January 23, 19971SpecificationofRealtimeSystemsUsingASTRAL*Alberto Coen-Porisini⁄Carlo Ghezzi�Dipartimento di Elettronica e InformazionePolitecnico di Milano, Milano 20133, ItaliaRichard A. Kemmerer�Reliable Software GroupComputer Science DepartmentUniversity of CaliforniaSanta Barbara, CA 93106AbstractASTRAL is a formal specification language for realtime systems. It is intended tosupport formal software development and, therefore, has been formally defined. Thestructuring mechanisms in ASTRAL allow one to build modularized specifications ofcomplex systems with layering. A realtime system is modeled by a collection of statemachine specifications and a single global specification.This paper discusses the rationale of ASTRAL’s design. ASTRAL’s specification styleis illustrated by discussing a telephony example. Composability of one or moreASTRAL system specifications is also discussed by the introduction of a compositionsection, which provides the needed information to combine two or more ASTRALsystem specifications into a single new one. Finally, this paper discusses the currentstatus of the ASTRAL software development environment.Index Terms - Formal methods, Formal specification and verification, Assertions,Temporal logic, Realtime systems, Timing requirements, Software Tools, Statemachines, Composability, ASLAN, TRIO.1.IntroductionA realtime computer system is a system that must perform its functions withinspecified time bounds. Realtime computer systems are increasingly being used incritical applications such as aircraft avionics, nuclear power plant control and patientmonitoring. These systems are generally characterized by complex interactions withthe environments in which they operate and strict time constraints whose violationmay have catastrophic consequences. The need for these software systems to be highlyreliable is evident.The best way to improve software quality is to develop it formally. Existing informalsoftware development methods and tools [Qui 85, HP 88, Gom 94] are often unable to

* This paper is an extended version of two previous papers by the same authors [GK 91a, CK 93].⁄ This research was supported by CNR - Comitato Nazionale per la Scienza e le Tecnologiedell’Informazione.� This research was started while Carlo Ghezzi was visiting the Reliable Software Group at UCSB. CarloGhezzi was partially supported by CNR - Progetto Finalizzato Sistemi Informatici e Calcolo Parallelo.� This research was partially supported by the National Computer Security Center under grant MDA904-88-C-6006 and the National Science Foundation under grant CCR-9204249.

January 23, 19972provide acceptable levels of assurance for many realtime applications, because of thecombination of complexity and critical requirements.Although research in the area of realtime systems has been quite active, and a numberof experimental environments supporting formal specifications have been developed(see Section 5), the search for adequate notations and tools is still open. The ASTRALformal specification language for realtime systems and its associated supportenvironment, which is currently being developed, are intended to provide a solution tothe problem.Because ASTRAL is intended to be used for specifying large and complex realtimesystems it was designed to support specifications that are layered and compositional.Layering and composition are two complementary approaches to hierarchical systemdevelopment. A layered specification method allows one to refine the specification of aprocess to show more detail, without changing the interface of the specified system.This is important because it allows designers to prove, test, or otherwise examineproperties of a process whose behavior is specified abstractly, and then iteratively refinethe behavioral specification to be as close to an implementation as appropriate for agiven assurance level.A compositional specification method allows one to reason about the behavior of asystem in terms of the specifications of its components [Zwi 89]. That is, the behavior ofa system comprising several component processes is completely determined by thecomponent specifications. This is important because it modularizes a system’s proofand allows for bottom-up development.ASTRAL provides mechanisms for specifying critical system requirements, and aformal proof system for proving the satisfaction of the stated requirements has beendefined. These proofs are divided into two categories: intra-level proofs and inter-levelproofs. The former deal with proving that the specification of level i is consistent andsatisfies the stated critical requirements, while the latter deal with proving that thespecification of level i+1 is consistent with the specification of level i. Details of theformal proof system can be found in [CKM 94, CKM 95].The ASTRAL specification language is intended to be executable. An executablespecification language allows developers to treat specifications as prototypes. This isimportant because testing in the design stage, even before attempting proofs, can be acost-effective means of finding design flaws [Kem 85, DK 94]. A translation scheme fortranslating ASTRAL to TRIO [GMM 90, MMP 96] was defined for an earlier version ofthe ASTRAL language [GK 91b]. More recently, the semantics of ASTRAL have beenformally defined using both a model theoretic approach and an axiomatic semanticapproach [CSK 94]. This provides a firm theoretical basis for the development of asoftware development environment with a specification execution tool as one of itscomponents. The axiomatic semantics of the ASTRAL abstract machine can be foundin [CKM 94].The main intent of this paper is to give the reader an introduction to the language andto report on the status of the ASTRAL software development environment. In the nextsection the specification language is presented using a telephone system example to

January 23, 19973clarify the language components and their use. In section 3 the ASTRAL approach tocomposing system specifications is described and the telephony example is extended.Section 4 reports on the status of the ASTRAL software development environment, andsection 5 discusses related work. Finally, conclusions drawn from this work andfurther areas of research are presented.2.An Overview of ASTRALIn ASTRAL a realtime system is described as a collection of state machinespecifications each of them representing a process type of which there may be multiplestatically generated instances plus a global specification, which contains declarationsfor types and constants that are shared among more than one process type, as well asassumptions about the global environment and critical requirements for the wholesystem.Figure 1 presents the syntactic structure for an ASTRAL specification.

Astral SpecificationGLOBAL SPECIFICATIONPROCESS SPECIFICATION Process_1PROCESS SPECIFICATION Process_n

PROCESS TYPE AXIOM CONSTANT DEFINE ENVIRONMENT INVARIANT SCHEDULE

IMPORT EXPORT TYPE AXIOM VARIABLE CONSTANT DEFINE ENVIRONMENT IMPORTED VARIABLES

Level Bottom_levelLevel Lower_level

TRANSITIONSTYPE AXIOM VARIABLE CONSTANT DEFINE INITIAL INVARIANT CONSTRAINT SCHEDULE FURTHER ASSUMPTIONS TRANSITIONS IMPLEMENTATION

TRANSITION T_1TRANSITION T_2TRANSITION T_n

PARAMETERSENTRY/EXIT PAIREXCEPT/EXIT PAIR_1EXCEPT/EXIT PAIR_k

January 23, 19974Lower levels are increasingly more detailed with the lowest level corresponding closelyto high level code1.The process being specified is thought of as being in various states, with one statedifferentiated from another by the values of the state variables which can be changedonly by means of state transitions. Transitions are described in term of pre- and post-conditions by using an extension of first order predicate calculus. Transition pre-conditions describe the constraints that state variables must satisfy in order for thetransition to fire, while post-conditions describe the constraints that are fulfilled bystate variables after the transition has fired. An explicit nonnull duration is associatedwith each transition. Transitions are executed as soon as they are enabled (i.e., whentheir pre-condition is satisfied).Every process can export both state variables and transitions; as a consequence theformer are readable by other processes while the latter are executable from the externalenvironment. Inter-process communication is accomplished by broadcasting the valueof exported variables and the start and end times of exported transitions.In addition to specifying system state (through process variables and constants) andsystem evolution (through transitions), an ASTRAL specification also defines systemcritical requirements and assumptions on the behavior of the environment thatinteracts with the system. The behavior of the environment is expressed by means ofenvironment clauses, which describe assumptions about the pattern of invocation ofexternal transitions. Critical requirements are expressed by means of invariants andschedules. Invariants represent requirements that must hold in every state that maybe reached from the initial state, no matter what the behavior of the externalenvironment is, while schedules represent additional properties that must be satisfiedprovided that the external environment behaves as assumed.In what follows the computational model of ASTRAL is first presented and then themain features of the language are discussed.2.1The Computational modelThe computational model for ASTRAL is based on nondeterministic state machinesand assumes maximal parallelism, noninterruptable and nonoverlapping transitionsin a single process instance, and implicit one-to-many (multicast) message passingcommunication.Maximal parallelism assumes that each logical task is associated with its ownphysical processor, and that other physical resources used by logical tasks (e.g.,memory and bus bandwidth) are unlimited. In addition, a processor is never idle whensome transition is able to execute. The maximal parallelism approach was chosen onthe basis of separating independent concerns; that is, first demonstrate that a design issatisfactory, then, and only then, consider the scheduling problem imposed by aparticular implementation’s limited resources. This approach, advocated in [FP 88] for

1 For space reasons layering of specifications is not addressed in this paper. The reader may refer to[CKM 95].

January 23, 19975realtime systems and in [CM 88] for parallel systems, allows for much cleaner designsthan an approach that starts with scheduling concerns. A design based on thestructure of the system rather than on its scheduling problems will usually be easier tomaintain and/or modify. In addition, architectures that meet the maximal parallelismassumptions are becoming more prevalent.Process cooperation, which involves both communication and synchronization, may beachieved in essentially two ways: either by data sharing or by message passing [BST89]. The interface specification of RT-ASLAN [AK 86b], which is an earlier realtimespecification language developed by the Reliable Software Group at UCSB, is anexample of modeling communication with shared data in a realtime specificationlanguage. At the implementation level, data sharing has obvious performanceadvantages and is, therefore, often used in current realtime systems. However, there isno apparent advantage in using data sharing at the specification level for describingprocess interactions at an abstract level. There are instead obvious disadvantages. Forexample, contention for shared data must be addressed in the specification, whichimplies that mutual exclusion also must be addressed. Furthermore, future realtimesystems are likely to be less tightly-coupled than existing systems. For these reasons, inASTRAL cooperation is modeled with implicit message passing rather than with datasharing. Implicit rather than explicit message passing was chosen to further simplifythe design and to concentrate on the structure of the realtime system. The messagepassing is also assumed to be instantaneous. The specifics of the implicit multicastmessage communication model are presented in section 2.2.6.When designing a realtime specification language one strives to construct models thatare both abstract enough to be understandable and yet realistic enough to be useful. TheASTRAL computation model implicitly makes the assumption that there is a globalclock and that multicast communication is instantaneous. The assumption ofinstantaneous broadcasts of state changes is valid if the target implementation usesshared memory, for then there is truly a zero time communication delay. If, however,the implementation is distributed, then this assumption will hold only if the actualdelay times are less than the granularity of the timing units. For example, if thecommunication delay time is in the order of microseconds and the timingrequirements are measured in milliseconds, then the delay is a "virtual zero"communication delay. Obviously, as the processes being modeled are more widelydistributed the granularity of their critical timing requirements will need to be greater.Thus, to be able to use the ASTRAL approach on a truly distributed system thecommunication medium for the system must be able to guarantee a "virtual zero" timedelay relative to the critical timing requirements. The assumption about a global clockis acceptable for many systems, but may not be valid for some distributed systems. Thisproblem is one that is currently being addressed by a number of researchers [Lam 90,Lis 93, DV 94].2.2The ASTRAL LanguageIn this section the main features of ASTRAL are discussed using an examplespecification of a phone system composed of multiple control centers. Each controlcenter is responsible for the phones belonging to its area, and it is provided with all the

January 23, 19976functionality needed to set up a local call. Control centers are also intended to deal withlong distance calls (i.e., calls to other areas). Calls to outside areas are modeled byexported variables (i.e., the data is sent to the external environment), while calls froman outside area are modeled as exported transitions (i.e., they are the informationprovided in the parameters of a call to an exported transition from the externalenvironment). The example is a simplification of a real phone system, every localphone number is seven digits long, area codes are three digits long, a customer can beconnected to at most one other phone (either local or in another area), and ongoingcalls cannot be interrupted. The motivation for this example came from the telephonyexample in a paper by Dasarathy [Das 85]. Using Dasarathy’s example as a startingpoint and the local phone system at UC Santa Barbara for further clarification, theexample specification was developed.Most of the examples of the specification that appear in this section are from the globalspecification and the Central_Control specification. Complete specifications can befound in Appendix A.2.2.1ProcessesThe phone system consists of two process type specifications: Phone, which models thephone instrument found in most homes, and Central_Control.The process declarationsPhones: array[1 .. Num_Phone] of Phone,Centrals: array[1 .. Num_Area] of Central_Control,which occur in the global specification, declare that there are Num_Phone staticinstances of the phone process type and Num_Area static instances of the centralcontrol process type. Each of these is accessed as Phones[i] (Centrals[i]), where i is inthe range 1..Num_Phone (1..Num_Area).2.2.2TypesASTRAL is a strongly typed language. Integer, Real, Boolean, ID, and Time are theonly primitive types. All other simple and constructed types used in a processspecification must be either declared in the type section of the specification or must bedeclared in the global specification and explicitly imported by the process typespecification.The following type declarations appear in the global phone system specification.Digit IS TYPEDEF d: Integer (d ‡ 0 & d £ 9)indicates a subtype declaration, andDigit_List IS LIST OF Digitdeclares Digit_List as a list of Digits, whileConnection IS STRUCTURE OF (From_Area, From_Number, To_Area, To_Number: Digit_List)

