Furthermore, the marshalling yard must be big enough. There must be enough incoming andoutgoing sidings for the train bodies involved.valuefeasible MP wrt MY: MP � MY ! Boolfeasible MP wrt MY(mp,my) �feasible MP(mp) ^card obs MY incoming(my) � card obs MP incoming(mp) ^card obs MY outgoing(my) � card obs MP outgoing(mp)| Laws of MarshallingLaws of marshalling could be:1. Law of Preservation:In any time interval such that there were no in-going and no outgoing train bodies in themarshalling yard at the beginning and at the ending of the interval, the cars and wagonsarriving at the in-going sidings equals the cars and wagons departing from an outgoingsiding.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 492. Law of No{Reversal:With the above marshalling yard topology and possible unit states it is not possible toreverse, in a train body of an outgoing siding, cars or wagons of a train body of an in-goingsiding. That is: if rolling stock items A and B were in one train body when passing thehump, and A came before B, and if A and B is in a same train body of an outgoing siding,then A will be in front of B.3. Law of Ordering:More speci�cally: If A, B and C were in the same train body passing the hump, and inthe order A{B{C, and if they are all in a same train body of an outgoing siding, then Bwill be between A and C.
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50 The Domain Model4.2.7 PassengersTrains of the rail net may carry passengers. In this section, the journies and states of passengerswill be described.| Passenger Tra�cAt any time there is a set of passengers in trains of the rail net system. Each passenger isidenti�ed by for instance a name. The names and states of passengers can be extracted from atra�c.typePn, PS,PP = Pn !m PSvalueobs RS PP: RS ! PP=� The passengers in a tra�c at a given point in time �=TF Pns: TF � T ! Pn-setTF Pns(tf,t) � dom obs RS PP(tf(t))=� The state of a passenger at a given point in time �=TF PS: TF � T � Pn �! PSTF PS(tf,t,pn) � obs RS PP(tf(t))(pn)pre pn 2 TF Pns(tf,t)The passenger information may for instance describe the position of the passenger (train andseat), the ticket carried by the passenger etc.valueobs PS Tn: PS ! TnFor any Rail State, passengers must always be on trains of the network.axiom=� All passengers are on trains of the rail net �=8 rs:RS, ps:PS �ps 2 rng obs RS PP(rs) ) obs PS Tn(ps) 2 dom trns(rs)Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 51Other axioms could be included as well. For instance, in a tra�c it should not be possible forpassengers to jump from one train to another.A passenger history gives the state of a passenger at any point in time where the passenger isin the rail net.typePH = T !m PSvalue=� Find the passenger history of a passenger in given tra�c �=TF PH: TF � Pn ! PHTF PH(tf,pn) �[ t 7! TF PS(tf,t,pn) j t:T � pn 2 TF Pns(tf,t) ]| Laws of Passengers1. Law of :2. Law of :3. Law of :4. Law of :
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52 The Domain Model4.2.8 Resources & AllocationsThe railway system resources, in addition to the rail net, consists of the rolling stock, the wag-ons waiting for or under maintenance, and the wagons in actual use. The rolling stock containsinformation about, among other things, the available wagons and the units on which they arelocated.It is possible to extract information about the type of the each wagon in the rail net. The typeof a wagon could be locomotive, passenger car, etc. This information is needed in rolling stockwhen composing train bodies consisting of wagons of certain types.| Rolling StocktypeRollingStock;Wtypevalue=� Observer functions �=obs Wagons : RollingStock ! W-set;=� obs Units from Wagon and obs Train from Wagon are partial �==� since they are unde�ned if the wagon doesn't exist in RollingStock �=obs Units from Wagon : RollingStock � W �! U�;obs Train from Wagon : RollingStock � W �! TB;obs RollingStock from Net : N ! RollingStock;obs Wtype : W ! Wtype;During our work with the speci�cation of plans for composing a certain train body from therolling stock, we found that we needed a bag-type. Instead of specifying a speci�c bag for ourpurpose, we decided to make the bag speci�cation parameterized. By doing so we will be ableto use the speci�cation for other purposes if necessary.In the following we give the general speci�cation of bags.scheme BAG(E : class type Elem end) =classtypebag = E:Elem !m NatReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 53value=� A list is converted to a bag �=List to Bag0 : E:Elem� ! bag ! bagList to Bag0(elist)(bag) �case elist ofhi ! bag;hei b list !List to Bag0(list)(if e 2 dom bag thenbag y [ e 7! bag(e) + 1 ]elsebag y [ e 7! 1 ]end)end;List to Bag : E:Elem� ! bagList to Bag(elist) �List to Bag0(elist)([ ])endWe use the bag speci�cation to specify test functions. These test if a certain train body can becomposed by the wagons in the rolling stock. As a special case, we also test if the desired trainbody already exists as a train body somewhere in the rolling stock.object WTYPE: class type Elem = Wtype endobject WTYPE BAG: BAG(WTYPE)value=� Test if a certain train can be composed �=Train Exists : N � Wtype� ! BoolTrain Exists(n; wtypelist) �letr = obs RollingStock from Net(n);rs ws = obs Wagons(r);rs ls = Convert(rs ws);rs wtypebag = WTYPE BAG:List to Bag(rs ls);wtypebag = WTYPE BAG:List to Bag(wtypelist)in 8 wtype : Wtype �wtype 2 dom wtypebag )Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



54 The Domain Modelwtype 2 dom rs wtypebag ^ (wtypebag(wtype) � rs wtypebag(wtype))end;=� Converts a W-set to a Wtype-list. Needed to convert a W-set to a Wtype-bag �=Convert: W-set ! Wtype�Convert(ws) as wtypelistpostcard ws = len wtypelist ^(8 w:W � w 2 ws � obs Wtype(w) 2 elems wtypelist);=� Test if a certain train already exists in RollingStock �=Train Already Exists : N � Wtype� ! BoolWe also need to be able to compose train bodies. In order to do so, we need to know wherewagons of a certain type are located. We also need to be able to �nd the locations of a certaintrain body if such exists.value=� The locations of wagons of a certain type �=Wagons Locations : N � Wtype ! (U�)-setWagons Locations(n; wtype) �f u j u : U� �let r = obs RollingStock from Net(n); rs ws = obs Wagons(r)in 8 w : W � w 2 rs ws ^ u = obs Units from Wagon(r;w)^ obs Wtype(w) = wtypeendg;=� The locations of an entire trainbody of a certain type �=Trainbody Location : N � Wtype� ! (U�)-set;=� The locations of a trainbody of a certain type �=Train Location : N � Wtype� ! ((U�)�)-setaxiom8 n : N; wtypelist : Wtype� �Train Already Exists(n; wtypelist) ) Train Exists(n; wtypelist);8 n : N; wtypelist : Wtype� �Train Already Exists(n; wtypelist) � (Trainbody Location(n; wtypelist) 6= fg);8 n : N; wtypelist : Wtype� �Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 55Train Exists(n; wtypelist) � (Train Location(n; wtypelist) 6= fg)It is now possible to extract enough information from the rolling stock to make plans for com-posing a certain train body. A plan contains information about how to compose a certain trainbody which is needed at a speci�c place. The place is given as a unit on which either the wholetrain body or the front of the train body (if the train body is longer than the unit) is to belocated after executing the plan. From a plan it is possible to extract information about whichwagons the train body is to be composed of and where they are located.typePlan;PlanIdvalue=� Observer functions �=obs destinationUnit from Plan : Plan ! U;obs Wagons from Plan : Plan ! (W !m U�);=� Make plan for composing train �==� The function is partial; there might not exist a Plan for Wtype-list �=Plan for Composing Train : N � Wtype� � U �! PlanOften, it is possible to make several plans for a certain train body. In practice one often wantto choose the plan which is considered best wrt. some criteria, e.g. cost, environmental issues,time, distance etc. In the following we have chosen to model this by a predicate Better Planwhich tests if one plan is better than another. We do not give any speci�cation of what makesone plan better than another.value=� A plan is better than another �=Better Plan : N � Plan � Plan ! Bool;=� The set of best plans: A plan is in this set if no plan is better than it �=Make Set of Good Plans : N � Wtype� � U ! Plan-setMake Set of Good Plans(n; wtypelist; unit) �f p j p : Plan �p = Plan for Composing Train(n; wtypelist; unit) ^(8 p0 : Plan � p0 = Plan for Composing Train(n; wtypelist; unit)Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



56 The Domain Model� �Better Plan(n; p0; p))g;=� Choose one of the best plans �=Best Plan : N � Wtype� � U ! PlanBest Plan(n; wtypelist; unit) as planpost plan = Make Set of Good Plans(n; wtypelist; unit)axiom=� Better Plan �=8 n : N; p; p0; p00 : Plan �� Better Plan(n; p; p) ^(Better Plan(n; p; p0) ) � Better Plan(n; p0; p)) ^((Better Plan(n; p; p0) ^ Better Plan(n; p0; p00)) ) Better Plan(n; p; p00))We could also model some predicates which test whether a plan is better than another plan e.g.wrt. cost, distance or time:valueBetter Plan wrt Cost : N � Plan � Plan ! Bool;Better Plan wrt Distance : N � Plan � Plan ! Bool;Better Plan wrt Time : N � Plan � Plan ! BoolAfter deciding which plan to use, we want to register this plan. This can be done by insertingit in the plan for the rolling stock. This plan, called rsPlan, contains information about all thechosen plans.We also have to consider what to do with the wagons in the inserted plan. For example, whatif we make a plan for composing another train body and that plan uses some of the wagons inthe inserted plan. This would result in a conict.We have chosen to resolve this by having a reservoir which contains information about the wag-ons already committed to a plan. Whenever a plan is inserted in rsPlan, the wagons committedto that plan is removed from the wagon pool in the rolling stock and inserted in the reservoir.When a plan is executed, it is removed from the rsPlan.typersPlan;ReservoirReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 57value=� Observer functions �=obs rsPlan : RollingStock ! rsPlan;=� obs Plan from rsPlan is partial since PlanId might not exist in rsPlan �=obs Plan from rsPlan : rsPlan � PlanId �! Plan;obs PlanId from rsPlan : rsPlan ! PlanId-set;obs Reservoir from Net : N ! Reservoir;obs Wagons from Reservoir : Reservoir ! W-set;=� When a Plan is inserted in rsPlan, the wagons in the Plan is moved to Reservoir �=Insert Plan : N � Plan �! N � PlanIdInsert Plan(n;p) as (n0;pid0)postletwm = obs Wagons from Plan(p);ws = dom wm;r = obs RollingStock from Net(n0);rs ws = obs Wagons(r);res = obs Reservoir from Net(n0);res ws = obs Wagons from Reservoir(res);rsplan = obs rsPlan(r)in �(ws � rs ws) ^ (ws � res ws) ^obs Plan from rsPlan(rsplan; pid0) = pendpre Test Plan(n;p);=� When a Plan is cancelled, it's removed from rsPlan �=Cancel Plan: N � PlanId �! NCancel Plan(n;pid) as n0postletr = obs RollingStock from Net(n);rsplan = obs rsPlan(r);r0 = obs RollingStock from Net(n0);rsplan0 = obs rsPlan(r0)in � ( 9 pid0 : PlanId �obs Plan from rsPlan(rsplan0; pid0) = obs Plan from rsPlan(rsplan;pid))endpre pid 2 obs PlanId from rsPlan(obs rsPlan(obs RollingStock from Net(n)));Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