January 23, 19977declares Connection as a structure composed of four fields of type Digit_List.Connection represents the data structure used to store the information related to a longdistance call.The type ID is one of the primitive types of ASTRAL. Every instance of a process typehas a unique id. An instance can refer to its own id by using "Self". There is also anASTRAL specification function idtype(i), which returns the type of the process that isassociated with the id i. Thus the global declarationPhone_ID IS TYPEDEF pid: ID (IDTYPE(pid)=Phone)declares Phone_IDs to be exactly those ids that are for process instances of type Phone.The central control process specification also defines a new subtype Area_Phonerepresenting the set of phones actually connected to a single phone process instance:Area_Phone IS TYPEDEF p: Phone_ID (In_Area(p) = Self)Finally, the global type declarationEnabled_State IS (Idle, Ready_To_Dial, Dialing, Ringing, Waiting, Talk, Calling, Disconnect, Busy, Alarm)is an enumerated type and indicates the various modes that a customer’s phone can bein. These different modes are used to determine what transitions the phone canexecute and how the central control should respond to certain actions of a customer’sphone.2.2.3Variables, Constants, and DefinitionsIn ASTRAL one state is differentiated from another by the values of the state variables,and it is the state variables that are referenced and/or modified by the state transitions.All of the state variables must be declared in the variable section of the formalspecification.A special variable called Now is used to denote the current time. The value of Now iszero at system initialization time. ASTRAL specifications can refer to the current time(Now) or to an absolute value for time that must be less than or equal to the currenttime.In the central control specification there are eight state variables all of which areparameterized by Area_Phone. The first twoPhone_State(Area_Phone): Enabled_State,Long_Distance(Area_Phone): Booleanindicate the central control’s view of the mode of each of its customer’s phones, andwhether or not a phone is involved in a long distance call, respectively.The reader should note that the central control’s view of a particular phone’s modemay differ from the actual mode of the phone. For instance, when a customer P firstpicks up his/her handset the central control may view that particular phone as beingidle (i.e., Phone_State(P)=Idle), but it is actually active. The central control, however,will not treat P as active until P’s offhook response (i.e., P.Offhook) is processed by thecentral control’s Give_Dial_Tone transition for P. Obviously, this is an action that

January 23, 19978should occur in a timely fashion. In fact, the global scheduling requirement that isused for the phone system example addresses this issue.The variablesEnabled_Ring_Pulse(Area_Phone), Enabled_Ringback_Pulse(Area_Phone): Booleanare necessary because the central control actually pulses the ring of the callee’s phoneand the ringback tone of the caller’s phone, and they are pulsed independent of eachother. When Enabled_Ring_Pulse(P) is true and the mode of phone P is "Ringing", thisindicates that phone P should be ringing its bell (i.e., Ring = true for phone P). Notethat the central control does not ring the bell, but rather indicates by means of anexported variable (an electronic signal in the actual system) that the bell should beringing. The transition that actually rings the bell is the Start_Ring transition ofprocess Phone. Enabled_Ringback_Pulse is used in an analogous fashion to pulse theringback tone in the caller’s phone.The next two variablesConnected_To(Area_Phone): Area_Phone,Number(Area_Phone): Digit_Listindicate to what other phone each phone is connected and the number (or partialnumber) that is being dialed. Connected_To(P) is meaningful only in case of a local calland if P is in waiting, ringing, or talk mode. Likewise, Number(P) is only meaningfulwhen P is in ready to dial or dialing mode.For long distance calls, the variablesLDOut_Line(Area_Phone): Connection,LDOut_Status(Area_Phone): Connection_Statusindicate to whom the phone is connected and the status of the connection. LDOut_Lineis not meaningful if Long_Distance is false.Constants in ASTRAL are values that cannot change over the lifetime of the system. Inthe global specification, the constantIn_Area(Phone_ID): Central_Control_IDis an example of a parameterized constant. It is used to describe that each phone isassociated with a unique central control, and that such a binding cannot change.The first four constants in the central control specificationUptime_Ring, Downtime_Ring, Uptime_Ringback, Downtime_Ringback: Timeare of type Time and are used to indicate the pulse rate for ringing a customer’s phoneand for giving the ringback tone.In ASTRAL, definitions are used to make the specification more readable. They maycontain zero or more parameters. The only definition in the global specificationDEFINEPlug(L1, L2: Connection):Boolean ==L1[From_Area] = L2[To_Area]

January 23, 19979&L1[From_Number] = L2[To_Number]&L1[To_Area] = L2[From_Area]&L1[To_Number] = L2[From_Number]is used in the specification of long distance calls to specify the copying of the values ofL2 into L1 after having switched the To_Area and To_Number fields with thecorresponding From_Area and From_Number fields.There are two definitions used in the central control specification. The first oneCount(P:Area_Phone): Integer == LIST_LEN(Number(P))is used to track how many digits have been processed for each customer. LIST_LEN isan ASTRAL specification function that indicates the number of items in the list.2.2.4InterfaceSectionThe interface section of an ASTRAL process specification indicates what types,constants, and definitions declared in the global specification are used by the process,what variables exported by other processes are referenced, and what variables andtransitions are exported by the process. These are specified by the Import and Exportclauses.State variables and transitions may be explicitly exported by a process, which makesthe variable values and information about the transitions visible to other processes.Exported variables and transitions must be explicitly imported to be referenced inanother process specification. Exported transitions are visible to the externalenvironment and are executed in response to calls issued by the external environment.The export clause for the phone processEXPORTOffhook, Next_Digit,Pickup, Enter_Digit, Hangupindicates that the values of Offhook and Next_Digit can be imported by other processesand that the transitions Pickup, Enter_Digit, and Hangup are made available to theexternal environment.The import clause indicates which globally declared types and constants are used by aprocess and which variables and transitions exported by other processes are referencedby this process.The central control specification’s import clauseIMPORTDigit, Digit_List, Connection, Phone_ID, Central_Control_ID, Enabled_State,Connection_Status, In_Area, Max_Cust, Plug,Phones.Offhook, Phones.Next_Digit, Phones.Pickup, Phones.Enter_Digitindicates the types and constants that are declared in the Phone_System globalspecification that are imported, as well as the exported variables Offhook andNext_Digit and the exported transitions Pickup and Enter_Digit for each declaredinstance of process phone.

January 23, 199710Figure 2 shows the architecture of a local central control and its associated phones.

Call(Receive_LD(�))Call(Start_LD(�))Call(Terminate_LD_2(�))Call(Start_Talk_2(�))

Phones[k]OffhookNext_DigitPhones[j]OffhookNext_Digit...Centrals[i]Phone_StateEnabled_Ring_PulseEnabled_Ringback_PulseLDOut_LineLDOut_Status

Call(Pickup)Call(Enter_Digit)Call(Hangup)

Figure 2: The phone system2.2.5Initial ClauseThe initial clause of a process specification expresses the restrictions on the initialstate of the process type. That is, for each state variable it is necessary to express therestrictions that are to be placed on its initial value.For the central control the initial condition specifies that, in the view of the centralcontrol, initially all phones are idle, no digits have been processed, no phones areringing nor are any receiving a ringback tone, and no long distance call is ongoing.INITIALFORALL P:Area_Phone(Phone_State(P) = Idle&Number(P) = NIL&~Enabled_Ring_Pulse(P)&~Enabled_Ringback_Pulse(P)&~Long_Distance(P)&LDOut_Status(P) = Available)It is not necessary to specify an initial value for the Connected variable because it isonly meaningful when a phone is in either waiting, ringing, or talk mode. Byreviewing the transitions for the central control process one can see that before a phonecan be placed in one of these modes its connected value will be updated appropriately(See the Process_Local_Call transition.). Likewise, it is not necessary to specify a valuefor LDOut_Line if Long_Distance is false.2.2.6State TransitionsASTRAL transitions are used to specify the ways in which an instance of a process typecan change from one state to another. A transition is composed of a header, an entryassertion, and an exit assertion. The header gives type information for the transition’sparameters and specifies the amount of time required for the transition to execute. Theentry assertion expresses the enabling conditions that must hold for the transition tooccur, and the exit assertion specifies the resultant state after the transition occurs.That is, it specifies the values of the state variables in the new state relative to thevalues they had in the previous state.In an ASTRAL specification exceptions are dealt with explicitly. That is, a transitioncan have except/exit pairs in addition to the standard entry/exit pair. An except

January 23, 199711assertion expresses an exception that may occur when a transition is invoked. Thecorresponding exit assertion specifies the resultant state after the transition occurs.A transition is executed as soon as its pre-condition is satisfied (assuming no othertransition is executing). Whenever a process instance starts executing an exportedtransition it broadcasts the start time and the values of the actual parameters to allinterested processes (i.e., any process that has imported the transition). When thetransition is completed the end time as well as the new value of any exported variablesthat were modified by the transition are broadcast. Of course, any exported variablesthat are modified by a nonexported transition are also broadcast by the process whenthe transition completes execution. Thus, if a process is referencing the value of anexported variable while a transition is being executed by the process exporting thevariable, the value obtained is the value the variable had when the transitioncommenced. That is, the ASTRAL computation model views the values of all variablesbeing modified by a transition as being changed by the transition in a single atomicaction that occurs when the transition completes execution.Start(T, t) is a predicate that is true if and only if transition T starts at time t and thereis no other time after t and before the current time (Now) when T starts (i.e., t is thetime of the last firing of T). For simplicity, the functional notation Start(T) is adopted asa shorthand for "time t such that Start(T, t)" whenever the quantification of the variablet (whether existential or universal) is clear from the context. Startk(T) is used to givethe start time of the kth previous occurrence of T. References to the end time of atransition T may be specified similarly using End(T) and Endk(T).The Process_Local_Call transition represents the central control attempting toestablish a connection for a caller who has entered seven digits (i.e., the caller ismaking a local phone call). It has both a normal entry/exit pair and an except/exit pair.The entry/exit pair corresponds to the case where the called party is in idle mode andthe except/exit pair corresponds to the case where the callee is busy. The value Tim3 isthe execution time for this transition2. Notice that in exit assertions, variable namesfollowed by a prime (’) indicate the value that the variable had when the transitionfired.TRANSITION Process_Local_Call(P:Area_Phone) Tim3ENTRYP.Offhook&~Long_Distance(P)&Count(P)=7&Phone_State(P)=Dialing&~Get_ID(Number(P)).Offhook&Phone_State(Get_ID(Number(P)))=IdleEXITPhone_State(P) = Waiting&Phone_State(Get_ID(Number’(P))) = Ringing&~Long_Distance(Get_ID(Number’(P)))

2 For simplicity, in this paper it is assumed that the same amount of time is required for executing both thesuccess case of a transition and any exception case. In the actual language design different times areprovided for each entry/exit or except/exit pair.

January 23, 199712&Connected(P) = Get_ID(Number’(P))&Connected(Get_ID(Number’(P))) = P&FORALL P1:Area_Phone(P1„P & P1„Get_ID(Number’(P))fiNOCHANGE(Phone_State(P1)) & NOCHANGE(Connected(P1)))EXCEPTP.Offhook&~Long_Distance(P)&Count(P)=7&Phone_State(P)=Dialing&(Get_ID(Number(P)).Offhook|Phone_State(Get_ID(Number(P)))„Idle)EXITPhone_State(P) BECOMES BusyThe entry assertion for the success case specifies that the caller’s phone must beoffhook, the call is not long distance, a seven digit number must have been processed,the phone is in dialing mode, and the phone to be connected to must not be offhook andit must be idle. The exit assertion specifies that the caller’s phone is now in waitingmode, the callee’s phone is in ringing mode, and the mode for all other phones isunchanged. Furthermore, the caller is indicated as being connected to the callee andvice versa, and the value of connected for all other phones is unchanged. The lastconjunct is necessary, because without it the value of the parameterized variablesConnected and Phone_State would be undefined for all phones other than the callerand the callee. It should be noted that any variable not mentioned in an unprimed formin the exit clause is assumed to not change. Thus, for the success case the variablesL D O u t _ L i n e , L D O u t _ S t a t u s , N u m b e r , E n a b l e d _ R i n g _ P u l s e , a n d Enabled_Ringback_Pulse do not change. The ASTRAL specification processorautomatically generates nochange expressions for these variables when constructingthe proof obligations.The entry assertion for the busy case is identical to the success case except that thephone being called is either not in idle mode or is offhook. The exit assertion for thiscase indicates that the mode of the caller’s phone is now busy and the mode for all otherphones is unchanged. The BECOMES operator that is used in this expression is ashorthand provided by ASTRAL for asserting that the value of a parameterized variablechanges for some particular argument, but remains unchanged for all of the otherarguments. ThusPhone_State(P) BECOMES Busyis equivalent toFORALL P1:Area_Phone(Phone_State(P1) =IF P1=PTHEN BusyELSE Phone_State’(P1)FI )The Enable_Ring and Disable_Ring transitions are used for modulating theEnabled_Ring_Pulse exported state variable to control the ringing of a customer’s

January 23, 199713phone. The Enable_Ring transition sets this variable to true and the Disable_Ring setsit to false. The Phone process type uses the value of the Enabled_Ring_Pulse variable todetermine when to ring its bell. The length of time for the ring pulse to be enabled isdetermined by the constant Uptime_Ring and the time for it to be disabled isdetermined by the constant Downtime_Ring.TRANSITION Enable_Ring(P: Area_Phone) Tim4ENTRY~P.Offhook&Phone_State(P)=Ringing&~Enabled_Ring_Pulse(P)&FORALL t: Time(End(Disable_Ring(P), t)&FORALL t1 (t £ t1 £ Now fi past(Phone_State(P), t1) = Ringing)fiNow - t ‡ Downtime_Ring)EXITEnabled_Ring_Pulse(P) BECOMES TrueThe entry assertion for the Enable_Ring transition requires that the phone not beoffhook, that its mode be ringing, and that the ring pulse is currently disabled. The lastconjunct of the entry assertion controls the time between ring pulses. This expressionprovides an example of the use of the ASTRAL variable Now, which represents thecurrent value of time, and of the last end time of the Disable_Ring transition withparameter value P. It also demonstrates the use of the ASTRAL specification functionpast, which is used to specify the value that a variable had at some time in the past,that is, past(Phone_State(P), t1) represents the value that variable Phone_State(P) hadat time t1. The entry assertion specifies that if there has been a Disable_Ring transitionsince the phone state became Ringing then it has been at least Downtime_Ring secondssince the last occurrence of the Disable_Ring transition completed execution withparameter P. The reader should note that because Disable_Ring is a transition of theprocess that is performing the End inquiry, it is not necessary to precede the inquirywith a unique id. The exit assertion for the Enable_Ring transition specifies that thering pulse for phone P is now enabled.The Disable_Ring transition works in an analogous manner except that its entryassertion allows for the ring pulse for phone P to be disabled early if phone P is takenoffhook.The invocation of the exported transition Receive_LD by the external environmentmodels the occurrence of an incoming long distance call to a phone connected to thecentral control. Notice that the entry assertion of the transition requires that the phonenot be offhook and that it is idle.TRANSITION Receive_LD(LDIn_Line:Connection) Tim9ENTRYLDIn_Line[To_Area] = Get_Area(Self)&Phone_State(Get_ID(LDIn_Line[To_Number])) = Idle&~Get_ID(LDIn_Line[To_Number]).Offhook

January 23, 199714EXITPhone_State(Get_ID(LDIn_Line[To_Number])) BECOMES Ringing&LDOut_Status(Get_ID(LDIn_Line[To_Number])) BECOMES Connected&Plug(LDOut_Line(Get_ID(LDIn_Line[To_Number])), LDIn_Line)&FORALL P: Area_Phone(P „ Get_ID(LDIn_Line[To_Number]) fi NOCHANGE(LDOut_Line(P)))LDIn_Line is information provided by the external environment and identifies the localphone process that is about to receive a long distance call. Thus, the conjunct:Plug(LDOut_Line(Get_ID(LDIn_Line[To_Number])), LDIn_Line),which uses the Plug definition imported from the global specification (presented inSection 2.2.3), states that the local central control unit uses the variable LDOut_Line tomaintain the data provided by the parameter LDIn_Line.The last transition to be discussed is the Generate_Alarm transition.TRANSITION Generate_Alarm(P:Area_Phone) Tim14ENTRYP.Offhook&(Phone_State(P)=Ready_To_Dial| (Phone_State(P)=Dialing & P.Call(Enter_Digit) < Start(Process_Digit(P))))&(Count(P)=0 & (Now - End(Give_Dial_Tone(P))) > 30|(Count(P)>0&(~Long_Distance(P) & Count(P) < 7 | Long_Distance(P) & Count(P)<11)&((Now - End(Process_Digit(P))) > 20 | (Now - End(Give_Dial_Tone(P))) > 100 ))EXITPhone_State(P) BECOMES AlarmThis transition represents three of the dialing timing requirements that Dasarathypresented in his paper [Das 85]. The restrictions are that¥"After receiving a dial tone, the caller shall dial the first digit within 30 s."¥"After the first digit has been dialed, the second digit shall be dialed no morethan 20 s later." and¥"A dialer should dial seven digits in 30 s or less ..."3The first conjunct of the entry assertion for the Generate_Alarm transition requiresthe phone to be offhook while the second one specifies that the caller is about to begindialing or in the process of dialing and has not entered a digit since the last digit wasprocessed. The last conjunct captures the three requirements from Dasarathy’s paper.The first disjunct specifies that no digits have been processed since the dial tone wasenabled (Count(P)=0) and that more than 30 seconds have elapsed since phone P wasput in ready to dial mode. The second disjunct specifies that one or more, but less thanseven (eleven for long distance), digits have been processed for phone P, and that eitherit has been more than 20 seconds since the last digit was processed or more than 100seconds have elapsed since phone P was put in Ready_To_Dial mode. The exitassertion specifies that phone P is put in the alarm mode.

3 For the example specification the second requirement was extended to cover the time between any twodigits, and the total dial time was changed to 100 s, which seemed more reasonable.

January 23, 1997152.2.7Environment ClauseBecause ASTRAL is intended to be used for designing reactive systems, it is necessaryto be able to express assumptions about the external environment in which the systemworks. This is accomplished by using environment clauses, which formalize theassumptions that must hold on the behavior of the environment to guarantee somedesired system properties. These assumptions are expressed as first-order formulasinvolving calls to the exported transitions. If T is an exported transition, Call(T) may beused in the environment clause to denote the time of the last occurrence of the call to T(with the same syntactic conventions as Start(T) and End(T)), and Callk(T) denotes thetime of the kth previous occurrence of the call4.There are both local and global environment clauses. Local environment clauses referto a single instance of the process type they are associated with, while the global onerefers to the system as a whole.The local environment clause for the process type Phone is:ENVIRONMENTFORALL t: Time (Call(Pickup, t) fi ~past(Offhook, t))&FORALL t: Time (Call(Hangup, t) fi past(Offhook, t))&FORALL t: Time(Call(Enter_Digit, t)fi(past(Dialtone, t)|EXISTS t1: Time, n: Integer, D: Digit(2£ n & Calln(Enter_Digit(D), t1)&past(Dialtone, t1) & (n£ 7 & D „1 | n £ 11 & D = 1)&FORALL t2: Time (t1 £ t2 £ t fi past(Offhook, t2))))&FORALL t: Time (Call2(Pickup, t) fi Call(Pickup) - Call2(Pickup) ‡ 1)This states that the phone must not be offhook in order to pick it up, it must be offhookin order to hang it up, there must be a dialtone in order to dial the first digit or thephone has remained offhook ever since the first digit was dialed, and a customercannot pick up his/her phone more than twice in a second.The global environment clause for the phone system specifies that no more thanMax_Cust customers connected to the same central control will pick up their phone toinitiate a call in any 2 second time period. It is:ENVIRONMENTFORALL C: Central_Control_ID(SET_SIZE({ SETDEF P: Phone_ID ( In_Area(P) = C & Now - 2 £ P.Call(Pickup) £˚Now)}) £ Max_Cust)2.2.8Imported variable clauseASTRAL also allows assumptions about the system context provided by other processesin the system to be expressed in the imported variable clause, which describes patternsof changes to the values of imported variables, including timing information about anytransitions exported by other processes that may be used by the process being specified

4 Note that there may be a delay from the time a transition T is called until it is actually started.

January 23, 199716(e.g., Start(T) and End(T)). The imported variable clause is optional and is not anessential part of an ASTRAL system specification. It is used to aid in proving thecorrectness of a system in a modular fashion. [CKM 94] provides the details of how thisclause is used to partition the correctness proof.The imported variable clause for the central control process is:SET_SIZE({ SETDEF P: Area_Phone (Now - 2 £ P.Start(Pickup) £ Now)}) £ Max_CustIt states that there are no more than Max_Cust firings of the imported Pickuptransitions in any 2 second time period.2.2.9Critical RequirementsFor a realtime system there are two types of critical requirements: behavioral andtemporal. In ASTRAL both types are expressed in the invariants, constraints andschedules.Invariants and ConstraintsThe invariants express the critical requirements that are to hold in every reachablestate. That is, they state properties that must initially be true and must be guaranteedto hold during system evolution. The constraints express the critical requirements thatmust hold between any two states that correspond to the start and end of a transition5.Invariants can be global or local; the global invariants represent properties that need tohold for the realtime system as a whole, while local invariants and constraints definedat the process type level represent properties that must hold for each process instance.Invariant and constraint properties must be true regardless of the environment or thecontext in which the process or system is running.For the central control process type the invariant clause specifies two restrictions onCount and several on phone modes. The invariant is expressed as followsFORALL P: Area_Phone((Long_distance(P) fi Count(P) ‡ 0 & Count(P) £ 11)&(~Long_distance(P) fi ( Count(P) ‡ 0 & Count(P) £ 7&(Phone_State(P)=Waiting fi Phone_State(Connected(P))=Ringing)&(Phone_State(P)=Ringing fi Phone_State(Connected(P))=Waiting)&(Phone_State(P)=Talk fi Phone_State(Connected(P))=Talk))))The first conjunct of the invariant indicates that for long distance calls the numberbeing dialed by a user can never be more than eleven digits long and that it is alwaysgreater than or equal to zero. This invariant demonstrates the use of the definitionCount. The second part of the invariant expresses a similar requirement on local calls(the number of digits has to be less than or equal to seven). It also expresses therequirement that when one customer is waiting for another to answer, the othercustomer’s phone is in a ringing state. Similarly if one’s phone is ringing then thephone of the caller should be waiting for an answer. Finally, if a phone is in talk modethe phone it is connected to should also be in talk mode.

5 The requirements contained in a constraint could be expressed in an invariant. Thus, the constraint isjust a notational convenience.

January 23, 199717The only constraint in the central control specification isCONSTRAINTFORALL P:Area_Phone((Phone_State’(P)=Busy | Phone_State’(P)=Alarm |Phone_State’(P)=Disconnect)&Phone_State(P) „ Phone_State’(P)fiPhone_State(P)=Idle )This constraint specifies that if a user reaches a busy number, doesn’t dial quicklyenough and gets into alarm mode, or is disconnected because the other party hangs upthe phone, then the only choice for the customer is to hangup (i.e., enter idle mode).Recall that in an ASTRAL expression a primed variable (e.g., x’) indicates the valuethat variable had in the previous state; i.e., when the transition was invoked.SchedulesSchedules are additional system properties that are required to hold under morerestrictive hypotheses than invariants. Like invariants, schedules may be either localor global and obey suitable scope rules in the same style as invariants. Unlike,invariants, however, they express requirements that are to hold provided theenvironment and system context produce stimuli as prescribed in the environment andimported variables clauses.Process scheduling clauses deal with timing requirements for that process only. Aprocess schedule cannot prescribe the value of variables for another process. It mayrefer only to calls to its own exported transitions and references to the values ofimported variables from another process.The schedule clause for the phone process states that transition Pickup fires wheneverit is called from the environment:FORALL t: Time (Call(Pickup, t) « Start(Pickup, t))The schedule clause for the central control process consists of seven conjuncts, each ofthem representing a scheduling requirement. The first one is:FORALL P:Area_Phone, t: Time(Change(P.Offhook, t)&past(P.Offhook, t)&past(Phone_State(P), t)=Idle&Now - t ‡ MAX(Tim1, �, Tim16) + Max_Cust*Tim1fi EXISTS t1:Time(t£t1£t + MAX(Tim1,�,Tim16) + Max_Cust*Tim1 & past(Start(Give_Dial_Tone(P),t1),t1)))The above scheduling requirement states that if phone P becomes offhook at time t thenwithin MAX(Tim1, �, Tim16) + Max_Cust*Tim1 seconds transition Give_Dial_Tonewill fire to serve P. It also shows the use of the ASTRAL predicate Change which isused to denote the last time that a variable has changed its value, that is Change(var, t)is true iff at time t variable var has changed value and there is no other time between tand the current time (Now) in which the variable value has changed .The six remaining scheduling requirements that compose the schedule clause of thecentral control specification deal with the pulsing of the Enabled_Ring_Pulse and theEnabled_Ringback_Pulse.