58 The Domain Model=� Test if a Plan is legal. A Plan is legal wrt. rsPlan �==� if it doesn't conict with the Plans in rsPlan �=Test Plan : N � Plan ! Bool;=� Merge two plans �=Merge Plans : N � PlanId � PlanId ! N � PlanId;=� A Plan is removed from rsPlan when it is executed �=ExecWhen the wagons in a train are no longer used, the wagons are tranferred to the wagon poolin the rolling stock. This happens e.g. when a train reaches its destination and is "unloaded",whether it is a passenger or freight train.=� A wagon is inserted in RollingStock �=Insert Wagon: N � W � U� �! NInsert Wagon(n;w;ulist) as n0postlet r = obs RollingStock from Net(n0)in w 2 obs Wagons(r) ^ ulist = obs Units from Wagon(r;w)endpre w 62 obs Wagons(obs RollingStock from Net(n))| Laws of Resources & AllocationLaws of resources & allocation could be:1. Law of Best Plan:In any time interval, starting when a plan for a certain train body is executed, such thatno wagons are inserted in the rolling stock during the interval, any plan for composing thesame train body cannot be better than that plan.2. Law of Preservation:In any time interval such that no wagons are inserted or removed from the rolling stockor the reservoir (e.g. when plan is executed), the sum of wagons in the rolling stock andthe reservoir is constant.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 594.2.9 Customer Services1. Passenger Ticketing:Any passenger or an agent acting on behalf of any group of one or more passengers mayinquire about, reserve, cancel, re-book and actually buy tickets for simple or compositejournies on scheduled trains.In the domain model, however, we only speak about the booking and occupancy status ofpassenger trains.Requirements, see section 5, will detail speci�c functionalities.More to be written2. Client Freighting:In the domain model we similarly only speak about the booking and occupancy statusof freight trains. We have chosen to model the stake holder perspective as seen from thecustomers. That is, we concentrate on the activities which is needed to ful�l the customersneeds and wishes.In the following we refer to the system which handles the booking etc. as Freight Handling.typeFTn = Tn;Freight;FreightId;FreightSc;FreightInfo;FreightSystem;FreightISI = FreightId � FreightSc � FreightInfovalue=� Observer functions �=obs FreightId : FreightSystem! FreightId-set;=� obs Freight, obs FreightInfo and obs Schedule are partial �==� since the FreightId might not exist in the FreightSystem �=obs Freight : FreightSystem � FreightId �! Freight;obs FreightInfo : FreightSystem � FreightId �! FreightInfo;obs Schedule : FreightSystem � FreightId �! FreightSc;obs FreightSystem from Net : N ! FreightSystemReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



60 The Domain Modelaxiom=� For each FreightId in a FreightSystem exists exactly one Freight and one FreightSc �=8 f:FreightSystem; �d; �d0 : FreightId �f�d;�d0g � obs FreightId(f) )�d = �d0 �letfreight = obs Freight(f;�d);freight0 = obs Freight(f;�d0);�nfo = obs FreightInfo(f;�d);�nfo0 = obs FreightInfo(f;�d0);fsc = obs Schedule(f;�d);fsc0 = obs Schedule(f;�d0)in freight = freight0 ^�nfo = �nfo0 ^fsc = fsc0endIn the following we model the functions which directly reect the communication with thecustomers. This involves checking if freight is delivered at the station or if it has reachedits destination. The customers can request price etc. for a piece of freight, con�rm arequest if this is possible, and reserve a place for a piece of freight.value=� Test if Freight is delivered. False if FreightId doesn't exist in FreightSystem �=Is Delivered : N � FreightId ! Bool;=� Test if Freight is at destination. False if FreightId doesn't exist in FreightSystem �=At Destination : N � FreightId ! Bool;=� Deliver freight �=Deliver Freight : N � FreightId �! N;=� Receive freight �=Receive Freight : N � FreightId �! N;=� Freight request - Do not make a reservation �=Request : N � TT � Sn � Sn � T � Freight ! FreightISI;=� Con�rm (reserve) a request if possible �=Con�rm : N � FreightISI ! N � Bool;=� Freight reservation �=Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 61Reservation : N � TT � Sn � Sn � T � Freight ! N � FreightISI;=� Cancel reservation. �=Cancel : N � FreightId �! Naxiom=� Deliver �=8 n : N; �d : FreightId �Deliver Freight(n; �d) as n0post Is Delivered(n0; �d)pre �d 2 obs FreightId(obs FreightSystem from Net(n));=� Receive �=8 n : N; �d : FreightId �Receive Freight(n; �d) as n0post �d 62 obs FreightId(obs FreightSystem from Net(n0))pre�d 2 obs FreightId(obs FreightSystem from Net(n)) ^At Destination(n; �d);=� Request �=8 n : N; tt : TT; sn1; sn2 : Sn; t : T; freight : Freight �Request(n; tt; sn1; sn2;t;freight) as (�d0; fsc0; �nfo0)post �d0 62 obs FreightId(obs FreightSystem from Net(n));=� Con�rm Request �=8 n : N; �d : FreightId; fsc : FreightSc; �nfo : FreightInfo �Con�rm(n; (�d; fsc; �nfo)) as (n0; b0)post b0 =(obs Schedule(obs FreightSystem from Net(n0); �d) = fsc) ^(obs FreightInfo(obs FreightSystem from Net(n0); �d) = �nfo);=� Make reservation �=8 n : N; tt : TT; sn1; sn2 : Sn; t : T; freight : Freight �Reservation(n; tt; sn1; sn2; t; freight) as (n0; (�d0; fsc0; �nfo0))post freight = obs Freight(obs FreightSystem from Net(n0); �d0);=� Cancel reservation �=8 n : N; �d : FreightId �Cancel(n; �d) as n0post �d 62 obs FreightId(obs FreightSystem from Net(n0))pre �d 2 obs FreightId(obs FreightSystem from Net(n))Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



62 The Domain ModelFrom the FreightSystem we can now extract information about the pieces of freight. Thisinformation is needed to decide which wagons are needed to ful�l the agreement with thecustomers.value=� Find which wagons are needed for the freight �=GetTrain : N ! Wtype�As a special treat, Freight Handling also o�ers the customers the ability to trace theirfreight. The customers can request where the freight is at any time and will either get astation name or a train name and the location of that train.typeFreightTra�c;Location;Place;Posvalue=� Observer functions �=obs FreightSet : FreightTra�c ! FreightId-set;=� obs Location is partial since we might not know the location of a certain freight, e.g. if it is lost �=obs Location : FreightTra�c � T � FreightId �! Location;obs FreightTra�c from Net : N ! FreightTra�c;=� Test if Place is a Station Name �=Is Sn : Place ! Bool;=� Test if Place is a Freight Train Name and a Position �=Is FTnPos : Place ! Bool;=� Test if Location is a Station Name �=Is Sn : Location ! Bool;=� Test if Location is a Train Name �=Is FTn : Location ! Bool;Can obs Location : FreightTra�c � T � FreightId ! Bool;=� Freight Tracing �=Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 63Freight Trace : N � TF � T � FreightId �! Placeaxiom=� A Place is either a Station Name or a Freight Train Name and a Position �=8 place : Place �� (Is Sn(place) ^ Is FTnPos(place));=� A Location is either a Station Name or a Freight Train Name �=8 location : Location �� (Is Sn(location) ^ Is FTn(location));=� Freight Tracing �=8 n : N; tf : TF; time : T; �d : FreightId �Freight Trace(n; tf; time; �d) as placepostlet loc = obs Location(obs FreightTra�c from Net(n); time; �d)in if Is Sn(loc) then Is Sn(place) elsif Is FTn(loc) then Is FTnPos(place) endendpreCan obs Location(obs FreightTra�c from Net(n);time;�d)| Scheduling of FreightWe do not model the scheduling of freight here but only speculate on some of the issues.For example, if the freight is ammable or radioactive, the schedule shouldn't take itthrough residental areas. We could model this by predicates which test freight wrt. somegiven criteria. The predicates could then be used to decide on the best schedule but this isleft to the Freight Tra�c and Train Management which is in charge of making schedules.| Lost & FoundIt may happen that freight is lost while in transit from one place to another, e.g. a wagonmight accidently get separated from a train. Freight might also reappear, e.g. when we�nd any freight that was lost earlier.We can model this by using the following functions:typeFreights;FTvalueReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



64 The Domain Modelobs Freights from Train: FT ! Freights;Load Freights: FT � Freights ! FT;=� Merge takes two Freights and combines them �=Merge: Freights � Freights ! FreightsFreights is a type containing pieces of freight. FT is a type representing a freight train.We now have to consider three cases:(a) No freight is lost : In this case all the freight loaded on the freight train can beobserved from the train.Formally, this can be formulated as:axiom8 ft : FT; frs; frs0 : Freights �let frs0 = obs Freights from Train(ft) inobs Freights from Train(Load Freights(ft;frs)) = merge(frs;frs0)end(b) Freight is lost : In this case we cannot observe all the freight which were loaded onthe train.Formally, this can be formulated as:axiom8 ft : FT; frs; frs0 : Freights �let frs0 = obs Freights from Train(ft) inobs Freights from Train(Load Freights(ft;frs)) � merge(frs;frs0)end(c) Freight is found: In this case we can observe more freight on the train than thefreight we actually loaded on the train.Formally, this can be formulated as:axiom8 ft : FT; frs; frs0 : Freights �let frs0 = obs Freights from Train(ft) inobs Freights from Train(Load Freights(ft;frs)) � merge(frs;frs0)endWhen freight is lost, we want to be able to store information about it, its FreightInfo andFreightSc, etc. We also need to be able to check if freight is lost etc.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



The Domain Model 65In the following we assume that we can obtain FreightId on freight found. We use this toremove the recovered freight from LostFreight.Formally, this can be formulated as:typeLostFreightvalue=� Observer function �=obs LostFreight: FreightSystem! LostFreight;obs Freight from LostFreight: LostFreight ! FreightId-set;=� obs FreightInfo from LostFreight and obs FreightSc from LostFreight �==� are partial since FreightId might not exist in LostFreight �=obs FreightInfo from LostFreight: LostFreight � FreightId �! FreightInfo;obs FreightSc from LostFreight: LostFreight � FreightId �! FreightSc;Is Freight Lost: N � FreightId ! BoolIs Freight Lost(n;�d) �letfs = obs FreightSystem from Net(n);lf = obs LostFreight(fs);lost�d = obs Freight from LostFreight(lf)in �d 2 lost�dend;Insert LostFreight: N � FreightId �! NInsert LostFreight(n;�d) as n0postletfs = obs FreightSystem from Net(n0);lf = obs LostFreight(fs);lost�d = obs Freight from LostFreight(lf)in �d 2 lost�dendpre �Is Freight Lost(n;�d);Remove Freight: N � FreightId �! NRemove Freight(n;�d) as n0postletfs = obs FreightSystem from Net(n0);lf = obs LostFreight(fs);lost�d = obs Freight from LostFreight(lf)in �d 62 lost�dReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



66 The Domain Modelendpre Is Freight Lost(n;�d)| Laws of Freight CustomersA law of Freight Customers could be:(a) Law of Preservation:In any timeinterval such that no freight is delivered or received, the sum of traceablefreight and lost freight is constant.
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The Domain Model 674.2.10 Station and Line ManagementStation management consists of:1. Train Dispatch consists of the monitoring and control of train tra�c according to schedules.This usually involves the opening and closing of station routes, reschedulings if required,etc.Train dispatch involves route planning and signalling: i.e. the setting of unit states.Train dispatch also involves determination of train positions.2. Shunting and Marshalling: Given description of the status (whereabouts, availability, etc.)of rolling stock, including train bodies waiting to be decomposed, and given description oftrain bodies to be composed, shunting and marshalling implies both the planning for andthe execution of plans of shunting and marshalling.Shunting and marshalling involves route planning and signalling: i.e. the setting of unitstates.Shunting and marshalling also involves determination of train body, car and wagon posi-tions.3. Passenger & Freighter Information: Real-time dissemination of the time and other statusof all incoming, arrived or departed trains, whether passenger or freight trains, and if thelatter, what freight has been received or passed on, and then to where.4. Other Resource Allocation & Scheduling:Sta�, monies, and auxiliary resources need also be managed.Among auxiliary resources we count: car and wagon cleaning etc.; car and wagon mainte-nance and repair equipment; freight loading & unloading trucks; etc.Their physical and temporal availability, i.e. allocation and scheduling, subject to variousrules and regulations, is part of station management.5. Line Management: Lines may be blocked into several open routes (properly separated byclosed routes). The planning and actual setting (i.e. signalling) of corresponding unitstates is an essential function of line management.Line management also involves determination of train positions.More to be writtenReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



68 The Domain Model| Laws of Management To be written1. Law of :2. Law of :3. Law of :4. Law of :
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Requirements 695 RequirementsAgain, as for the railway application domain theory we paraphrase the requirements as originallygiven, see section 3.2.5.1 SynopsisA computerised system shall be developed for the monitoring and control of train tra�c ac-cording and schedules as the latter are determined by the rail net and timetables. Schedulinginvolves choosing routes. The system shall be safety critical (no train crashes), shall a�ordpunctual tra�c (trains arrive and depart according to timetables), and comfortable (no abruptchanges in train speed, reasonable station stop intervals, reasonable train speeds, etc.).We divide the requirements into a number of co-ordinated requirements:1. Rail Net DevelopmentA software package is required which supports railway system planners division in designingchanges to the rail net.2. Train DispatchA software package is required which supports station cabin men in the monitoring of trainsarriving at a station as well as in the dispatch of trains from that station. The softwarepackages shall support the eventual rescheduling of tra�c and timetables in case of certaindelays.This software package is di�erent from the next one in that it primarily works with timeta-bles and schedules, the latter in the form of running maps.3. SignallingA software package is required which supports station cabin men in the setting of junctions(routes), blocking of lines (hence setting of line signals), and setting of station signals.4. Train ControlA software package is required which supports train engine men (the drivers) in the auto-matic to semi-automatic running of passenger and freight trains from station to station.This particular software packages seems to be the one most directly aimed at in the Coor-dination'97 Railway System Workshop Case Study.5. Rolling Stock Monitoring & ControlA software package is required which supports train planners in the monitoring of thewhereabouts of all rolling stock: those cars and wagons which are part of scheduled trains,or of train bodies in marshalling yards, or are otherwise `parked' on sidings anywhere onReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



70 Requirementsthe rail net. The package shall also support the choice of cars and wagons to be composedinto new train bodies and trains.This software package is di�erent from , but is expected to interface to the next one:6. Shunting & MarshallingA software package is required which supports train planners in the actual, physical shuntingand marshalling of train bodies into new train bodies as per speci�cations emanating fromthe previous (the rolling stock monitoring & control) software package.7. Passenger Reservation & TicketingA software package is required which supports ticket reservation and ticketing sta� in han-dling passenger inquiries, requests for train tickets, and in the actual station platform andon board train control of tickets.8. Freight HandlingA software package is required which supports freight reservation and handling sta� inhandling customer inquiries, requests for freight space, and in the actual station handling,including tracing of freight.
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Requirements 715.2 Example Requirements NarrativesMany di�erent computing systems could be constructed to support the running and schedulingof rail net systems. In this section we will give examples and outlines of the requirements forsuch systems.5.2.1 Scheduling SystemsThe scheduling of the rail net and tra�c on the net will be done by four systems: The RailNet Development System, The Train Dispatch System, The Signalling System and The TrainControl System. Before describing these individual systems, we will in this section examine thegeneral properties of this kind of scheduling systems.| Communication between systemsThe Rail Net Development System takes care of the rail net scheduling. That is for instanceinsertion or removal of lines and stations.The Train Dispatch System handles scheduling of train tra�c. This includes the arrival anddeparture of trains from stations and may also include information on which lines to use whentravelling between stations. To do this kind of scheduling, information from the Rail Net De-velopment System will be needed. For instance future changes to the rail net may be of concernwhen planning train tra�c.The Signalling System schedules the setting of station routes, including setting of light signalsand switch points. The Signalling system will need information on scheduled train arrivals anddepartures. This information comes from the Train Dispatch System.The Train Control System handles the actual control of trains on the net. To do this, schedulesfrom the earlier mentioned systems must be known.The connection between systems can be done by communicating scheduling plans from onesystem to another. For instance, the Rail Net Development System produces a Rail DevelopmentPlan, rndPlan, describing the scheduled history of the rail net. This plan will be passed tothe Train Dispatch System. This system will need the Development Plan, for instance whenrescheduling of train tra�c is needed. The rescheduling process will construct a new plan, theTrain Dispatch Plan, tdP lan. This plan describes all decisions made by the Train DispatchSystem as well as by the Rail Net Development System. This will be passed to the SignallingSystem. This system constructs the Signalling Plan, sigP lan, which is passed to the TrainControl System.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



72 Requirements
Rail Net Development

rndPlan
Train Dispatch

tdPlan
Signalling

sigPlan
Train ControlFigure 9: System ConnectionsFor any plan, it is possible to �nd the schedule containing exactly those tra�cs that are allowedby the plan.typerndPlan, tdPlan, sigPlanvaluerndPlan SC: rnd Plan ! SC,tdPlan SC: rdPlan ! SC,sigPlan SC: sigPlan ! SCNote that any tra�c allowed by the Train Dispatch Plan should always be allowed by the RailNet Development Plan. That is, the Train Dispatch System must not make plans that allowtra�cs which the Rail Net Development System has excluded. This means that the schedule ofthe Train Dispatch Plan will always be a subset of the schedule of the Rail Net DevelopmentPlan. For the same reasons, the schedule of the Signalling Plan must always be a subset of theschedule of the Train Dispatch Plan.

rndSC
tdSC

sigSCFigure 10: Schedules of the Rail Net Development Plans, Train Dispatch Plans and SignallingPlans| Distributed SchedulingThe communication described assumes that there is only one instance of each system. Thismay not be the case however. For instance, one will usually have a number of Train DispatchCentres, each handling train scheduling in a speci�c area of the rail net. Each of the centres willhave their own Train Dispatch System.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 73Likewise, there will usually be a Signalling System at each station of the rail net, and a TrainControl System on each train.This distribution of scheduling gives rise to some problems, concerning communication betweenthe systems. It will be necessary to make clear which systems are in charge of which areas, andwhat information is needed by the systems for the scheduling task.| Control AreasAny system that takes part in the scheduling controls a given area. For instance, a TrainDispatch Centre will control the overall tra�c of trains within a speci�c area of the rail network,a Signalling System may control the routing and setting of signals within a particular stationand a Train Control System may control the setting of speed and acceleration for a speci�c train.The area of control for a given system can be described as a binary relation between tra�cs.This relation indicates for any pair of tra�cs if these tra�cs are equal within the area controlled.That is, the projections of the tra�cs onto the controlled area are equal. For instance, for asignalling system, the setting of a signal located at another station would be outside the controlarea of the system. Two tra�cs, which are equal, except for the state of this signal, would havethe same projection onto the control area of this signalling system.type=� Control Area �=CA = TF � TF ! Boolaxiom8 ca:CA, tf,tf0,tf00:TF �[ reexive ] ca(tf,tf) ^[ symmetric ] ca(tf,tf0) ) ca(tf0,tf) ^[ transitive ] (ca(tf,tf0) ^ ca(tf0,tf00)) ) ca(tf,tf00)A projection onto a control area can be described by the sets of tra�cs having that projection.From a control area it is possible to �nd all projections of that area.type=� Projection �=Proj = TF-setvalueCA Projs: CA ! Proj-setCA Projs(ca) � f TF Proj(ca,tf) j tf:TF g,TF Proj: CA � TF ! ProjTF Proj(ca,tf) � f tf0 j tf0:TF � ca(tf,tf0) gReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