January 23, 199718The global schedule clause specifies timing requirements which involve multipleprocesses. It describes additional properties that the system must satisfy, when all itsprocesses satisfy their own schedules and the assumptions on the behavior of the globalenvironment hold. Only exported variables and the call, start, and end times ofexported transitions can be used in the global schedule clause.The global schedule clause for the example system specifies another of Dasarathy’stiming requirements: "The caller shall receive a dialtone no later than 2 s after liftingthe phone receiver." The corresponding specification clause isFORALL P:Phone_ID, t: Time(P.Offhook&P.Call(Pickup, t)&Now - t ‡ 2&past(In_Area(P).Phone_State(P),t)=IdlefiEXISTS t1:Time (t < t1 £ t + 2 & past(In_Area(P).Phone_State(P),t1)=Ready_To_Dial))The first conjunct of the antecedent specifies that phone P is currently offhook. Thesecond and third conjuncts are an example of the use of the Call for a particularinstance of the process type phone. They specify that it has been 2 seconds or more sincethe call of the transition Pickup for phone P. The fourth conjunct specifies that phone Pwas in idle mode when the Pickup transition was called. This conjunct is necessarybecause if P was in ringing mode when the receiver was picked up, then the customershould not get a dialtone. The consequent specifies that at some time during the twosecond period that started with the call of the Pickup transition the mode of phone P (asviewed by the central control) was ready to dial, which enables phone P to execute itsStart_Tone transition.Note that this expression does not specify that phone P actually gets a dialtone, but thatit can get a dialtone. In order for the global schedule clause to express that phone P getsthe dialtone the variable Dialtone would have to be exported by the phone process.2.2.10 Further Assumptions and RestrictionsSchedules are not required to be proved using the basic elements of the ASTRALspecification. It is important, however, to know that the schedule is feasible. There maybe several ways to assure that a schedule is satisfied, such as giving one transitionpriority over another or making additional assumptions about the environment. Eventhough this kind of decision should often be postponed until a more detailed designphase, it is important to know that if further restrictions are placed on the specificationand/or if further assumptions are made about the environment, then the schedulecould be satisfied. For this reason a further assumptions and restrictions clause can beincluded as part of a process specification. Unlike other components of an ASTRALspecification this clause is only used as guidance to the implementer; it is not a hardrequirement.The further assumptions and restrictions clause consists of two parts: a furtherenvironment assumptions section and a further process assumptions section. Thefurther environment assumptions section obeys the same syntactic rules as the localenvironment. It states further hypotheses on the admissible behaviors of theenvironment interacting with the system. A further process assumptions section

January 23, 199719restricts the possible system implementations by specifying suitable selection policiesin the case of nondeterministic choice between several enabled transitions, transitionselection, or by further restricting constants, constant refinement. In general, thefurther process assumptions reduce the level of nondeterminism of the systemspecification. For more information on the further assumptions and restrictions clauseand its role in the proof methodology see [CKM 94].The further assumptions and restrictions clause for the central control process is:FURTHER ASSUMPTIONSCONSTANT REFINEMENT2 > MAX(Tim1, �, Tim16) + Max_Cust*Tim1TRANSITION SELECTION{Give_Dial_Tone, *} TRUE fi {Give_Dial_Tone}The above clause states further constraints on the relationship of some constant valuesand gives transition Give_Dial_Tone priority over the other transitions belonging to thecentral control process. These assumptions are needed to prove that the processschedule holds, that is, they describe a possible implementation choice that designerscan follow to satisfy the critical requirements expressed by the schedule.3.Composing ASTRAL SpecificationsAs seen in the previous section, the ASTRAL language contains structuringmechanisms that allow one to build modularized specifications of complex systems. Itis often desirable to combine these system specifications into an even more complexsystem. Consider two ASTRAL specifications: each of these specifications contains oneor more process type specifications and a global specification. Composing thesespecifications means to build a new specification, that is the specification of a systemobtained by making the processes of the original specifications interact. The behavior,the environment, and the properties of the new system are obtained from those of itscomponents, once their interaction is formally described. In order to compose ASTRALspecifications one needs to define how to formally describe the interconnection betweentwo or more specifications, how the resulting new specification can be built startingfrom the specification of its components and the description of their interaction, andunder what conditions the properties verified about the components will still be valid inthe composed system.In the next subsection a compose clause, which describes the interaction between twoASTRAL system specifications is introduced. Then, the specification of a long distancenetwork system is introduced, and it is shown how this specification can be composedwith the phone system specification to produce the specification of a long distancephone system.3.1The Compose ClauseA compose clause provides the information needed to compose two or morespecifications into a single specification of the combined system. Let S1 and S2 denotetwo ASTRAL top level specifications. The interaction between the processes of S1 and S2is described by specifying which exported transitions of the processes of S1 (S2) are nolonger exported to the external environment, i.e., the stimuli needed to fire such

January 23, 199720transitions are produced by a process of the sibling system S2 (S1) rather than by theexternal environment.Figure 3a shows two systems, S1 and S2. S1 exports transitions T1 and T2 and statevariables x1, x2 and x3, while S2 exports transition T3 and state variables y1 and y2.When S1 and S2 are composed some transitions of S1 (S2) will not need an external call,since S2 (S1) is now providing part of the environment in which S1 (S2) works. Forinstance, in Figure 3b transitions T1 and T3 are no longer exported since the eventsthat trigger them are now represented by particular values of y2 and x1 and x3,respectively. Thus, the composed system, C, will export only transition T2. That is, theexternal environment of C can call only transition T2 (See Figure 3c).

S1x1x2x3S2y1y2Call(T1)Call(T3)Call(T2)

x1x2x3y1y2T1T3C

Call(T2)S1S2 x1x2x3y1y2

CCall(T2)

a)b)c)Figure 3: The composition of S1 and S2 into CIn general a compose clause contains the following parts:¥A process clause defining how many instances of each process type belonging to S1or S2 are present in the resulting system.¥A set of clauses defining types, constants, and definitions that are used in thecompose clause.¥A name clash resolution clause, which is used to solve any possible name clashesthat can arise because of overloaded identifiers (i.e., the same identifier is used inboth S1 and S2 with different meanings).¥A call generation clause which describes how exported transitions of S1 (S2)processes are triggered by events occurring in S2 (S1) processes. These events aredescribed by formulas of the following form:FORALL t: Time ,�(P(S1) « Call(T,t)),where P(S1) is an ASTRAL well formed formula describing the occurrence of the eventsin S1 that are equivalent to calling the exported transition T of S2.3.2Long Distance NetworkThe long distance network specification is composed of a global specification and asingle process type specification (Long_Distance_Unit). Each area code is controlled byone process instance of type Long_Distance_Unit. For simplicity, it is assumed thateach long distance unit instance is connected with all other instances, so that a direct

January 23, 199721communication between two long distance unit instances is always possible. Thecomplete long distance network specification can be found in Appendix B.The global type Line is used to represent the physical lines used for connecting one longdistance unit to another and to the external environment. Long_Distance_Unit has four variables all of which are parameterized by Line:NetOut(Line), LocOut(Line): Connection,NetStatus(Line), LocStatus(Line): Connection_StatusNetOut and NetStatus are used to communicate with another long distance unit, whileLocOut and LocStatus are exported to send the information about the connection andthe status occurring on a given line to the external environment.The long distance unit process also exports four transitions:Receive_Local_Reqcalled whenever a long distance call has been requested from thelocal area.Local_Establishedcalled to notify the unit that an incoming call to the local areahas been received.Started_Local_Talkcalled to notify the unit that an incoming call, previouslyreceived has been answered.End_Localcalled to notify the unit that an incoming call has ended.Figure 4 shows the interface of the long distance process with the externalenvironment.

Units[i]LocOutLocStatusCall(Receive_Local_Req(�))Call(Started_Local_Talk(�))Call(End_Local(�))

Call(Local_Established(�))Figure 4: Long_Distance_Unit InterfaceThe specification of transition Receive_Local_Req is as follows:TRANSITION Receive_Local_Req(In_Line:Connection) Ti1ENTRYIn_Line[From_Area] = Get_Area(Self)EXITEXISTS L: Line(NetworkStatus’(L) = Available&Connect(NetworkOut(L), In_Line)&FORALL L1:Line (L1 „ L fi NOCHANGE(NetworkOut(L1))&NetworkStatus(L) BECOMES In_Progress)A complete discussion of the specification can be found in [CK 93].3.3Composition ExampleIn this section the phone system specification is composed with the long distancenetwork to obtain the specification of a long distance phone system. This requires theintroduction of a compose section to define how the composition is carried out:

January 23, 199722COMPOSITION OF Phone_System, Long_Distance_Network AS Phone_NetworkThe compose section contains the declaration of the process type instances composingthe new system:PROCESSESPhones: array[1 .. Num_Phone] of Phone,Centrals: array[1 .. Num_Area] of Central_ControlUnits: array[1 .. Num_Area] of Long_Distance_UnitIt also contains the declaration of constant LD_Unit which defines the association ofevery Central_Control process instance with its corresponding Long_Distance_Unitprocess instance.CONSTANTSLD_Unit(Central_Control_ID): LDU_IDIn order to specify that each long distance unit is associated with a single centralcontrol, the compose section contains the following axiom:AXIOMFORALL C1, C2: Central_Control_ID (LD_Unit(C1) = LD_Unit(C2) fi C1 = C2)Finally, the compose section describes how events occurring in the central controlprocess instances are equivalent to calling the exported transitions of the long distanceunit process instances and vice versa. As an example, long distance unit transitionReceive_Local_Req for process instance LD_Unit(In_Area(P)) is triggered every time acustomer P dials a long distance number; that is, whenever the status of the incomingline from a central control process instance (In_Area(P).LD_Out_Status) becomes"In_Progress":FORALL t: Time, P: Phone_ID(Change(In_Area(P).LDOut_Status(P),t) & In_Area(P).LDOut_Status(P) = In_Progress«LD_Unit(In_Area(P)).Call(Receive_Local_Req(In_Area(P).LDOut_Line(P)),t))In a similar manner, the central control transition Receive_LD is triggered every timean incoming long distance call is detected by a long distance unit. That is, the status ofthe outgoing line from a long distance unit (LD_Unit(C).Local_Status) becomes"In_Progress":FORALL t: Time, C: Central_Control_ID, L: Line(Change(LD_Unit(C).LocStatus(L),t) & LD_Unit(C).LocStatus(L) = In_Progress«C.Call(Receive_LD(LD_Unit(C).LocalOut(L)),t))Figure 5 shows how the variables and transitions from the phone system and the longdistance network system interact in the composed system (For simplicity, the exporteditems of the phone process are not depicted). The complete composition section ispresented in Appendix C.

January 23, 199723

Phone_StateLDOut_LineLDOut_StatusLocOutLocStatusReceive_LDStart_LDStart_Talk_2Terminate_LDReceive_Local_ReqEnd_LocalLocal_EstablishedStarted_Local_Talk

. . .Centrals[i]Units[i]

Phones[k]Phones[j]

Figure 5: The composed systemAs a result of the composition, the above transitions are no longer exported and theirENTRY/EXIT pair is extended to include the triggering mechanism. For example,transition Receive_Local_Req becomes (the italic part is what has been added):TRANSITION Receive_Local_Req Ti1ENTRYEXISTS t: Time, P: Phone_ID(Change(In_Area(P).LDOut_Status(P),t) & In_Area(P).LDOut_Status(P) = In_Progress&LD_Unit(In_Area(P)) = Self & Start(Receive_Local_Req) < t)EXITEXISTS t: Time, P: Phone_ID(Change(In_Area(P).LDOut_Status’(P),t) & In_Area(P).LDOut_Status’(P) = In_Progress&LD_Unit(In_Area(P)) = Self & Start2(Receive_Local_Req) < t&EXISTS L: Line(NetStatus’(L) = Available&Connect(NetOut’(L), In_Area(P).LDOut_Line’(P))&NetStatus(L) BECOMES In_Progress&FORALL L1:Line (L1 „ L fi NOCHANGE(NetOut(L1)))))3.4Automatic Generation of Composed SpecificationWhen composing two or more system specifications using the compose clause it isdesirable to produce the specification of the composed system. Since an ASTRALspecification is composed of a global specification and a set of process type specification,this means that it is necessary to build the new global specification, and the newprocess specifications using the compose clause.The new global specification contains a set of clauses defining types, constants anddefinitions built by taking the corresponding clauses declared in the compose clauseand those belonging to both of the global specifications and using the name clash clauseto resolve any name clashes.Every process type specification in both of the systems is included in the composedsystem; however, the following transformations are needed:¥The import/export clause of each process type is modified since some transitionsare no longer exported and some state variables are now imported instead. As a

January 23, 199724consequence both the local environment clause and the imported variables clauseare modified in order to account for the no longer exported transition and thenewly imported variables, respectively;¥Each transition belonging to a process type referred to in the call generationclause of the compose section, is modified using the related call generation clause.¥The local schedule is modified using the related call generation clause if it refersto the call of a no longer exported transition.Notice that the local invariant and the further process assumptions are not modified.This composition can be constructed automatically. The details of how to construct thecomposite specifications can be found in [CK 93].4.Status of the ASTRAL Software Development EnvironmentIn order to get designers to use formal methods to develop realtime systems it isnecessary to provide them with an integrated set of tools for writing and analyzingtheir specifications. The ASTRAL Software Development Environment is intended to bean integrated set of design and analysis tools based on the ASTRAL formal framework.The tools that make up the support environment are a syntax-directed editor, aspecification processor, a mechanical theorem prover, a specification testingcomponent, and a browser kit.The approach that was taken in building the ASTRAL software developmentenvironment was to first build an executive that integrates all of the component tools.This executive provides the user with a graphical user interface running under Unixwith X-windows System 11 Release 5 with Motif. It includes extensive context-sensitivehelp facilities and the necessary optional features to get the level of guidance needed bya novice user while not hindering the experienced specifier. The system providesnavigation windows, which allow the user to navigate through the specification in ahierarchical manner. A key design criteria for the environment was that the usershould never need to switch between tools nor should there be any need for dataexchange via temporary files. That is, the system is intended to be a fully integratedenvironment in which the user could change from specification writing to typechecking to generating proof obligations with a mere button push. In its current statethe software development environment contains stubs for the tools that are not yetready to be integrated into the environment. Each of the component tools and theircurrent status are discussed in the following subsections.4.1Syntax-DirectedEditorThe ASTRAL syntax-directed editor aids the designer in constructing ASTRAL formalspecifications. With this editor a user can build the specification in any order desired.When the user enters a specification component the syntax is automatically checked.Figure 6 is a screen dump showing the highest level navigation window for the phonesystem specification of Appendix A.