74 RequirementsNote that the projections of any control area are disjoint.| Scheduling SystemsA scheduling system receives from a main scheduling system a plan, inP lan. For instance,a Train Dispatch System receives a Rail Net Development Plan from a Rail Net DevelopmentSystem. The plan, inP lan, describes the decisions made on the tra�cs by the main system. FrominP lan, the scheduling system must construct another plan, outP lan, for the sub schedulingsystems. For instance, a Train Dispatch System makes a Train Dispatch Plan for its SignallingSystems.The semantics, inSC and outSC, of the received and generated plans can be found.
inPlan

inSC

outPlan

outSCFigure 11: Scheduling Plans and their semanticsNot any plan can be created by a system. For instance, the train dispatch centre generates aplan to be used by a signalling system. This plan contains information on how to run the traintra�c. This may include information on tra�c within as well as outside the station controlledby the signalling system. The plan generated by the signalling system should contain not onlythe decisions made by the signalling system, but also the overall schedule information from thedispatch centre. Note that the signalling system can never make decisions of parts of tra�cswhich are outside its control area.
System

inPlan outPlanFigure 12: A Scheduling SystemTherefore, any scheduling system must choose a set of projections. The plan generated by thesystem must now describe which projections were selected as well as the information containedin the received plan. The schedule of the generated plan will be the intersection of the scheduleof the received plan and the set of all tra�cs of the selected projections.typeReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 75=� Scheduling System �=Sysvalue=� Semantics of the received plan �=Sys inSC: Sys ! SC,=� Semantics of the generated plan �=Sys outSC: Sys ! SC,=� Control area of the system �=Sys CA: Sys ! CA,=� All schedules that adhere to the received plan of a system �=Sys plannedSCs: Sys ! SC-setSys plannedSCs(s) � CA plannedSCs(Sys CA(s),Sys inSC(s)),=� All schedules that adhere to a received plan, given a controlarea �=CA plannedSCs: CA � SC ! SC-setCA plannedSCs(ca,mainsc) �f mainsc \ Projs TFs(ps) j ps:Proj-set �ps � CA Projs(ca) g n f empty SC g,=� All tra�cs in a set of projections �=Projs TFs: Proj-set ! TF-setProjs TFs(ps) �f tf j tf:TF � 9 p:Proj � p 2 ps ^ tf 2 p g,=� The empty schedule �=empty SC : SC = fgThe system should only generate plans that have allowed schedules. This could be formulatedas a requirement for scheduling systems:value=� The generated plan of a system adheres to the received plan �=Sys planned outSC: Sys ! BoolSys planned outSC(s) � Sys outSC(s) 2 Sys plannedSCs(s)| DistributorsFor the distribution of information between scheduling systems, a special kind of system will beneeded. These systems will be called Distributors. Any scheduling system has got a distributor,that handles the distribution of the generated plan to a number of subsystems.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



76 Requirements
Distributor

Plan

Plan1

Plan2

Plan_nFigure 13: The Distributortype=� Distributor �=Distvalue=� The distributor of a system �=Sys Dist: Sys ! Dist,=� The semantics of plans to be sent to the subsystems �=Dist SysSCs: Dist ! (Sys !m SC),=� The semantics of the received plan �=Dist inSC: Dist ! SCaxiom8 s:Sys � Dist inSC(Sys Dist(s)) = Sys outSC(s)Note that the schedules of the plans distributed may not be identical. For instance a signallingsystem may not need much information about the other stations on the net. That is, eachsignalling system will receive only information about its own station.It is possible to �nd the control area for a system and all its subsystems. For instance, asignalling system that sends information to a number of train control systems will have a totalcontrol area that includes the trains and the setting of routes and signals within the station.value=� Find the total control area for a system and all its subsystems �=Sys TotalCA: Sys ! CASys TotalCA(s) �CA combine(f Sys CA(s) g [f Sys TotalCA(s0) j s0:Sys � s0 2 dom Dist SysSCs(Sys Dist(s)) g),=� Combine a set of control areas �=CA combine: CA-set ! CAReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 77CA combine(cas) as capost 8 tf,tf0:TF � ca(tf,tf0) = 8 ca0:CA � ca0 2 cas ) ca0(tf,tf0)The distribution of plans can be done in many di�erent ways. Usually the subsystems wouldwant as much information on the scheduling of their own control area as possible, but wouldnot need much information on other control areas.
System Distributor System

System

System

Plan’Plan

Plan1

Plan2

Plan3

Plan1’

Plan2’

Plan3’Figure 14: The scheduling hierarchyNot any distribution should be allowed. The distributor must always make sure that no matterwhat schedules are chosen by the subsystems, their intersection is non-empty and is a subset ofthe schedule of the received plan.value=� Allowed total schedules for a system and all its subsystems �=possible TotalSC: Sys � SC ! SC-setpossible TotalSC(s,mainsc) � CA allowed SCs(Sys TotalCA(s),mainsc),=� Possible intersections of generated subsystem schedules, giventhe schedules distributed �=inter SubSCs: (Sys !m SC) ! SC-setinter SubSCs(sm) �f SCs inter(rng sm0) j sm0:Sys !m SC �dom sm = dom sm0 ^8 s:Sys � s 2 dom sm ) sm0(s) 2 possible TotalSC(s,sm(s))g,=� Intersection of a set of schedules �=SCs inter: SC-set ! SCSCs inter(scs) �f tf j tf:TF � 9 sc:SC � sc 2 scs ^ tf 2 sc gaxiom=� Intersections of schedules generated by subsystems are non�emptyand are subsets of the main schedule �=8 d:Dist, sc:SC �Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



78 Requirementssc 2 inter SubSCs(Dist SysSCs(d)) )(sc6=empty SC ^ sc � Dist inSC(d))| A scheduling exampleAn example of a simple scheduling task may help understanding how the distributed schedulingworks.A simple scheduling task could be selection of a speci�c point in two dimensions.typePoint :: x:Real y:RealSC = Point-setHere, a schedule is a set of points, containing exactly those points which adhere to the schedule.The problem of selecting points may be distributed. One system may take care of choosing thex-coordinate while another chooses the y-coordinate.
Distributor

X system

Y system

sc

scx

scyFigure 15: Scheduling exampleThe control areas of each system must be de�ned.valuesysx,sysy : Syscax: Point � Point ! Boolcax(p,p0) � x(p) = x(p0)cay: Point � Point ! Boolcay(p,p0) � y(p) = y(p0)axiomSys TotalCA(sysx) � cax,Sys TotalCA(sysy) � cayReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 79The task may for instance be to select a point within an area limited by maximumand minimumvalues for x and y. The main schedule will be:valuemainsc : SC = f p j p:Point � min�x(p)�max ^ min�y(p)�max gThis schedule may be distributed. For instance the following distribution could be made:valuescx : SC = f p j p:Point � min�x(p)�max gscy : SC = f p j p:Point � min�y(p)�max gIt can be proved that the distributor axioms hold. Slightly changed, this can be expressed as:8 sc:SC �sc 2 f sx \ sy j sx,sy:SC �sx 2 ffp j p:Point � x(p) = xsg j xs:Real-set � ok set(xs)g ^sy 2 ffp j p:Point � y(p) = ysg j ys:Real-set � ok set(ys)gg ) (sc 6= fg ^ sc � mainsc)where ok set is de�ned as:valueok set: Real-set ! Boolok set(rs) � rs6=fg ^ 8 r:Real � r 2 rs ) min�r�maxThis can be simpli�ed as:8 sc:SC �(9 xs,ys:Real-set � ok set(xs) ^ ok set(ys) ^sc = fp j p:Point � (x(p),y(p))=(xs,ys) g) )(sc 6= fg ^ sc � mainsc)Which can be seen to hold.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



80 Requirements| Possible tra�csWhen a scheduling system decides on a plan, the information from the received plan is usuallynot enough. Information will also be needed on what is actually happening on the real rail net.Schedules should always be adjusted, so that it is possible for the tra�c on the real rail net tobe on schedule.The scheduling systems get information from sensors on the net and communication with theworkers, engine men, station men etc. on the rail net. The exact state of the rail net willprobably not be known to any scheduling system, but it is possible to describe a set of tra�csthat contain the real tra�c of the rail net. This set of possible tra�cs is a part of the state ofa scheduling system. The set is used when selecting schedules.valueSys posTFs: Sys ! TF-setSys posSCs: Sys ! SC-setSys posSCs(s) �f sc j sc:SC � �disruption(Sys posTFs(s),sc) gaxiom=� It must be possible for the real tra�c to be on schedule �=8 s:Sys � Sys outSC(s) 2 Sys posSCs(s)| Control area bordersAs described, a number of scheduling systems take part in the scheduling of tra�c. The networkmust be split into control areas for these systems. For instance, there will usually be a numberof train dispatch centres. Each centre takes care of a speci�c area of the network.Problems may arise when scheduling is done for areas which are on the border between twoscheduling systems. For instance, there will be areas on the border between two signallingcentres. In these areas, it should be clear which signalling centre manages which areas. That is,the control areas of the signalling centres should not intersect.An area may be needed between two such systems. When, for instance, a train travels from thecontrol of one signalling system to the control of another, it may be necessary to have an areabetween these systems, in which the train may adjust from one schedule to another. In thisarea, that movement of the train may only be limited by the restrictions made on the train fromthe two control areas. For instance, the train should leave one control area at a certain time,and enter the other at another point in time.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 81Inside the mentioned border areas, trains may for instance be under the control of a traindispatch centre, that handles both control areas. You could instead just have a simple staticplan describing how travel should occur when not inside the control area of any signalling centre.The same kind of problems may occur when splitting the network into control areas for the traindispatch centres.
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82 Requirements5.2.2 Requirements for Scheduling SystemsThere are several requirements that should hold for all scheduling systems. These include someof the main decisions on how to run the train tra�c. In this section, we will propose suchrequirements.| Schedule QualityWe postulate a function for comparing the quality of two schedules:valuebetter SC: SC � SC � Sys ! Boolaxiom8 sc,sc0,sc00:SC, s:Sys ��better SC(sc,sc,s) ^better SC(sc,sc0,s) ) �better SC(sc0,sc,s) ^(better SC(sc,sc0,s) ^ better SC(sc0,sc00,s)) ) better SC(sc,sc00,s)This function gives a (partial) ordering of schedules for any scheduling system. This orderingwill reect some of the main decisions made by the company running tra�c on the rail net.It may not be easy to specify the quality function. It depends on very many aspects, and insome cases it may actually change over time. That is, new decisions are made, prices on fuel,trains or tickets change and so on. We will here consider the function static, though.There are many criteria to be considered when running trains: Avoiding collisions, respectingtimetables, making journies comfortable, minimising fuel consumption etc. The priority betweenthese factors may not be easy to formalise. Avoiding train collisions will usually be moreimportant than making the journey comfortable. That is, if the train could avoid a collision byviolating the conditions for making the journey comfortable, this would be preferred. However,it may for instance not be easy to decide if fuel consumption or comfortable journies is moreimportant. This may depend very much on the exact situation as well as the general policy ofthe company running the trains. If this kind of decisions were to be made by the schedulingsystems, we would have to formalise the problem (and the decided requirements and priorities).A simple solution could be based on the decision that avoiding train collisions is always the mostimportant factor, then respecting timetables/plans and then all other qualities. These prioritieswill be used here.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 83| Train CollisionsAvoiding train collisions is considered a very important quality of a schedule. At least, we shouldsay that any schedule containing only tra�cs with collisions is worse than schedules that containtra�cs without collisions.valuebetter SC wrt collisions: SC � SC ! BoolSC collision: SC ! BoolSC collision(sc) � 8 tf:TF � tf 2 sc ) �TF no collisions(tf)axiom8 sc,sc0:SC �SC collision(sc) ^ �SC collision(sc0) ) better SC wrt collisions(sc,sc0)However, we cannot for sure say that one collision is better than two. This may depend on thenature of these collisions.We could also express quality relations between schedules that do not include collisions. Forinstance, being close to a collision is not desirable.| Quality wrt. PlansIn the last section, we said that a scheduling system must always select an allowed schedule.That is, it should always obey the rules of the received plan. Considering schedule quality, thismay not be a good decision however. For instance, avoiding train collisions should be regardedas more important than adhering to plans and timetables.We will decide, that an allowed plan is better than a not allowed plan. That is, if possible, weshould obey the rules of the incoming plan.valuebetter SC wrt plans: SC � SC � S ! Boolaxiom8 sc,sc0:SC, s:Sys �sc 2 Sys plannedSCs(s) ^ sc0 62 Sys plannedSCs(s) )better SC wrt plans(sc,sc0,s)Two schedules that are not allowed may also be compared. It would be preferred that suchschedules are \close to" an allowed schedule.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



84 Requirements| Comfortable JourniesOne would want train journies to be as comfortable as possible for the passengers. For instance,sudden breaks or accelerations should be avoided.valueTF acceptable Acc: TF ! BoolTF acceptable Acc(tf) � 8 t:T � RS acceptable Acc(tf(t)),RS acceptable Acc: RS ! BoolRS acceptable Acc(rs) �8 tn:Tn � tn 2 RS Tns(rs) )min Acc � obs TS Acc(RS TS(rs,tn)) � max Acc,min Acc, max Acc: RealHere, min Acc and max Acc are the minimum and maximum accelerations that should be usedfor trains. Another rule for making train journies comfortable could be the introduction of amaximum speed when passing curves.We postulate a quality relation between schedules wrt. the comfort of the journey.valuebetter SC wrt comfort: SC � SC ! Bool| Other QualitiesLots of other qualities could be expressed as well. We have now de�ned quality as a relation onschedules, depending on the scheduling system. This is probably not enough however. To reallydescribe the quality relation, a lot of other information would be needed. This may for instanceinclude political and economic considerations. We will not in these requirements include theseaspects.| PrioritiesAs mentioned earlier, we may postulate a priory between the di�erent kinds of qualities ofschedules. We may for instance use these priorities:Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 851. Avoiding train collisions2. Adhering to plans/timetables3. Making journies comfortableThis decision will e�ect the de�nition of the quality relations.axiom=� 1. Priority: Collisions �=8 sc,sc0:SC, s:Sys �better SC wrt collision(sc,sc0)) better SC(sc,sc0,s),=� 2. Priority: Plans �=8 sc,sc0:SC, s:Sys �(�better SC wrt collision(sc0,sc) ^better SC wrt plan(sc,sc0,s)) ) better SC(sc,sc0,s),=� 3. Priority: Comfort �=8 sc,sc0:SC, s:Sys �(�better SC wrt collision(sc0,sc) ^�better SC wrt plan(sc0,sc,s) ^better SC wrt comfort(sc,sc0)) ) better SC(sc,sc0,s)| Best SchedulesThe speci�ed partial ordering on schedules reect the management decisions to consider whenscheduling train tra�c. A requirement for scheduling systems could for instance be that fromthe possible and allowed schedules, a \best" schedule should always be selected by the system.Note that this requirement does not tell us exactly which schedule to select, as the qualityordering is only partial. That is, there may be several \best" schedules.value=� Find the set of best schedules for a system �=Sys bestSCs: Sys ! SC-setSys bestSCs(s) �let ps = Sys possibleselectedSCs(s) inf sc j sc:SC � sc 2 ps ^Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



86 Requirements�9 sc0:SC � sc0 2 ps n fscg ^ better SC(sc0,sc,s)gend=� The set of all schedules that may be selected by a system �=Sys possibleselectedSCs: Sys ! SC-setSys possibleselectedSCs(s) �Sys disruptionfreeSCs(s) \ Sys describableSCs(s),=� The set of all disruptionfree schedules �=Sys disruptionfreeSCs : Sys ! SC-setSys disruptionfreeSCs(s) �f sc j sc:SC � �disruption(Sys posTFs(s),sc) g,=� The set of all schedules that can be described by a generatedplan of a given system �=Sys describableSCs: Sys ! SC-setWe introduce the requirement, that a scheduling system must always choose a \best" schedule.axiom8 s:Sys � Sys outSC(s) 2 Sys bestSCs(s)In the following sections, we will describe the individual scheduling systems and their require-ments.
Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 875.2.3 Rail Net Development & MaintenanceWe describe the requirements for the computerised support for Rail Net Development & Mainte-nance.| SynopsisBy rail net development we mean the design, simulation, building and installation (or removal)of new (respectively old) station and line facilities. By maintenance we mean the temporarysuspension of rail units and their subsequent resumption.The Rail Net Development & Maintenance System shall allow the simultaneous development andmaintenance of an inde�nite number of rail net fragments. Included in this is the ability toexperiment with (i.e. simulate) various rail net design alternatives.| Rail Net SchedulingThe Rail Net Development & Maintenance System is a scheduling system. That is, all the axiomsstated for scheduling systems should hold for Rail Net Development Systems as well.typerndSys = fj s:Sys � is rndSys(s) jgvalueis rndSys: Sys ! BoolNote however, that the Rail Net Development & Maintenance System does not control the entirerail net system. The control area of a Rail Net Development System must only control thepossible rail nets and not the movement of trains on the net.type=� Net History �=NH = T ! Nvalueis rndCA: CA ! Boolis rndCA(ca) �8 tf,tf0:TF � TF proj NH(tf) = TF proj NH(tf0) ) ca(tf,tf0),TF proj NH: TF ! NHTF proj NH(tf) as nhReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



88 Requirementspost 8 t:T � nh(t) = TF N(tf,t)axiom8 s:Sys �is rndSys(s) ) is rndCA(Sys CA(s))| State Identi�cationWe speak of two kinds of states: the real state and the image state. The real state is that ofthe status of the real world components: the rail net, the timetables, the schedules, the tra�c,bookings, reservations, etc. The image state is an abstraction of the real state and may notnecessarily contain all the sub-components of the real state.System state identi�cation is an art! It is also a very important step in both domain analysisand in requirements capture.The Rail Net Development & Maintenance state should contain all state components of a schedul-ing system. Besides the task of scheduling, the Rail Net Development & Maintenance System mustalso support the simulation of rail net systems.The state of the Rail Net Development & Maintenance System shall therefore have a number ofcomponents:1. inPlan: The received scheduling plan:The scheduling plan describing general rules that should be obeyed by the scheduledtra�cs.2. outPlan: The plan generated by the Rail Net Development System:The plan for rail net developments. This includes the intended future changes to the railnet.3. simPlan: The plan for simulated rail nets:A virtual plan used for simulating and experimenting with the rail net and possible futurechanges to the net.4. TFs: The possible tra�cs:The existing, current possible tra�cs of the rail net. This part of the state will be updatedeach time information is received about the real rail net.typemainPlan, rndPlanReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 89valuerndSys inPlan: rndSys ! mainPlan,rndSys outPlan: rndSys ! rndPlan,rndSys simPlan: rndSys ! rndPlanAppropriate state invariants must be regularly checked by the Rail Net Development & Mainte-nance System.| Rail Net Development PlansA speci�cation of Rail Net Development Plans can be made. For instance the following descrip-tion could be used:typerndPlan = rndTFdesc-set,rndTFdesc = T !m Nvalue=� The semantics of a Rail Net Development Plan �=rndPlan SC: rndPlan ! SCrndPlan SC(rndplan) �f tf j tf:TF � 9 rndtf : rndTFdesc �rndtf 2 rndplan ^ TF sat rndTFdesc(tf,rndtf)g,=� A tra�c satis�es the conditions of a rndTFdesc �=TF sat rndTFdesc: TF � rndTFdesc ! BoolTF sat rndTFdesc(tf,rndtf) �8 t,t0:T �(t�t0 ^ t 2 dom rndtf ^�9 t00:T � t<t00�t ^ t00 2 dom rndtf) )TF N(tf,t0) = rndtf(t)| State Input and UpdateOnce the relevant state has been identi�ed | that is: that part of the real state which is `also' tobe represented [by the image state] inside the computer | the development questions arise: howto input that state, and how often (and how) to update it? When state components are inputand updated we need validate (`vet') that appropriate data has been obtained, and (veri�cation)that the data values obtained satisfy appropriate constraints.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



90 RequirementsThe Rail Net Development & Maintenance System assumes an initialisation and delineation sub-system whose purpose it is to record (express) any form of rail net: that is, the input, vettingand validation of data that su�ciently describes aspects of appropriate rail net, su�cient forthe purposes of Rail Net Development & Maintenance. The input rail nets may be that of thereal-time rail net, of any subset thereof, of rail nets that are new wrt. the real rail net, etc.The Rail Net Development & Maintenance System, as part of this, also assumes that the currentstate, that is the state for suitably chosen time points, of all recorded real rail net units properlyreects the physical state of these units.Functions can be made for updating the state. These functions may be used when observationsare made.value=� Update the possible tra�cs when observing a train route �=TFs update TR: TF-set � T � Tn � TR ! TF-setTFs update TR(tfs,t,tn,tr) �f tf j tf:TF � tf 2 tfs ^tn 2 TF Tns(tf,t) ^ TF TR(tf,tn,t) = trg,=� Update the possible tra�cs when observing the network �=TFs update N: TF-set � T � N ! TF-setTFs update N(tfs,t,n) �f tf j tf:TF � tf 2 tfs ^ TF N(tf,t) = n gMore to be written| State OutputSome parts of the information stated in the generated plan should be used for making changesto the real rail net. More to be writtenReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 91
Simulation

The Real World

Scheduling

TFs simSCoutPlaninPlanFigure 16: The Rail Net Development and Maintenance System| Design & Simulation SupportSeveral functions are useful when designing and simulating networks.A set of units can be added to a network.valueN add Us: N � U-set �! NN add Us(n,us) as n0post N added Us(n,n0,us)pre N wf add Us(n,us),N wf add Us: N � U-set ! BoolN wf add Us(n,us) �obs N Us(n) \ us = fg ^9 n0:N � N added Us(n,n0,us),N added Us: N � N � U-set ! BoolN added Us(n,n0,us) �N unchanged Ls(n,n0) ^ N unchanged Ss(n,n0) ^obs N Us(n0) = obs N Us(n) [ us,N unchanged Us: N � N ! BoolN unchanged Us(n,n0) � obs N Us(n) = obs N Us(n0),Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