January 23, 199725Figure 6: Screen Dump of Initial Navigation WindowAt this level the user can see that there are two different process type specifications, inaddition to the global specification. It also shows a popup window for saving thecurrent specification and the help line explains the options. The screen dump inFigure 7 is the result of hierarchically navigating through the phone process and toplevel navigation windows and finally creating the Enter_Digit transition by selecting"transition" off the "Insert New" menu and then editing the newly created transition.The edit popup window has been selected to edit the exit assertion of the transition.4.2SpecificationProcessorThe specification processor consists of a validation component and a verificationcondition generator (i.e., proof obligation generator). Because the user is allowed toenter the specification in any order, it is not always reasonable to perform all typechecking immediately. Therefore, the user controls when the type checking is to bedone. He/she can choose to type check the entire specification at any time by selectingthe "Validate" button, which can be seen to the left of the bottom of the popup window inFigure 6.The proof obligation generator component of the specification processor generates thenecessary proof obligations to assure that each process specification is consistent withits invariants, constraints, and schedules, and that the properties of the collection ofstate machine specifications for the processes of the system is sufficient to assure theglobal invariant for the system and in some cases also the global schedulingconstraints. These are known as the intra-level proof obligations. This tool alsogenerates the necessary proof obligations to assure that a less abstract lower levelspecification for a process is a correct implementation of the parent specification that it

January 23, 199726implements. These are the inter-level proof obligations. The proof theories for both theintra-level and the inter-level proofs are defined in [CKM 94, CKM 95]. The proofobligations are generated by clicking on the "Actions" button, which can also be seen tothe left of the bottom of the popup window in Figure 6, and choosing either intra-level orinter-level proof obligations. Because the theorem prover component has not yet beenintegrated in the environment, the resulting proof obligations are currently written to afile.Figure 7: Screen Dump of Enter_Digit Navigation Window4.3TheoremProverA mechanical theorem prover component to discharge the proof obligations generatedby the specification processor will also be integrated into the software developmentenvironment. However, it has been the experience of the Reliable Software Group that itis more efficient to build or adapt an existing theorem prover after one knows the typesof theorems that need to be proved. For instance, when ASLAN was used in the MCC’sSpectra software development environment [GBG 90, Ger 93] both the HOL [Gor 87] andBoyer and Moore [BM 90] theorem provers were adapted to prove the proof obligationsthat were generated by the ASLAN specification processor. More recently, the ASLANspecification processor was coupled to the Otter theorem prover [WM 92], which wasdeveloped at Argonne National Laboratory. Based on this experience, the integration ofa theorem prover is being delayed until a reasonable number of ASTRAL specificationshave been written and the corresponding proof obligations have been generated. At thattime the proof obligations can be analyzed to determine what existing theorem prover(s)would be best to use.

January 23, 1997274.4SpecificationTestingToolIn order to reduce the cost of developing reliable systems that also provide the desiredfunctionality, it is necessary to provide a means to test the formal specifications early inthe software life cycle. As was mentioned in the introduction, a scheme for translatingASTRAL formal specifications to TRIO was defined for an earlier version of thespecification language. To test the feasibility of this approach a simple examplespecification that modeled a traffic light and the traffic on two intersecting streets wasused. The complete specification was manually translated and the resultingspecification was tested using the TRIO history checker, which was developed at thePolitecnico di Milano [FM 94]. When testing the specification several problems with theASTRAL specification, which revealed the potential for a traffic accident with thesystem as specified, were discovered. This experience lead to the decision to include anASTRAL to TRIO translator and the TRIO-based history checkers as components of thesoftware development environment.However, now that a formal semantics for ASTRAL has been defined, the decision hasbeen made to build on the Reliable Software Group’s experience with directly executingformal specification languages symbolically. This experience includes implementing asymbolic execution tool for testing ASLAN specifications [DK 94], which is calledAslantest. This tool provides designers and users with a flexible means of animatingsystem specifications to test for various functional requirements. The Reliable Softwaregroup has also designed and implemented a symbolic executor, called CASEX, for averifiable subset of Ada, which includes tasking [HK 88]. This tool uses the interleavingapproach, where the execution of component tasks are interleaved to model theirconcurrent execution. These tools served as a basis for the ASTRAL specificationtesting component, which is currently being designed.4.5 BrowsersFinally, the software development environment contains three databases for analyzinginter-process and inter-transition relationships. These databases store informationabout variables, transitions, and processes of the current specification, and they areautomatically updated and kept consistent every time the user edits anything in theASTRAL specification. There are browsers associated with each of these databases andeach of them has a dedicated window and a query button, which can be seen to the rightof the navigation window in Figure 6. These browsers help the user to quicklydetermine what variables, transitions, or processes are affected by a change to someexisting variable or transition. It is expected that the browsers will be very usefulduring the maintenance phase when the specifications are being modified.5.RelatedWorkASTRAL is an outgrowth of the authors’ previous work on realtime formalspecification languages. The Reliable Software Group at UCSB had already developed alayered formal specification language for sequential systems. This formal specificationlanguage, as well as the specification language processor, is called ASLAN. ASLAN’sstrengths include layered refinement, a state machine process model, and the ability tospecify non-timing requirements and behavior. An overview of the ASLAN language

January 23, 199728can be found in [AK 86a, AK 86b], and further information and use of the languageprocessor are detailed in the ASLAN User’s Manual [AK 85]. ASTRAL builds onASLAN by introducing time to the nondeterministic state machine modeling style ofASLAN, where states are specified via predicates, and state changes occur as aconsequence of the application of atomic operations. Modularity and hierarchy ofspecifications are also inherited from ASLAN, and the syntactic flavor of ASLAN isretained.RT-ASLAN is an earlier extension of ASLAN for specifying realtime systems [AK 86b].In RT-ASLAN a system is modeled by a collection of state machine specifications.Processes are represented by communicating subspecifications, and shared datainterfaces are represented by interface subspecifications. Each communicatingsubspecification defines the local state variables, state transitions and criticalrequirements of a single process. Each interface subspecification is essentially a dataobject protected by a monitor. The experience gained from specifying timing propertiesusing RT-ASLAN were useful in designing the ASTRAL approach. The RT-ASLANdata sharing approach for modeling process interaction, however, was determined tobe unsatisfactory for ASTRAL.TRIO is a logic language designed at the Politecnico di Milano as a formal notation forspecifying and verifying timing requirements [GMM 90, MMP 96]. The research andexperimentation on TRIO addressed the issue of executing TRIO specifications. Thelanguage, however, lacks many of the qualities that would make it a practicallanguage for specifying real world systems. It is hard to read and understand; thereare no mechanisms for modularizing a complex specification nor for arranging it as ahierarchy of abstraction levels. Due to these weaknesses, TRIO appears more like arealtime machine level formal language than a language to be used by a systemspecifier. For this reason it was decided to build a high level language that could betranslated to TRIO.Although the ASTRAL language was based on the authors’ experience with ASLANand TRIO, it was developed as a new language. The ASLAN state machine approachwith layering is retained, but ASTRAL uses a novel approach to modeling interprocesscommunication, and many new specification ideas are introduced for expressinginteraction with the environment and timing relationships. The experience of basingthe ASTRAL language on the ASLAN and TRIO approaches prompted the selection ofthe name for the language: an ASlan based TRio Assertion Language.Several different approaches to formal specification of realtime systems can be found inliterature. Among them:¥Operational approaches based on different kinds of automata, includingextensions to finite state machines, such as Statecharts [Har 87, HLN 88],Modecharts [JM 94], different kinds of timed automata [AD 91, AFH 91] andvarious kinds of high level Petri nets, such as [MF 76] and [GMM 89].¥Formalism based on temporal logics such as [JM 86, KR 85, KKZ 87, Koy 89, JL 89]and previous work on temporal logic [Pnu 81, Ost 89].

January 23, 199729¥Extensions to algebraic based languages like CCS [Mil 83] such as [Wan 90] andConstrained Expressions [DAW 88].In [AD 91] timed automata are used both for specifying the system and describing itsproperties. Thus, the problem of verifying whether a system satisfies a given propertyis reduced to the problem of checking the emptiness of the intersection between thelanguages accepted by the automata representing the system and the one describingthe property respectively6. [AFH 91] shows how to translate formulas written in theMITL temporal logic into timed automata. This approach allows one to check thecorrectness of a system modeled by timed automata against critical requirementsexpressed as MITL formulas. ASTRAL, instead allows one to prove that a systemmeets its critical requirements by means of a proof system, that is by providing anaxiomatization of the behavior of the ASTRAL abstract machine. Moreover, timedautomaton is a low level formalism when compared to ASTRAL.An approach similar to ASTRAL’s is presented in [AL 91] where Abadi and Lamportshow how TLA can be used to specify realtime systems. A TLA specification is aformula that describes the set of allowed behaviors of the system. The formula refers toa set of variables that can be viewed as the system state variables. Properties of thesystem are also expressed by TLA formulas and therefore in order to show that a givenspecification satisfies a given property one must prove that the former formula impliesthe latter. More recently, in [AL 95] Abadi and Lamport show how to specify a systemas a conjunction of the specifications of its components. As is the case with ASTRAL,properties of the system as a whole are proved by reasoning about the components.Furthermore, their presentation of conditional implementations where certainassumptions are made is similar to ASTRAL’s use of environment clauses andimported variable clauses. The ASTRAL approach differs, however, in that invariantsthat depend on outside assumptions to be maintained are separated from those thatdon’t (i.e., the distinction between invariants and schedules in ASTRAL).ASTRAL also inherits some features from synchronous languages, such as ESTEREL[BS 91], LUSTRE [HCR 91, HLR 92], and SIGNAL [GGB 91]. These languages describeprograms that react instantaneously to external events. The former is an imperativelanguage, providing assignments, conditionals, loops, etc. The latter two are dataflowlanguages. For example, ESTEREL’s intermodule communication via signalstransferred in an instantaneous broadcast network is mirrored by ASTRAL’sinterprocess communication. ASTRAL differs from these languages, however, in thatthe actions performed by the system in response to external stimuli take a nonnull time(i.e., there is a delay between external events and responses). Thus, ASTRAL’s modelis asynchronous, whereas ESTEREL, LUSTRE, and SIGNAL are synchronous. In thecase of LUSTRE, validation of specifications is supported by model checking.Like ASTRAL, the work of Gerber and Lee [GL 92] provides a layered approach to theverification of realtime systems. With their approach the CSR application language isused to specify processes, and these processes are mapped to system resources using a

6 Actually the interesection is between the language accepted by the automata representing the systemand the one accepted by the complement of the automata representing the property.

January 23, 199730configuration schema. A CSSR specification is then automatically generated. Thisapproach is similar to the ASTRAL to TRIO translation; although, their approach ismuch more operational than the ASTRAL/TRIO approach.Another language supporting layered specifications is HMS [GF 91]. However the HMSnotion of multilevel specifications is quite different from ASTRAL’s. In HMS higherlevel specifications impose constraints on lower levels; the final specification istherefore composed of all levels. In ASTRAL each level is shown to be a correctrefinement of the corresponding upper level; as a consequence the lowest levelconstitutes the final specification.Recently, a number of approaches have been proposed to build formal proofs forrealtime systems [ACD 90, FMM 94, GF 91, HL 94, JM 94, LRD 95, Ost 89, Suz 90]. Inmost cases, they are based on low level formalisms, i.e., abstract machines and/orassertion languages that are not provided with modularization and abstractionmechanisms. As a consequence, the proofs lack structure, which makes themunsuitable for dealing with complex real-life systems. In contrast, ASTRAL is providedwith structuring mechanisms that allow one to build modularized specifications ofcomplex systems with layering. As a result, one of the distinguishing feature ofASTRAL is that formal proofs are also structured [CKM 94, CKM 95].6.Conclusions and Future WorkThis paper introduces ASTRAL, a new formal specification language for realtimesystems. The language is an outgrowth of the authors’ previous work on realtimeformal specification languages.ASTRAL was designed to support good software engineering practice. The structuringmechanisms that allow one to build modularized specifications of complex systemswith layering are an example of this. This modular separation of processes allows for abetter understanding of the system design by being able to consider each componentseparately. It also provides the lead designer with reasonable units to be assigned todifferent design teams. The modular approach also simplifies the proof process byallowing the process properties to be proved independently and then using theseproperties to prove the properties of the total system, as expressed in the globalspecification. The layering also allows the proof of the implementation of a process to besimplified.ASTRAL also supports good software engineering practice by having both invariantsand schedules, which contributes to the reuse of process specifications. That is,because properties expressed in the invariant are guaranteed to hold for the process,regardless of what environment it runs in, the process can be reused in any systemdesign that requires only the properties expressed in the invariant. If in addition theproperties expressed in the schedule were necessary, then the system for which theprocess was being considered would have to assure that the environment and importedvariables properties were also satisfied. By splitting the environment dependentproperties from the environment independent properties processes are likely to bereused more than if they were grouped together.

January 23, 199731Another feature of the language that supports good software engineering practice isthe further assumptions clause. By including this clause the schedule requirementscan be proved to be satisfiable without requiring the specifier to include implementationdetails that are inappropriate for the more abstract level of design. This avoids thecommon problem of over specifying a system in the early stages of design. In addition,by including more than one further assumptions clause the designer can documentseveral possible implementation approaches in the higher level design.This paper also describes how to compose two or more ASTRAL system specificationsinto a more complex realtime system. To accomplish this a compose clause was addedto the basic specification language. It was also demonstrated how the compose clausecan be used to transform two or more existing system specifications into a newspecification for the composite system. This too contributes to reuse.ASTRAL has been used to specify a number of interesting realtime systems. In [CKM94] the results of using it to formally specify a CCITT system that consists of a packetassembler process and several input processes is reported. The use of ASTRAL as ahardware description language was demonstrated in [BCF 91]. In that paper it wasused to formally specify a checksum generator and a universal asynchronous receivertransmitter (UART) between a modem and a microprocessor. The first of theseexamples had four distinct process types and the second had six. At Delft University ofTechnology (The Netherlands) ASTRAL was used to specify a robot control system [BBK95]. These case studies as well as the phone system example presented in this paperdemonstrate the expressiveness and the power of the language. They also showASTRAL’s usefulness for specifying varying types of realtime systems from basichardware to complete communication systems.Future work will proceed in several directions. One direction is to experiment furtherwith the ASTRAL approach in more complex real life cases. Although the case studieshave shown that the language is highly expressive and powerful, moreexperimentation is needed to further assess the approach.Another research direction deals with completing the implementation of the softwaredevelopment environment.A third research direction consists of enhancing and extending the theory behind theapproach. The relationship between the target physical architecture and the ASTRALcomputation model needs to be examined more closely. Which assumptions need to berelaxed or modified in order to fit target architectures more closely? A typical exampleis the assumption that as soon as a task terminates a transition, the changed values ofthe exported variables are immediately visible to all other tasks. Another assumption ofthe computation model that needs to be addressed is the global clock.7.AcknowledgmentsThe authors would like to thank Steve Eckmann, Miguel Felder, Dino Mandrioli,Angelo Morzenti and Pierluigi San Pietro who reviewed earlier versions of this paperand provided many useful suggestions. Thanks also to Paul Kolano, Richard Lee andMarco Mussini who worked on the ASTRAL software development environment.

January 23, 199732Finally, thanks go to the anonymous reviewers who gave many useful suggestions andcomments on the first version of this paper.References[ACD 90]Alur, R., C. Courcoubetis, and D. Dill, "Model-Checking for RealtimeSystems," 5th IEEE LICS 90, IEEE, pp. 414-425, 1990.[AD 91]Alur, R. and D. Dill, "The theory of Timed Automata", LNCS 600, Springer-Verlag, pp. 45 - 73, 1991[AFH 91]Alur R., T. Feder, and T. Henzinger, "The Benefits of RelaxingPunctuality", Proceedings of the 10th ACM Symposium on Principles ofDistributed Computing, pp. 139 - 152, 1991[AK 85]Auernheimer, B. and R. A. Kemmerer, ASLAN User’s Manual, TRCS84-10, Department of Computer Science, University of California, SantaBarbara, March 1985.[AK 86a]Auernheimer, B. and R.A. Kemmerer, "Procedural and NonproceduralSemantics of the ASLAN Formal Specification Language," ProceedingsNineteenth Annual Hawaii International Conference on System Sciences,Honolulu, Hawaii, January 1986.[AK 86b]Auernheimer, B. and R.A. Kemmerer, "RT-ASLAN: A SpecificationLanguage for Real-Time Systems," IEEE Transactions on SoftwareEngineering, Vol. SE-12, No. 9, September 1986.[AL 91]Abadi, M., and L. Lamport, "An Old-Fashioned Recipe for Realtime", LNCS600, Springer-Verlag, pp. 1 - 27, 1991[AL 95]Abadi, M., and L. Lamport, "Conjoining Specifications" ACM Transactionson Programming Languages and Systems, Vol. 17, No. 3, pp. 507-534, May1995.[BBK 95]Brink, K., L. Bun, J. van Katwijk, and W.J. Toetenel, "Hybrid Specificationof Control Systems", First IEEE International Conference on Engineering ofComplex Computer Systems, Ft. Lauderdale, Florida (USA), November1995.[BCF 91]Buonanno G., A. Coen-Porisini, W. Fornaciari, "Hardware SpecificationUsing the Assertion Language ASTRAL", Proceedings of the AdvancedResearch Workshop on Correct Hardware Design Methodologies, Torino,Italy, June 1991.[BM 90]Boyer, R. and J. Moore, "A Theorem Prover for Computational Logic",Proceedings of the 10th International Conference of Automated Deduction,Kaiserslautern, Germany, July 1990.[BST 89]Bal, H.E., J.G. Steiner, and A.S. Tanenbaum, "Programming Languagesfor Distributed Computing Systems," ACM Computing Surveys, Vol. 21, No.3, September 1989.[BS 91]Boussinot, F. and R. de Simone, "The ESTEREL Language", Proceedings ofthe IEEE, Vol. 79, No 9, September 1991.[CM 88]Chandi, K.M. and J. Misra, Parallel Program Design: A Foundation,Addison-Wesley, 1988.

January 23, 199733[CK 93]Coen-Porisini, A., and R.A. Kemmerer, "The Composability of ASTRALRealtime Specifications", Proceedings of the International Symposium onSoftware Testing and Analysis, Cambridge, Massachusetts, July 1993.[CKM 94]Coen-Porisini, A., R.A. Kemmerer and D. Mandrioli, "A FormalFramework for ASTRAL Intra-level Proof Obligations," IEEE Transactionson Software Engineering, Vol. SE-20, No. 8, August 1994.[CKM 95]Coen-Porisini, A., R. Kemmerer and D. Mandrioli, "A Formal Frameworkfor ASTRAL Inter-level Proofs Obligations", Proceedings Fifth EuropeanSoftware Engineering Conference, Barcelona, Spain, September 1995.[CSK 94]Coen-Porisini, A., P. San Pietro and R. Kemmerer, "Formal SemanticsDefinition for ASTRAL", Report no. TRCS 94-15, Department of ComputerScience, University of California, Santa Barbara, California, September1994.[Das 85]Dasarathy, B., "Timing Constraints of Real-Time Systems: Constructs forExpressing Them, Methods for Validating Them," IEEE Transactions onSoftware Engineering, Vol. SE-11, No. 1, January 1985.[DAW 88]Dillon, L.K., G.S. Avrunin, and J.C. Wileden, "Constrained Expressions:Toward Broad Applicability of Analysis Methods for Distributed SoftwareSystems," ACM Transactions on Programming Languages and Systems,Vol. 10, No. 3, pp. 374-402, July 1988.[DK 94]Douglas, J., and R.A. Kemmerer, "Aslantest: A Symbolic Execution Tool forTesting Aslan Formal Specifications," Proceedings of the InternationalSymposium on Software Testing and Analysis, Seattle, Washington, August1994.[DV 94]De Pietro, G. and U. Villano, "A clock synchronization algorithm for theperformance analysis of multicomputer systems", Concurrency: Practiceand Experience, Vol. 6, No. 8, pp. 653-671, Dec. 1994.[FP 88]Faulk, S.R. and D.L. Parnas, "On Synchronization in Hard Real-TimeSystems," Communications of the ACM, Vol. 31, No. 3, March 1988.[FM 94]Felder, M. and A. Morzenti, "Validating Real-Time Systems by HistoryChecking TRIO Specifications", ACM Transactions on SoftwareEngineering and Methodologies, Vol. 3 No. 4 , October 1994.[FMM 94]Felder, M., D. Mandrioli, and A. Morzenti, "Proving Properties of RealtimeSystems through Logical Specifications and Petri Net Models," I E E E Transactions on Software Engineering, Vol. 20, No. 2, pp. 127-141, February1994.[GF 91]Gabrielian, A. and M. Franklin, "Multilevel Specification of RealtimeSystems," Communications of the ACM 34, 5, pp. 51-60, May 1991.[GBG 90]Greene, K., M. Bouler, S. Gerhart, and D. Russinoff, "SpecTra0.1 andSpecTra0.2: Demonstration and Research Issues", Tech. Rep. STP-EI-329-90, MCC Software Technology Program (Videotape), October 1990.

January 23, 199734[Ger 93]Gerhart, S.L., "The MCC Formal Methods Transition Study: TechnologyTransfer for Complex Information Technology and Processes", Proceedingsof the IFIP TC8 Working Conference on Diffusion, Transfer andImplementation of Information Technology, Pittsburgh, USA, October 1993.[GGB 91]Le Guernic, P., T. Gautier, M. Le Borgne, and C. Le Maire, "ProgrammingReal-Time Applications with SIGNAL", Proceedings of the IEEE, Vol. 79,No 9, September 1991.[GK 91a]Ghezzi, C. and R.A. Kemmerer, "ASTRAL: An Assertion Language forSpecifying Realtime Systems," Proceedings Third European SoftwareEngineering Conference, Milano, Italy, October 1991.[GK 91b]Ghezzi, C. and R.A. Kemmerer, "Executing Formal Specifications: theASTRAL to TRIO Translation Approach", Proceedings Symposium onTesting, Analysis, and Verification, Victoria, B.C., Canada, October 1991.[GL 92]Gerber, R. and I. Lee, "A Layered Approach to Automating the Verificationof Real-Time Systems", IEEE Transactions on Software Engineering , Vol.18, No. 9, pp. 768-784, September 1992.[GMM 89]Ghezzi, C. et al., "A General Way to Put Time in Petri Nets," Proceedings4th International Workshop on Software Design and Specification,Monterey, California, April 3-4, 1987.[GMM 90]Ghezzi, C., D. Mandrioli, and A. Morzenti, "TRIO: A Logic Language forExecutable Specifications of Real-Time Systems," Journal of Systems andSoftware, June 1990.[Gom 94]Gomaa, H., "Software design methods for the design of large-scale real-timesystems", Journal of Systems and Software, Vol. 25, No. 2, pp. 127-46, May1994.[Gor 87]Gordon, M., "HOL: A Proof Generating System for higher order logic",VLSI Specification, Verification, and Synthesis, Kluver, 1987[Har 87]Harel, D., "Statecharts: A Visual Formalism for Complex Systems,"Science of Computer Programming, Vol. 8, No. 3, pp. 231-274, June 1987.[HCR 91]Halbwachs, N., P. Caspi, P. Raymond, and D. Pilaud, "The SynchronousData Flow Language LUSTRE" Proceedings of the IEEE, Vol. 79, No 9,September 1991.[HK 88]Harrison, L.J. and R.A. Kemmerer, "An Interleaving Approach for theSymbolic Execution of Ada Tasking Programs," Proceedings of the ThirdInternational IEEE Conference on Ada Applications and Environments,Medford, New Hampshire, May 1988.[HL 94]Heitmeyer, C. and N. Lynch, �The Generalized Railroad Crossing: A casestudy in formal verification of real-time systems�, Proceedings of the Real-Time Systems, San Juan, Puerto Rico, December 1994.[HLN 88]Harel, D. et al., "STATEMATE: A Working Environment for theDevelopment of Complex Reactive Systems," Proceedings 10th InternationalConference on Software Engineering, pp. 396-406, Singapore, April 11-15,1988

January 23, 199735[HLR 92]Halbwachs, N., F. Lagnier and C. Ratel, "Programming and Verifyingreal-Time Systems by Means of the Synchronous Data Flow LanguageLUSTRE," IEEE Transactions on Software Engineering, Vol. SE-18, No. 9,September 1992.[HP 88]Hatley, D.J. and I.A. Pirbai, Strategies for Real-Time System Specification,Dorset House, 1988.[JL 89]Jaffe, M.S. and N.G. Leveson, "Completeness, Robustness, and Safety inReal-Time Software Requirements Specification," Proceedings 11thInternational Conference on Software Engineering, Pittsburgh,Pennsylvania, May 15-18, 1989.[JM 86]Jahanian, F. and A.K. Mok, "Safety Analysis of Timing Properties of Real-Time Systems," IEEE Transactions on Software Engineering, Vol. SE-12,No. 9, September 1986.[JM 94]Jahanian, F. and A.K. Mok, �Modechart: A Specification Language forReal-Time Systems�, IEEE Transactions on Software Engineering, Vol. 20,No. 10, pp. 879-889, October 1994.[Kem 85]Kemmerer, R.A., "Testing Software Specifications to Detect Design Errors,"IEEE Transactions on Software Engineering, Vol. SE-11, No. 1, January1985.[KKZ 87]Koymans, R., R. Kuiper, and E. Zijlstra, "Specifying Message Passing andReal-Time Systems with Real-Time Temporal Logic," ESPRIT ’87Achievement and Impact, North Holland, 1987.[Koy 89]Koymans, R., Specifying Message Passing and Time-Critical Systems withTemporal Logic, Ph.D. Thesis, Eindhoven University of Technology, 1989.[KR 85]Koymans, R. and W.P. de Roever, Examples of a Realtime Temporal LogicSpecification, LNCS 207, Springer Verlag, Berlin, 1985.[Lam 90]Lamport, L., "Concurrent reading and writing of clocks", A C M Transactions on Computer Systems, Vol. 8, No. 4, pp. 305-310, Nov. 1990.[Lew 55]Lewis, C.S., The Chronicles of Narnia, Macmillan Publishing Company,New York, 1955.[Lis 93]Liskov, B., "Practical uses of synchronized clocks in distributed systems",Distributed Computing, Vol. 6, (No. 4), pp. 211-219, 1993.[LRD 95]Lagnier, F., P. Raymond and C. Dubois, �Formal Verification of CriticalSystems written in Saga/Lustre�, Workshop of Formal Methods, Modelingand Simulation for System Engineering, St. Quentin en Yvelines (F),February 1995.[MMP 96]Mandrioli, D., A. Morzenti, M. Pezze, and S. Silva, "A Petri Net and LogicApproach to the Specification and Verification of Real Time Systems,"Formal Methods for Real-Time Computing, Heitmeyer and Mandrioli(editors), John Wiley and Sons, 1996.[MF 76]Merlin, P.M. and D.J. Farber, "Recoverability of Communication Protocols,Implications of a Theoretical Study," IEEE Transactions onCommunications, Vol. COM-24, September 1976.