92 RequirementsN unchanged Ss: N � N ! BoolN unchanged Ss(n,n0) � obs N Ss(n) = obs N Ss(n0),N unchanged Ls: N � N ! BoolN unchanged Ls(n,n0) � obs N Ls(n) = obs N Ls(n0)A new line can be added to a network. The line may only consist of units that are already inthe network.valueN add L: N � L �! NN add L(n,l) as n0post N added L(n,n0,l)pre N wf add L(n,l),N wf add L: N � L ! BoolN wf add L(n,l) �l 62 obs N Ls(n) ^9 n0:N � N added L(n,n0,l),N added L: N � N � L ! BoolN added L(n,n0,l) �N unchanged Us(n,n0) ^ N unchanged Ss(n,n0) ^obs N Ls(n0) = obs N Ls(n) [ flgA station can also be added.valueN add S: N � S �! NN add S(n,s) as n0post N added S(n,n0,s)pre N wf add S(n,s),N wf add S: N � S ! BoolN wf add S(n,s) �s 62 obs N Ss(n) ^9 n0:N � N added S(n,n0,s),N added S: N � N � S ! BoolN added S(n,n0,s) �Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 93N unchanged Us(n,n0) ^ N unchanged Ls(n,n0) ^obs N Ss(n0) = obs N Ss(n) [ fsgAlso, it is possible to remove units, lines and stations.valueN remove Us: N � U-set ! NN remove Us(n,us) as n0post N removed Us(n,n0,us)pre N wf removed Us(n,us),N wf removed Us: N � U-set ! BoolN wf removedUs(n,us) �us � obs N Us(n) ^9 n0:N � N removed Us(n,n0,us),N removed Us: N � N � U-set ! BoolN removed Us(n,n0,us) �N unchanged Ls(n,n0) ^ N unchanged Ss(n,n0) ^obs N Us(n0) = obs N Us(n)nus,N remove L: N � L ! NN remove L(n,l) as n0post N removed L(n,n0,l)pre N wf removed L(n,l),N wf removed L: N � L ! BoolN wf removed L(n,l) �l 2 obs N Ls(n) ^9 n0:N � N removed L(n,n0,l),N removed L: N � N � L ! BoolN removed L(n,n0,l) �N unchanged Us(n,n0) ^ N unchanged Ss(n,n0) ^obs N Ls(n0) = obs N Ls(n)nflg,N remove S: N � S ! NN remove S(n,s) as n0post N removed S(n,n0,s)pre N wf removed S(n,s),N wf removed S: N � S ! BoolN wf removed S(n,s) �s 2 obs N Ss(n) ^Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



94 Requirements9 n0:N � N removed S(n,n0,s),N removed S: N � N � S ! BoolN removed S(n,n0,s) �N unchanged Us(n,n0) ^ N unchanged Ls(n,n0) ^obs N Ss(n0) = obs N Ss(n)nfsg More to be written| Installation & Maintenance SupportThe Rail Net Development & Maintenance generates a plan, outP lan. This plan describes futurechanges to the rail net due to maintenance and development. It will be distributed to for instancethe train dispatch centres. For constructing this plan, the speci�ed functions for manipulatingnetworks can be used.Several qualities could be checked when generating the development schedule. For instance, atany time, units which are not part of lines or stations should be managed closed.valueN unused Us managed closed: SC � T ! BoolN unused Us managed closed(sc,t) �8 tf:TF � tf 2 sc )let n = TF N(tf,t) inmanaged closed Us(obs N Us(n)nN L Us(n)nN S Us(n))endNote that this condition also ensures that units removed from the net are alwaysmanaged closed.Many other conditions on the constructed Development Schedules could be checked as well.| Miscellaneous To be writtenReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 955.2.4 Train Dispatch| SynopsisThe Train Dispatch System shall support the dispatch of trains according to schedules that havebeen derived from timetables and the rail net, and as constrained by the current stations shuntingand marshalling plans. The dispatch includes (i) sending trains o� from station platformsonto lines (but not the station management of routing within stations), (ii) monitoring trainarrivals, and, in case train arrivals are late wrt. the operative schedule, (iii) the scheduling andrescheduling of trains.| Train Dispatch System SchedulingThe Train Dispatch System is a scheduling system. Train Dispatch Systems control the runningof train on the net. The systems should not however control rail net routes or states.typetdSys = fj s:Sys � is tdSys(s) jg,=� Train History �=TH = T ! TPvalueis tdSys: Sys ! Bool,is tdCA: CA ! Boolis tdCA(ca) �8 tf,tf0:TF � TF proj TH(tf) = TF proj TH(tf0) ) ca(tf,tf0),TF proj TH: TF ! THTF proj TH(tf) as thpost 8 t:T � th(t) = trns(tf(t))axiom8 s:Sys �is tdSys(s) ) is tdCA(Sys CA(s))| State Identi�cationAfter some analysis we arrive at the following required state components:1. inPlan: The received scheduling planReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



96 RequirementsThe plan, for instance received from a Rail Net Maintenance Centre.2. outPlan: The generated planThe scheduling plan made be the Train Dispatch Centre.3. TT: The Current Timetable4. TFs: The Set of Possible Tra�cstypetdPlanvaluetdSys inPlan: tdSys ! rndPlan,tdSys outPlan: tdSys ! tdPlan,tdSys TT: tdSys ! TT| State Input & UpdateWe refer to the previous subsection's (subsection 5.2.3) similarly titled paragraphs.More to be written| State Output To be written| Support of Train Dispatch OperationsThe following are some of the many train dispatch operations:1. Running Map Construction & Display:Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau
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Figure 17: The Train Dispatch SystemMore to be written2. Train Arrival and Departure Monitoring:It is possible to determine if the arrival or departure of a train at a station has beenobserved at a given point in time.A train has been observed arriving at a station at time t, if the train is known to be atthe station at this time, and the last known position of the train is outside the station.Likewise for train departures.value=� The arrival of a train at a station has been observed �=Tn Sn arrival: Tn � Sn � TF-set � T ! BoolTn Sn arrival(tn,sn,tfs,t) �9 t0:T �Tn at Sn(tn,sn,tfs,t) ^Tn not at Sn(tn,sn,tfs,t0) ^8 t00:T � t0<t00<t )�Tn at Sn(tn,sn,tfs,t00) ^ �Tn not at Sn(tn,sn,tfs,t00),=� The departure of a train from a station has been observed �=Tn Sn departure: Tn � Sn � TF-set � T ! BoolTn Sn departure(tn,sn,tfs,t) �9 t0:T �Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



98 RequirementsTn not at Sn(tn,sn,tfs,t) ^Tn at Sn(tn,sn,tfs,t0) ^8 t00:T � t0<t00<t )�Tn at Sn(tn,sn,tfs,t00) ^ �Tn not at Sn(tn,sn,tfs,t00),=� Examine if a train is known to be at a station �=Tn at Sn: Tn � Sn � TF-set � T ! BoolTn at Sn(tn,sn,tfs,t) �8 tf:TF � tf 2 tfs ) TF Tn at Sn(tf,tn,sn,t),=� Examine if a train is known not to be at a station �=Tn not at Sn: Tn � Sn � TF-set � T ! BoolTn not at Sn(tn,sn,tfs,t) �8 tf:TF � tf 2 tfs ) �TF Tn at Sn(tf,tn,sn,t),=� In a tra�c a train is at a station at a given point in time �=TF Tn at Sn: TF � Tn � Sn � T ! BoolTF Tn at Sn(tf,tn,sn,t) �sn 2 TF Sns(tf,t) ^ tn 2 TF Tns(tf,t) ^TR at S(TF TR(tf,tn,t),TF S(tf,sn,t))3. Train Dispatch:For a train to be dispatched from a station, the train must be known to be at the station.valueTn Sn dispatch allowed: Tn � Sn � TF-set � T ! BoolTn Sn dispatch allowed(tn,sn,tfs,t) � Tn at Sn(tn,sn,tfs,t)It is possible to determine when a train should be dispatched, according to the currentDispatch Schedule.value=� For a train at a station at a given time, determine all departuretimes for the train, that makes the tra�c on schedule, assuming thetrain does not leave the station before this departure time �=SC departure Ts: Tn � Sn � TF-set � SC � T ! T-setSC departure Ts(tn,sn,tfs,sc,t) �f t0 j t0:T �9 tf:TF � tf 2 tfs \ sc ^�TF Tn at Sn(tf,tn,sn,t0) ^8 t00:T � t�t00<t0 ) TF Tn at Sn(tf,tn,sn,t00)gReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 99The actual dispatch of trains may be done by the Train Dispatch System alone or by thestation managers.4. Delay Detection & Analysis:At any time it is possible to check whether tra�c is known to be on schedule or knownnot to be on schedule.One can also examine, if a given train is on schedule or not.typeTSH = T ! TSvalue=� Train is known not to be on schedule �=Tn not on SC: Tn � TF-set � SC ! BoolTn not on SC(tn,tfs,sc) ��9 tf, tf0:TF � tf 2 tfs ^ tf0 2 sc ^TF TSH(tf,tn) = TF TSH(tf0,tn),TF TSH: TF � Tn ! TSHTF TSH(tf,tn) as tshpost 8 t:T � tsh(t) = trns(tf(t))(tn)The observation that tra�c is not on schedule may give rise to rescheduling. It is howevera management decision if rescheduling is needed or not. The Train Dispatch System shouldtherefore be able to observe and display delays in train tra�c.5. Rescheduling & Running Map Re{Construction:Scheduling and rescheduling of train tra�c is handled by the Train Dispatch System.Sometimes it may also be necessary to create a new timetable, TT. Note that the scheduleof the generated plan, outPlan, should always be a subset of the schedule of the timetable.That is, any tra�c on schedule will satisfy the timetable.
outSC

inSC

TT-SC(TT)

Figure 18: The Train Dispatch ScheduleReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



100 Requirementsaxiom8 tds: tdSys �Sys outSC(tds) � TT SC(tdSys TT(tds))Functions are needed for rescheduling support.When it is decided that a rescheduling is needed, a possibly in�nite number of reschedulingscould be made.valuepossible tdSCs: TF-set � SC ! SC-infsetpossible tdSCs(tfs,rndsc) �f sc j sc:SC � sc � rndsc ^ tfs \ sc 6= fg gA problem is choosing between this large number of possible new schedules. This decisionwill probably not be carried out be the Dispatch System alone. The System could be ofhelp in deciding an appropriate new schedule through.One could for instance want a new schedule that from some time, t, was identical to theold schedule. That is, for any tra�c of the new schedule, there was a tra�c of the oldschedule such that the two tra�cs are identical from time t and visa versa.valueSC identical from T: SC � SC � T ! BoolSC identical from T(sc,sc0,t) �8 tf:TF �tf 2 sc )9 tf0:TF � tf0 2 sc0 ^ TF identical from T(tf,tf0,t) ^tf 2 sc0)9 tf0:TF � tf0 2 sc ^ TF identical from T(tf,tf0,t),TF identical from T: TF � TF � T ! BoolTF identical from T(tf,tf0,t) �8 t0:T � t0�t ) tf(t)=tf(t0)6. Statistics Gathering:7. &c. More to be writtenReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 101| New Functionalities To be written| Miscellaneous To be written

Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



102 Requirements5.2.5 Signalling| SynopsisThe Signalling System supports the setting of routes and unit states. This includes opening andclosing of units and routes of the rail net. The system should also make sure that certain safetyconditions are met to avoid train collisions.| Signalling System SchedulingThe Signalling System is a scheduling system. Signalling systems may only control the settingof physical and managed states of units.typesigSys = fj s:Sys � is sigSys(s) jg,=� Path set history �=PsH = T ! P-setvalueis sigSys: Sys ! Bool,is sigCA: CA ! Boolis sigCA(ca) �8 tf,tf0:TF �(TF proj phy PsH(tf),TF proj man PsH(tf)) =(TF proj phy PsH(tf0),TF proj man PsH(tf0)) ) ca(tf,tf0),TF proj phy PsH: TF ! PsHTF proj phy PsH(tf) as pshpost 8 t:T � psh(t) =f p j p:P �9 u:U � u 2 obs N Us(TF N(tf,t)) ^ p 2 obs U Physical �(u)g,TF proj man PsH: TF ! PsHTF proj man PsH(tf) as pshpost 8 t:T � psh(t) =f p j p:P �9 u:U � u 2 obs N Us(TF N(tf,t)) ^ p 2 obs U Managed �(u)gaxiom8 s:Sys �is sigSys(s)) is sigCA(Sys CA(s))Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 103| State Identi�cationThe following state components will be needed:1. inPlan: The received scheduling planThe plan, for instance received from a Train Dispatch Center.2. outPlan: The generated planThe scheduling plan made by the Signalling Centre.3. TFs: The Set of Possible Tra�cstypesigPlanvaluesigSys inPlan: sigSys ! tdPlan,sigSys outPlan: sigSys ! sigPlan| State Input & Update To be written| State Output To be written| Supported Signalling Functions1. Line Blocking:2. Station Route Setting:The setting of station routes should be done according to the current Train DispatchSchedule and the current possible tra�cs of the rail net. That is, at any time, the SignallingSchedule should be a subset of the Dispatch Schedule and should include at least onepossible tra�c.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



104 Requirements
The Real World

TFs

Signalling

outPlaninPlanFigure 19: The Signalling Systemvaluepossible sigSCs: TF-set � SC ! SC-setpossible sigSCs(tfs,tdsc) �f sc j sc:SC � sc � tdsc ^ tfs \ sc 6= fg gFor any station name, one can �nd the possible histories of that station. This is a partialfunction from time to the state of the station. The function is only de�ned for times whenthe station is part of the network.typeSH = T �! SvalueTF SH: TF � Sn ! SHTF SH(tf,sn) as shpost 8 t:T � sn 2 TF Sns(tf,t) ) sh(t) = TF S(tf,sn,t)The setting of station routes should be done according to the intended station history. Theintended history will be one that is allowed by the current schedule and possible, accordingto the set of possible tra�cs of the net.valueSC TFs SHs: SC � TF-set � Sn ! SH-setSC TFs SHs(sc,tfs,sn) � TFs SHs(sc \ tfs,sn),TFs SHs: TF-set � Sn ! SH-setTFs SHs(tfs,sn) � f TF SH(tf,sn) j tf:TF � tf 2 tfs gThe actual used station history is a decision of the station management.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 1053. Safety control:The Signalling System should support the checking of safety conditions for the rail net.The units of a managed open route of a network should never contain more than one train.valueTF safe Open Rts: TF ! BoolTF safe Open Rts(tf) �8 t:T, rt:Rt �rt 2 Managed Open N Rts(TF N(tf,t)))safe Open Rt(rt,tf,t),safe Open Rt: Rt � TF � T ! Boolsafe Open Rt(rt,tf,t) ��9 tn,tn0:Tn � tn6=tn0 ^ ftn,tn0g � TF Tns(tf,t) ^Rt Disj(TF TR(tf,tn,t),TF TR(tf,tn0,t),TF N(tf,t))This ensures that if trains stay within the open routes of a network, train crashes will notoccur.The Signalling System should not make it impossible to violate the safety conditions, butit should warn the net managers if the rail net is at any time not safe.More to be written| New Functionalities To be written| Miscellaneous To be writtenReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



106 Requirements5.2.6 Train Control| SynopsisEach train, when riding from one station to a next station is running according to a trainplan. The plan indicates train speed, possible line stretches of acceleration or deceleration,expected or possible stops (at signals along lines, or within larger station areas), etc. The TrainControl System shall support a number of on board functions that range from fully automaticto semi-automatic train control | the latter in support of the train engine man. The TrainControl System will receive guidance from neighbouring station management, line equipmentand possibly the engine man.| Train Control System SchedulingThe Train Control System is a scheduling system. Train Control Systems control the trains ofthe rail net.typetcSys = fj s:Sys � is tcSys(s) jgvalueis tcSys: Sys ! Bool,is tcCA: CA ! Boolis tcCA(ca) �8 tf,tf0:TF � TF proj TH(tf) = TF proj TH(tf0) ) ca(tf,tf0)axiom8 s:Sys �is tcSys(s) ) is tcCA(Sys CA(s))| State Identi�cationThe state consists of:1. inPlan: The received scheduling planThe scheduling plan, for instance received from a Signalling System.2. outPlan: The generated planThe scheduling plan made by the Train Control System.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 1073. TFs: The set of Possible Tra�cstypetcPlanvaluetcSys inPlan: tcSys ! sigPlan,tcSys outPlan: tcSys ! tcPlan| State Input & Update To be written| State Output To be written| Support of Train Functions
The Real World

TFs

Train Control

inPlan outPlanFigure 20: The Train Control SystemNot all train schedules are equally \good". Many di�erent quality criteria should be taken intoaccount. Trains may use di�erent quantities of fuel or power depending on how it is run. Also,one would want the journey to be as comfortable as possible for the passengers. For instance,sudden breaks or accelerations should be avoided.Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



108 Requirements1. :2. :3. &c.
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Requirements 1095.2.7 Rolling Stock: Monitoring & Control| Synopsis To be written| State Identi�cation To be written| State Input & Update To be written| State Output To be written| Support of Rolling Stock M&C Functions1. Rolling Stock Inventory:2. Train Body Composition:3. &c. More to be written| New Functionalities To be writtenReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



110 Requirements| Miscellaneous To be written
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Requirements 1115.2.8 Marshalling| SynopsisThe Marshalling System shall support the creation of marshalling plans and their execution: themonitoring and control of the marshalling yard.| State Identi�cation To be written| State Input & Update To be written| State Output To be written| Supported Marshalling Operations1. Marshalling Plan Construction:2. Incoming Train: Monitoring & Control:3. Marshalling { Monitoring & Control:4. Outgoing Train Monitoring & Control:5. &c. More to be writtenReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



112 Requirements| New Functionalities To be written| Miscellaneous To be written
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Requirements 1135.2.9 Passenger Reservation & Ticketing| SynopsisThe Passenger Reservation & Ticketing System will handle passenger queries, tickets, reservationsetc.| State Identi�cationThe state of the Passenger Reservation & Ticketing System will consist of these components:1. TT: The Current Time Table2. Ress: The set of all reservations madeFrom the state of the Passenger Reservation & Ticketing System the state components can beextracted.typepratsState, Resvalueobs pratsState TT: pratsState ! TT,obs pratsState Ress: pratsState ! Res-set| Tickets and ReservationsA ticket can be described as the set of passenger histories allowed by the ticket.typeTicket = PH-infsetA passenger holding a number of tickets is allowed to be in any state allowed by the tickets. Aset of tickets can be descriped as a single ticket. That is, the ticket descriping passenger historiesallowed by the set of tickets.valueReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



114 Requirementscombine Tickets: Ticket-set ! Ticketcombine Tickets(ts) �f ph j ph:PH � 8 t:T � 9 tk:Ticket �tk 2 ts ^ Ticket PS allowed(tk,ph(t),t) g,Ticket PS allowed: Ticket � PS � T ! BoolTicket PS allowed(tk,ps,t) �9 ph:PH � ph 2 tk ^ ph(t) = psSome of the passenger histories allowed by a set of tickets may be reserved by other passengersholding seat reservations. A reservation contains information of the histories reserved. Nopassenger history can be reserved by two distinct reservations though.valueobs Res PHs: Res ! PH-setaxiom=� No passenger history is reserved more than once �=8 ps:pratsState, r1,r2:Res �r16=r2 ^ fr1,r2g � obs pratsState Ress(ps) )obs Res PHs(r1) \ obs Res PHs(r2) = fgFrom the state of the Passenger Reservation & Ticketing System, one can �nd the set of allpassenger histories reserved.valuepratsState resPHs: pratsState ! PH-setpratsState resPHs(ps) �f ph j ph:PH � 9 r:Res �r 2 obs pratsState Ress(ps) ^ ph 2 obs Res PHs(r)gIt is possible to �nd all allowed passenger histories of a passenger holding a set of tickets anda set of reservations. A passenger is allowed to have any history that is allowed by the tickets,except those that are reserved by other passengers.value=� Find the allowed histories of a passenger carrying a given setof tickets and reservations �=allowed PHs: Ticket-set � Res-set � pratsState ! PH-setallowed PHs(ts,rs,ps) �Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 115
Histories allowed for the passenger

Passengers tickets
All reserved histories

Passengers
reservations

Figure 21: Allowed passenger historiesf ph j ph:PH � ph 2 combine Tickets(ts) ^(ph 62 pratsState resPHs(ps) _9 r:Res � r 2 rs ^ ph 2 obs Res PHs(r))gpre rs � obs pratsState Ress(ps)| State Input & Update To be written| State Output To be written| Supported Reservation & Ticketing Functions1. Reservations:Passengers can buy seat reservations. Reservations can only be made for not alreadyreserved passenger histories.valuepossible Res: Res � pratsState ! Boolpossible Res(r,ps) �obs Res PHs(r) \ pratsState resPHs(ps) = fgReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