January 23, 199736[Mil 83]Milner, R., "Calculi for Synchroni and Asynchroni," Theoretical ComputerScience, Vol. 25, 1983.[Mor 89]Morzenti, A., The Specification of Real-Time Systems: Proposal of a LogicFormalism, Ph.D Thesis, Dipartimento di Elettronica, Politecnico diMilano, 1989.[Ost 89]Ostroff, J., Temporal Logic For Realtime Systems, Research Studies PressLTD., Taunton, Somerset, England , Advanced Software DevelopmentSeries, 1, 1989.[Pnu 81]Pnueli, A., "The Temporal Semantics of Computer Programs," TheoreticalComputer Science, Vol. 13, 1981.[Qui 85]Quirk, W.J., Verification and Validation of Real-Time Software, SpringerVerlag, Berlin, 1985.[Sof 90]IEEE Software, Special Issue on Formal Methods, Vol. 7, No. 5, September1990.[Suz 90]Suzuki, I., "Formal Analysis of Alternating Bit Protocol by Temporal PetriNets", IEEE Transactions on Software Engineering, Vol. SE-16, No. 11, pp.1273-1281, November 1990.[TSE 90]IEEE Transactions on Software Engineering, Special Issue on FormalMethods in Software Engineering, Vol. SE-16, No. 9, September 1990.[Wan 90]Wang Y., "Realtime Behavior of Asynchronous Agents", L N C S 458,Springer-Verlag, pp. 502-520, 1990[Win 90]Wing, J.M., "A Specifier’s Introduction to Formal Methods," I E E E Computer, Vol. 23, No. 9, pp. 8-24, September 1990.[WM 92]Wos, L., W. McCune, "The application of automated reasoning to questionsin mathematics and logic", Annals of Mathematics and ArtificialIntelligence, Vol. 5, No. 2, pp. 321-370, May 1992[Zwi 89]Zwiers, J., Compositionality, Concurrency, and Partial Correctness, LNCS321, Springer Verlag, Berlin, 1989.

January 23, 199737Appendix A The Phone System SpecificationGLOBAL SPECIFICATION Phone_SystemPROCESSESPhones: array[1 .. Num_Phone] of Phone,Centrals: array[1 .. Num_Area] of Central_ControlTYPEPositive_Integer IS TYPEDEF p:Integer (p > 0),Digit IS TYPEDEF d: Integer (d ‡ 0 & d £ 9),Digit_List IS LIST OF Digit,Connection IS STRUCTURE OF (From_Area, From_Number, To_Area, To_Number: Digit_List),Phone_ID IS TYPEDEF pid: ID (IDTYPE(pid)=Phone),Central_Control_ID IS TYPEDEF pid: ID (IDTYPE(pid)=Central_Control),Enabled_State IS (Idle, Ready_To_Dial, Dialing, Ringing, Waiting, Talk, Calling, Disconnect, Busy, Alarm),Connection_Status IS (Available, In_Progress, Disconnected, Connected, Talking)CONSTANTIn_Area(Phone_ID): Central_Control_ID,Max_Cust, Num_Phone, Num_Area : Positive_IntegerDEFINEPlug(L1, L2: Connection):Boolean ==L1[From_Area] = L2[To_Area]&L1[From_Number] = L2[To_Number]&L1[To_Area] = L2[From_Area]&L1[To_Number] = L2[From_Number]ENVIRONMENTFORALL C: Central_Control_ID(SET_SIZE({ SETDEF P: Phone_ID (In_Area(P) = C & Now - 2 £ P.Call(Pickup) £ Now)} ) £ Max_Cust)SCHEDULEFORALL P:Phone_ID, t: Time(P.Offhook&P.Call(Pickup, t)&Now - t ‡ 2&past(In_Area(P).Phone_State(P), t) = IdlefiEXISTS t1:Time (t < t1 £ t + 2 & past(In_Area(P).Phone_State(P), t1) = Ready_To_Dial))END Phone_SystemSPECIFICATION PhoneLEVEL Top_LevelIMPORTDigit, Phone_ID, Central_Control_ID, Enabled_State, In_Area,Centrals.Phone_State, Centrals.Enabled_Ring_Pulse, Centrals.Enabled_Ringback_PulseEXPORTOffhook, Next_Digit, Pickup, Enter_Digit, HangupCONSTANTT1,T2,T3,T4,T5,T6,T7,T8,T9,T10,T11: TimeVARIABLEOffhook,Dialtone,Ring,Ringback,Busytone: Boolean,Next_Digit: Digit

January 23, 199738DEFINEMy_Central: Central_Control_ID == In_Area(Self)ENVIRONMENTFORALL t: Time (Call(Pickup, t) fi ~past(Offhook, t))&FORALL t: Time (Call(Hangup, t) fi past(Offhook, t))&FORALL t: Time(Call(Enter_Digit, t)fi(past(Dialtone, t)|EXISTS t1: Time, n: Integer, D: Digit(2 £ n & Calln(Enter_Digit(D), t1)&past(Dialtone, t1) & (n £ 7 & D „ 1 | n £ 11 & D = 1)&FORALL t2: Time (t1 £ t2 £ t fi past(Offhook, t2)))))&FORALL t: Time (Call2(Pickup, t) fi Call(Pickup) - Call2(Pickup) ‡ 1)INITIAL~Offhook & ~Dialtone & ~Busytone & ~Ring & ~RingbackINVARIANT(Dialtone fi ~Ring & ~Ringback & ~Busytone)&(Ring fi ~Dialtone & ~Ringback & ~Busytone)&(Ringback fi ~Dialtone & ~Ring & ~Busytone)&(Busytone fi ~Dialtone & ~Ring & ~Ringback)SCHEDULEFORALL t: Time (Call(Pickup, t) « Start(Pickup, t))TRANSITION PickupT1ENTRY~OffhookEXITOffhookTRANSITION Start_ToneT2ENTRYOffhook&My_Central.Phone_State(Self)=Ready_To_Dial&~DialtoneEXITDialtoneTRANSITION Stop_ToneT3ENTRYOffhook&My_Central.Phone_State(Self)=Dialing&DialtoneEXIT~DialtoneTRANSITION Enter_Digit(D:Digit) T4ENTRYOffhook&(My_Central.Phone_State(Self)=Ready_To_Dial&Dialtone|My_Central.Phone_State(Self)=Dialing)EXITNext_Digit=D

January 23, 199739TRANSITION Start_RingT5ENTRY~Offhook&My_Central.Phone_State(Self)=Ringing&My_Central.Enabled_Ring_Pulse(Self)&~RingEXITRingTRANSITION Stop_RingT6ENTRYRing&~My_Central.Enabled_Ring_Pulse(Self)EXIT~RingTRANSITION Start_Ringback T7ENTRYOffhook & ~Ringback&My_Central.Phone_State(Self)=Waiting&My_Central.Enabled_Ringback_Pulse(Self)EXITRingbackTRANSITION Stop_Ringback T8ENTRYRingback&~My_Central.Enabled_Ringback_Pulse(Self)EXIT~RingbackTRANSITION Start_Busytone T9ENTRYOffhook&My_Central.Phone_State(Self)=Busy&~BusytoneEXITBusytoneTRANSITION Stop_Busytone T10ENTRYBusytone&My_Central.Phone_State(Self)„BusyEXIT~BusytoneTRANSITION HangupT11ENTRYOffhookEXIT~Offhook�END Top_LevelEND Phone

January 23, 199740SPECIFICATION Central_ControlLEVEL Top_LevelIMPORTDigit, Digit_List, Connection, Phone_ID, Central_Control_ID, Enabled_State, Connection_Status,In_Area, Max_Cust, Plug, Phones.Offhook, Phones.Next_Digit, Phones.Pickup, Phones.Enter_DigitEXPORTPhone_State, Enabled_Ring_Pulse, Enabled_Ringback_Pulse, LDOut_Line, LDOut_Status,Receive_LD, Start_LD, Start_Talk_2, Terminate_LD_2TYPEArea_Phone IS TYPEDEF p: Phone_ID (In_Area(p) = Self)VARIABLEPhone_State(Area_Phone): Enabled_State,Long_Distance(Area_Phone): Boolean,Enabled_Ring_Pulse(Area_Phone), Enabled_Ringback_Pulse(Area_Phone): Boolean,Connected_To(Area_Phone): Area_Phone,Number(Area_Phone): Digit_List,LDOut_Line(Area_Phone): Connection,LDOut_Status(Area_Phone): Connection_StatusDEFINECount(P: Area_Phone): Integer == LIST_LEN(Number(P)),Calling_Out(P: Area_Phone, L: Connection):Boolean ==P.Offhook&Long_Distance(P)&Get_Area(Self) = L[To_Area]&Get_Number(P) = L[To_Number]&Plug(LDOut_Line(P), L)CONSTANTUptime_Ring, Downtime_Ring, Uptime_Ringback, Downtime_Ringback, LD_Timeout, Delta: Time,Tim1,Tim2,Tim3,Tim4,Tim5,Tim6,Tim7,Tim8,Tim9,Tim10, Tim11, Tim12, Tim13, Tim14, Tim15, Tim16: Time,Get_ID(Digit_List): Area_Phone,Get_Number(Area_Phone), Get_Area(Central_Control_ID), Pick_Area(Digit_List), Pick_Number(Digit_list): Digit_ListENVIRONMENTFORALL t: Time, L: Connection(Call(Terminate_LD_Call_2(L), t)fi EXISTS t1: Time, LS: Connection_Status (t1 < t & (Call(Receive_LD(L), t1) | Call(Start_LD(L,LS), t1))))&FORALL t:Time, L:Connection(Call(Start_Talk_2(L),t) fi EXISTS t1:Time, LS: Connection_Status (t1 < t & Call(Start_LD(L,LS),t1)))&FORALL t: Time, L: Connection, LS: Connection_Status(Call(Start_LD(L,LS), t)fi EXISTS t1: Time, P: Area_Phone (t1 < t & Start(Connect_Long_Distance(P), t1) & past(Calling(P, L), t)))&FORALL t: Time (Call2(Receive_LD, t) fi Call(Receive_LD) - t > LD_Timeout)IMPORTED VARIABLE CLAUSESET_SIZE( { SETDEF P: Area_Phone (Now - 2 £ P.Start(Pickup) £ Now)} ) £ Max_CustINITIALFORALL P:Area_Phone(Phone_State(P) = Idle&Number(P) = NIL&~Enabled_Ring_Pulse(P)&~Enabled_Ringback_Pulse(P)&~Long_Distance(P)&LDOut_Status(P) = Available)