116 RequirementsWhen a reservation is bought, the state of the Passenger Reservation & Ticketing Systemshould be updated accordingly.valuenew Res: Res � pratsState �! pratsStateIt will probably not be possible to buy any reservation. For instance, the history of notbeing in the rail net at all can of course not be bought. The decision of which reservationsare sold is a decision of the rail net system management.2. Reservation Change & Cancellation:Reservations may be cancelled by removing them from the state of the Passenger Reserva-tion & Ticketing System.valuecancel Res: Res � pratsState �! pratsState3. Passenger Ticketing:4. Journey Queries:The system must be able to answer questions from passengers. A query could be: Does atrain run from a given station to another, departing at a given point in time and arrivingat another given time? (according to the timetable)typeTn Journey0 :: trn:Tn fromSn:Sn depT:T toSn:Sn arrT:T,Tn Journey = fj tj:Tn Journey0 � arrT(tj)�depT(tj) jgvalue=� Train runs from a station to another, departing and arriving atgiven points in time �=Tn journey query: TT � Tn Journey ! BoolTn journey query(tt,tj) �let mk Tn Journey0(tn,sn,t,sn0,t0) = tj inTn Sn departure(tn,sn,tt,t) ^ Tn Sn arrival(tn,sn0,tt,t0) ^f t00 j t00:T � t�t00�t0 g � Tn Ts(tn,tt)end,=� The set of times where a trains is known to be in the rail net �=Tn Ts: Tn � TF-set ! T-setTn Ts(tn,tfs) �f t j t:T � 8 tf:TF � tf 2 tfs ) tn 2 TF Tns(tf,t) gAnother query could be: Is it possible to travel from a station to another, departing andarriving at certain points in time, possibly using several trains for the journey?Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Requirements 117typeJourney0 = Tn Journey�,Journey = fj j:Journey0 � wf Journey(j) jgvaluewf Journey: Journey0 ! Boolwf Journey(j) �j 6= hi ^8 i:Nat � fi,i+1g � inds j )arrT(j(i))<depT(j(i+1)) ^ toSn(j(i))=fromSn(j(i+1)),dep arr query: TT � Sn � T � Sn � T ! Booldep arr query(tt,sn,t,sn0,t0) �dep arr possible journies(tt,sn,t,sn0,t0) 6= fg,dep arr possible journies: TT � Sn � T � Sn � T ! Journey-setdep arr possible journies(tt,sn,t,sn0,t0) �f j j j:Journey �fromSn(hd j)=sn ^ depT(hd j)=t ^toSn(j(len j))=sn0 ^ arrT(j(len j))=t0 ^journey query(tt,j)g,=� Journey is possible according to the timetable �=journey query: TT � Journey ! Booljourney query(tt,j) �8 i:Nat �(fi,i+1g � inds j )f t j t:T � arrT(j(i))�t�depT(j(i+1)) g � Sn Ts(toSn(j(i)),tt)) ^i 2 inds j ) Tn journey query(tt,j(i)),=� The set of times where a station is known to be in the rail net �=Sn Ts: Sn � TF-set ! T-setSn Ts(sn,tfs) �f t j t:T � 8 tf:TF � tf 2 tfs ) sn 2 TF Sns(tf,t) gOther queries could be: What is the fastest journey from one station to another, or whatis the cheapest journey?5. &c. More to be writtenReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



118 Requirements| New Functionalities To be written| Miscellaneous To be written
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Computing Systems Architecture 1196 Computing Systems ArchitectureFrom any one of the set of requirements de�nition, given in section 5, we can now identifyalternative computing systems architectures. Each of these consists of hardware and softwarefunctionalities, that is: hard and soft concepts & facilities. Co-ordinating across the set ofrequirements and their architectural alternatives we might choose among overall architecturesthat can all support the full set of required computing systems:1. Conventional, Centralised Main Frame Computing:To be written2. Conventional, Decentralised Client/Server Computing:To be written3. Combinations of Above + Massively Parallel Computing + Fault Tolerance:To be writtenWhich of the choices to select will be the result of individual and comparative throughput &dependability performance modelling.In the followingwe assume choice number 2: Conventional, Decentralised Client/Server Computing.6.1 Hardware Systems ArchitectureTo be written6.2 Software Systems ArchitectureTo be written6.2.1 The State Repositories To be writtenReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



120 Computing Systems Architecture6.2.2 The Engines To be writtenThe Command Interface & HCI Engine[s]To be writtenThe Visualisation Engine[s] To be writtenThe State Engine[s] To be writtenThe Communication Engine[s] To be writtenThe Compute Engine[s] To be writtenOther Engines To be written6.2.3 Miscellaneous Issues To be writtenReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Program Organisation 1217 Program Organisation To be written7.1 Dependability Measures To be written7.2 Process Decompositions To be written7.2.1 Processes To be written7.2.2 Connectors To be written7.2.3 Glues & Ports To be written7.2.4 Miscellaneous Process IssuesTo be written7.3 Internal Data Structures To be writtenReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



122 Conclusion8 Conclusion
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Full Formal Models 123A Full Formal ModelsA.1 Formal Domain ModelA.1.1 Rail NetA.1.2 TimetablesA.1.3 SchedulesA.1.4 Tra�cA.1.5 ReschedulingA.1.6 Resources & AllocationsA.1.7 Shunting and MarshallingA.1.8 Station ManagementA.1.9 Customer Services
Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



124 Full Formal ModelsA.2 Requirements ModelsA.2.1 Rail Net Development & MaintenanceA.2.2 Train DispatchA.2.3 Train ControlA.2.4 SignalingA.2.5 Rolling Stock: Monitoring & ControlA.2.6 MarshallingA.2.7 Passenger Reservation & TicketingA.2.8 Freight Handling
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Full Formal Models 125A.3 Systems ArchitectureA.3.1 Hardware ArchitectureA.3.2 Software Architecture
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126 Full Formal ModelsA.4 Program Organisation
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Terminology 127B TerminologyConnector: A connector is a further unde�ned entity.Pragmatics: Connectors delineate units and serve to identify (label etc.) points whereunits may be joined. At most two units may share a connector, and they are then said tobe connected at that point.Used by: Path, unit.Line: A line is a sequence of linear units.Pragmatics: Lines connect stations.Used by: Network.Uses: Linear unit.Linear unit: A linear unit is identi�ed by a pair of (`opposite end') connectors.Pragmatics: The linear unit allows four states: closed, open in one direction, open in theopposite direction, and open in both directions.Used by: Line.Uses: Unit, connector.Marshalling: The decomposition and composition of train bodies within a marshalling yard.Pragmatics: .Used by: .Uses: Marshalling yard, train body.Marshalling plan: A plan describing a marshalling.Pragmatics: .Used by: .Uses: Marshalling.Marshalling yard: A special part of a station used for marshalling.Pragmatics: .Used by: Marshalling.Uses: Marshalling, station.Network: A network consists of sets of stations, lines and other units.Pragmatics: A network designates the physical layout of lines, stations and units.Used by: .Uses: Unit, station, line.Passenger: .Pragmatics: .Used by: Rail state.Uses: .Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



128 TerminologyPath: A path is a pair of connectors.Pragmatics: Paths are de�ned by units. Paths designate a direction of travel through aunit.Used by: State, unit.Uses: Connector, unit.Rail state: The state of all trains and passengers at some point in time.Pragmatics: .Used by: Tra�c.Uses: Train, passenger.Real tra�c: A tra�c.Pragmatics: The actual tra�c happening in the real world.Used by: .Uses: Tra�c.Rescheduling: The action of changing the current schedule for train tra�c.Pragmatics: .Used by: .Uses: Schedule.Route: A sequence of connectors.Pragmatics: A route designates a possible sequence of paths through the units of a network.Used by: .Uses: Connector.Schedule: A set of tra�cs.Pragmatics: A schedule designates the tra�cs that are considered on schedule.Used by: Scheduled tra�c, rescheduling.Uses: .Scheduled tra�c: A tra�c.Pragmatics: A scheduled tra�c is any tra�c on schedule wrt. a schedule.Used by: .Uses: Schedule.Station: A station contains a set of tracks and a set of other units.Pragmatics: .Used by: Network.Uses: Unit, track.Timetable: A description of a schedule.Pragmatics: A timetable may for instance descible points in time where given trains areReport No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Terminology 129to be at given points within the network.Used by: .Uses: Train.Tra�c: The rail state at any point in time.Pragmatics: The position and other information about all trains, passengers etc. at anypoint in time.Used by: .Uses: Rail state.Track: A set of connected linear units.Pragmatics: Connected linear units within a station, where trains may stop and load/unloadgoods and passengers.Used by: Station.Uses: Linear unit.Train: .Pragmatics: .Used by: Timetable, rail state.Uses: .Train body: A sequence of train cars.Pragmatics: A train body is a collection of cars, put together in a particular order.Used by: .Uses: Train car.Train car: .Pragmatics: .Used by: Train body.Uses: .Unit: A unit is a \smallest" piece of rail net. Units are either linear units, switch (junction orpoint `machine') units, crossover units, or other.Pragmatics: .Used by: Connector, linear unit, network, station, line.Uses: .
Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



130 Type Name ExplanationsC Type Name ExplanationsTypename Page ExplanationC 15 ConnectorCA 73 Control Area (TF � TF ! Bool)Dist 75 DistributorFreight 59 Measurements and other info needed to make a scheduleFreightId 59 Freight Identi�erFreightInfo 59 Prices, minimum/maximum deliverytime, ...Freights 63 Pieces of FreightFreightSc 59 Freight ScheduleFreightSystem 59 FreightId, Freigt, FreightSc and FreightInfoFT 63 Freight TrainFTn 59 Freight Train Name (Tn)FreightTra�c 59 Where is a speci�c piece of freight at a certain timeJourney 116 Travelling from one place to another (Tn Journey�)L 25 LineLocation 62 A location is either at a station or in a FreightTrainLostFreight 65 Contains the lost freightmainPlan 88MD 47 Marshalling Description (MS-set)MP 47 Marshalling PlanMR 31 Managed Rail Net (T !m N)MS 47 Marshalling StateMY 45 Marshalling YardN 20 NetNH 87 Net History (T ! N)
 17 State Space (�-set)P 17 PathPH 51 Passenger History (T !m PS)Place 62 Either Sn or FTnPlan 55 The plan for composing a certain train from the RollingStockPlanId 55 Identi�er for a PlanPn 50 Passenger Identi�erPos 62 Position - e.g. GPSPP 50 Passenger Info (Pn !m PS)pratsState 113 Passenger Reservation & Tickening System StateProj 73 Projection onto a Control Area (TF-set)PS 50 Passenger StatePsH 102 Path-set History (T ! P-set)Report No. 93, October 24, 1998 | Draft UNU/IIST, P.O. Box 3058, Macau



Type Name Explanations 131Typename Page ExplanationRes 113 Set of Reservations madeReservoir 56 Reservoir containing the wagons extracted from RS and notyet transferred to another systemrndPlan 72 Rail Net Development PlanrndSys 87 Rail Net Development SystemrndTFdesc 89 Rail Net Development Tra�c description (T !m N)RollingStock 52 Rolling StockRS 33 Rail Net StatersPlan 56 Rolling Stock PlanRt 22 Route (C-set)S 25 Station� 17 State (P-set)SC 38 Schedule (TF-set)SH 104 Station History (T ! S)sigPlan 72 Signalling PlansigSys 102 Signalling SystemSn 28 Station NameSys 74 Scheduling SystemT 31 TimeTB 47 Train Body (W-set)tcPlan 107 Train Control PlantcSys 106 Train Control SystemtdPlan 72 Train Dispatch PlantdSys 95 Train Dispatch SystemTF 33 Tra�c (T !m RS)TH 95 Train History (T ! TP)Ticket 113 Ticket (PH-infset)Tn 33 Train NameTn Journey 116 Train JourneyTP 33 Train Position (Tn !m TS)TR 29 Train Route (Route)Trk 25 TrackTS 33 Train StateTSH 99 Train State History (T ! TS)TT 39 Time TableU 15 UnitW 47 WagonWtype 52 WagonType - fx. Oil-, Car-, Passenger-Wagon, locomotive ...
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