January 23, 199741INVARIANTFORALL P:Area_Phone((Long_Distance(P)fi Count(P) ‡ 0 & Count(P) £ 11 )&(~Long_Distance(P)fi (Count(P) ‡ 0 & Count(P) £ 7&(Phone_State(P)=Waiting fi Phone_State(Connected_To(P))=Ringing)&(Phone_State(P)=Ringing fi Phone_State(Connected_To(P))=Waiting)&(Phone_State(P)=Talk fi Phone_State(Connected_To(P))=Talk))))CONSTRAINTFORALL P: Area_Phone((Phone_State’(P)=Busy | Phone_State’(P)=Alarm | Phone_State’(P)=Disconnect)&Phone_State(P) „ Phone_State’(P)fi Phone_State(P)=Idle )SCHEDULEFORALL P:Area_Phone, t: Time(Change(P.Offhook, t) & past(P.Offhook, t)&past(Phone_State(P), t)=Idle&Now - t ‡ MAX(Tim1, �, Tim16) + Max_Cust*Tim1fi EXISTS t1:Time (t £ t1 £ t + MAX(Tim1, �, Tim16) + Max_Cust*Tim1 & past(Start(Give_Dial_Tone(P)),t1) =t1))&FORALL P:Area_Phone(Phone_State(P)=Ringing&Now - Change(Phone_State(P))‡ Downtime_Ringfi EXISTS n: Integer(Endn(Enable_Ring(P)) > Change(Phone_State(P))&Endn(Enable_Ring(P)) £ Change(Phone_State(P)) + Downtime_Ring ) )&FORALL P: Area_Phone(Phone_State(P)=Ringing&End(Enable_Ring(P)) > Change(Phone_State(P))&Now ‡ End(Enable_Ring(P)) + Uptime_Ring + Deltafi End(Disable_Ring_Pulse(P)) ‡ End(Enable_Ring(P)) + Uptime_Ring&End(Disable_Ring_Pulse(P)) £ End(Enable_Ring(P)) + Uptime_Ring + Delta)&FORALL P: Area_Phone(Phone_State(P)=Ringing&End(Disable_Ring_Pulse(P)) > Change(Phone_State(P))&Now ‡ End(Disable_Ring_Pulse(P)) + Downtime_Ring + Deltafi End(Enable_Ring(P)) ‡ End(Disable_Ring_Pulse(P)) + Downtime_Ring&End(Enable_Ring(P)) £ End(Disable_Ring_Pulse(P)) + Downtime_Ring+ Delta)&FORALL P:Area_Phone(~Long_Distance(P)&Phone_State(P)=Waiting&Now - End(Process_Local_Call(P)) ‡ Downtime_Ringfi EXISTS n,m:Integer(Endn(Enable_Ring(Connected_To(P))) > End(Process_Local_Call(P))&Endn(Enable_Ring(Connected_To(P))) £ End(Process_Local_Call(P)) + Downtime_Ring&Endm(Enable_Ringback(P)) > End(Process_Local_Call(P))&Endm(Enable_Ringback(P)) £ Endn(Enable_Ring(Connected_To(P))) + .5))&FORALL P: Area_Phone(Phone_State(P)=Waiting&End(Enable_Ringback(P)) > Change(Phone_State(P))&Now ‡ End(Enable_Ringback(P)) + Uptime_Ringback + Deltafi End(Disable_Ringback_Pulse(P)) ‡ End(Enable_Ringback(P)) + Uptime_Ringback&End(Disable_Ringback_Pulse(P)) £ End(Enable_Ringback(P)) + Uptime_Ringback + Delta )

January 23, 199742&FORALL P: Area_Phone(Phone_State(P)=Waiting&End(Disable_Ringback_Pulse(P)) > Change(Phone_State(P))&Now ‡ End(Disable_Ringback_Pulse(P)) + Downtime_Ringback + Deltafi End(Enable_Ringback(P)) ‡ End(Disable_Ringback_Pulse(P)) +Downtime_Ringback&End(Enable_Ringback(P)) £ End(Disable_Ringback_Pulse(P)) +Downtime_Ringback + Delta )TRANSITION Give_Dial_Tone(P:Area_Phone) Tim1ENTRYP.Offhook&Phone_State(P) = IdleEXITPhone_State(P) BECOMES Ready_To_Dial&Number(P) BECOMES NILTRANSITION Process_Digit(P:Area_Phone) Tim2ENTRYP.Offhook&( (Long_Distance(P) & Count(P) < 11)| (~Long_Distance(P) & Count(P) < 7))&((Phone_State(P)=Ready_To_Dial&P.End(Enter_Digit) > End(Give_Dial_Tone(P)))|(Phone_State(P)=Dialing&P.End(Enter_Digit) > End(Process_Digit(P))))EXITIF Count’(P) = 0THENIF P.Next_Digit’ = 1THEN Long_Distance(P) BECOMES TrueELSE Long_Distance(P) BECOMES FalseFI& Phone_State(P) BECOMES DialingFI& Number(P) BECOMESNumber’(P) CONCAT LISTDEF(P.Next_Digit’)TRANSITION Process_Local_Call(P:Area_Phone)Tim3ENTRYP.Offhook&~Long_Distance(P)&Count(P)=7&Phone_State(P)=Dialing&~Get_ID(Number(P)).Offhook&Phone_State(Get_ID(Number(P)))=IdleEXITPhone_State(Get_ID(Number’(P))) = Ringing&Phone_State(P) = Waiting&~Long_Distance(Get_ID(Number’(P)))&Connected_To(P) = Get_ID(Number’(P))&Connected_To(Get_ID(Number’(P))) = P&FORALL P1:Area_Phone(P1„P & P1„Get_ID(Number’(P))fiNOCHANGE(Phone_State(P1))&NOCHANGE(Connected_To(P1)))

January 23, 199743EXCEPTP.Offhook&~Long_Distance(P)&Count(P)=7&Phone_State(P)=Dialing&(Get_ID(Number(P)).Offhook|Phone_State(Get_ID(Number(P)))„Idle)EXITPhone_State(P) BECOMES BusyTRANSITION Connect_Long_Distance(P:Area_Phone) Tim4ENTRYP.Offhook&Count(P) = 11&Long_Distance(P)&Phone_State(P) = Dialing&Pick_Area(Number(P)) „ Get_Area(Self)EXITLDOut_Line(P)[From_Area] = Get_Area(Self)&LDOut_Line(P)[From_Number]= Get_Number(P)&LDOut_Line(P)[To_Area]= Pick_Area(Number’(P))&LDOut_Line(P)[To_Number]=Pick_Number(Number’(P))&LDOut_Status(P) BECOMES In_Progress&Phone_State(P) BECOMES Calling&FORALL P1: Area_Phone(P1 „ P fi NOCHANGE(LDOut_Line(P1)))EXCEPTP.Offhook&Count(P) = 11&Long_Distance(P)&Phone_State(P) = Dialing&Pick_Area(Number(P)) = Get_Area(Self)EXITLong_Distance(P) BECOMES False&Number(P) BECOMES Pick_Number(Number’(P))TRANSITION Enable_Ring(P:Area_Phone) Tim5ENTRY~P.Offhook&Phone_State(P)=Ringing&~Enabled_Ring_Pulse(P)&FORALL t: Time(End(Disable_Ring_Pulse(P), t)&FORALL t1 : Time(t £ t1 £ Now fi past(Phone_State(P),t1)=Ringing)fiNow - t ‡ Downtime_Ring)EXITEnabled_Ring_Pulse(P) BECOMES TrueTRANSITION Disable_Ring_Pulse(P:Area_Phone)Tim6ENTRYEnabled_Ring_Pulse(P)&(Now - End(Enable_Ring(P))‡ Uptime_Ring|P.Offhook)EXITEnabled_Ring_Pulse(P) BECOMES False

January 23, 199744TRANSITION Enable_Ringback(P:Area_Phone) Tim7ENTRYP.Offhook&Phone_State(P)=Waiting&~Enabled_Ringback_Pulse(P)&FORALL t: Time(End(Disable_Ringback_Pulse(P), t)&FORALL t1 : Time(t £ t1 £ Now fi past(Phone_State(P),t1)=Ringing)fiNow - t ‡ Downtime_Ringback)EXITEnabled_Ringback_Pulse(P) BECOMES TrueTRANSITION Disable_Ringback_Pulse(P:Area_Phone) Tim8ENTRYEnabled_Ringback_Pulse(P)&( Now - End(Enable_Ringback(P)) ‡ Uptime_Ringback| ~P.Offhook)EXITEnabled_Ringback_Pulse(P) BECOMES FalseTRANSITION Receive_LD (LDIn_Line:Connection) Tim9ENTRYLDIn_Line[To_Area] = Get_Area(Self)&Phone_State(Get_ID(LDIn_Line[To_Number])) = Idle&~Get_ID(LDIn_Line[To_Number]).OffhookEXITPhone_State(Get_ID(LDIn_Line[To_Number])) BECOMES Ringing&LDOut_Status(Get_ID(LDIn_Line[To_Number])) BECOMES Connected&Plug(LDOut_Line(Get_ID(LDIn_Line[To_Number])),LDIn_Line)&FORALL P: Area_Phone(P „ Get_ID(LDIn_Line[To_Number])fi NOCHANGE(LDOut_Line(P)))TRANSITION Start_Talk_1(P:Area_Phone) Tim10ENTRYP.Offhook&Phone_State(P)=RingingEXITPhone_State(P)=Talk&IF ~Long_Distance(P)THENPhone_State(Connected_To’(P))=Talk&FORALL P1:Area_Phone(P1„P & P1„Connected_To’(P)fi NOCHANGE(Phone_State(i)))ELSE LDOut_Status(P) BECOMES TalkingFITRANSITION Start_Talk_2(LDIn_Line:Connection) Tim11ENTRYEXISTS P: Area_Phone(Calling_Out(P,LDIn_Line)&Phone_State(P) = Waiting&LDOut_Status(P) = Connected)

January 23, 199745EXITEXISTS P: Area_Phone(Calling_Out’(P,LDIn_Line)&Phone_State’(P) = Waiting&LDOut_Status’(P) = Connected&LDOut_Status(P) BECOMES Talking&Phone_State(P) BECOMES Talk)TRANSITION Start_LD(LDIn_Line:Connection,LDIn_Status: Connection_Status) Tim12ENTRYLDIn_Status = Connected&EXISTS P: Area_Phone(Calling(P,LDIn_Line)&Phone_State(P) = Calling&LDOut_Status(P) = In_Progress)EXITEXISTS P: Area_Phone(Calling’(P,LDIn_Line)&Phone_State’(P) = Calling&LDOut_Status’(P) = In_Progress&LDOut_Status(P) BECOMES Connected&Phone_State(P) BECOMES Waiting)EXCEPTLDIn_Status = Disconnected&EXISTS P: Area_Phone(Calling(P,LDIn_Line)&Phone_State(P) = Calling&LDOut_Status(P) = In_Progress)EXITEXISTS P: Area_Phone(Calling’(P,LDIn_Line)&Phone_State’(P) = Calling&LDOut_Status’(P) = In_Progress&LDOut_Status(P) BECOMES Available&Phone_State(P) BECOMES Busy)TRANSITION Terminate_LD_1(P:Area_Phone) Tim13ENTRY~P.Offhook&Long_Distance(P)&Phone_State(P) „ Idle & Phone_State(P) „ Ringing&LDOut_Line(P)[From_Area] = Get_Area(Self)&LDOut_Line(P)[From_Number] = Get_Number(P)&LDOut_Status(P) „ AvailableEXITPhone_State(P) BECOMES Idle&LDOut_Status(P) BECOMES AvailableTRANSITION Generate_Alarm(P:Area_Phone) Tim14ENTRYP.Offhook&(Phone_State(P)=Ready_To_Dial|(Phone_State(P)=Dialing&P.Call(Enter_Digit) < Start(Process_Digit(P))))&(Count(P)=0 & (Now-End(Give_Dial_Tone(P))) > 30|(Count(P)>0&(~Long_Distance(P) & Count(P)<7|Long_Distance(P) & Count(P)<11)&((Now - End(Process_Digit(P))) > 20|(Now - End(Give_Dial_Tone(P))) > 100 ))

January 23, 199746EXITPhone_State(P) BECOMES AlarmTRANSITION Terminate_Local_Call(P:Area_Phone) Tim15ENTRY~P.Offhook&~Long_Distance(P)&Phone_State(P)„Idle & Phone_State(P)„ RingingEXITPhone_State(P)=Idle&IF Phone_State’(P)=Talk | Phone_State’(P)=WaitingTHENIF Phone_State’(P)=TalkTHEN Phone_State(Connected_To’(P))=DisconnectELSE Phone_State(Connected_To’(P))=IdleFI&FORALL P1:Area_Phone(P1„P & P1„Connected_To’(P)fi NOCHANGE(Phone_State(P1)))ELSEFORALL P1:Area_Phone(P1„Pfi NOCHANGE(Phone_State(P1)))FITRANSITION Terminate_LD_2(LDIn_Line:Connection) Tim16ENTRYEXISTS P: Area_Phone(Calling_Out(P,LDIn_Line)&Phone_State(P) = Talk&LDOut_Status(P) = Talking)EXITEXISTS P: Area_Phone(Calling_Out’(P,LDIn_Line)&Phone_State’(P) = Talk&LDOut_Status’(P) = Talking&LDOut_Status(P) BECOMES Disconnected&Phone_State(P) BECOMES Disconnect)EXCEPTEXISTS P: Area_Phone(Calling_Out(P,LDIn_Line)&Phone_State(P) = Ringing&LDOut_Status(P) = Connected)EXITEXISTS P: Area_Phone(Calling_Out’(P,LDIn_Line)&Phone_State’(P) = Ringing&LDOut_Status’(P) = Connected&LDOut_Status(P) BECOMES Available&Phone_State(P) BECOMES Idle)FURTHER ASSUMPTIONSCONSTANT REFINEMENT2 > MAX(Tim1, �, Tim16) + Max_Cust*Tim1TRANSITION SELECTION{Give_Dial_Tone, *} TRUE fi {Give_Dial_Tone}END Top_LevelEND Central_Control

January 23, 199747Appendix B The Long Distance NetworkGLOBAL SPECIFICATION Long_Distance_NetworkPROCESSESUnits: array[1 .. Num_Area] of Long_Distance_UnitTYPEDigit IS TYPEDEF d: Integer (d ‡ 0 & d £ 9),Positive_Integer IS TYPEDEF p: Integer (p > 0),Line,LDU_ID IS TYPEDEF pid: ID (IDTYPE(pid) = Long_Distance_Unit),Digit_List IS LIST OF Digit,Connection_Status = (Available, In_Progress, Disconnected, Connected, Talk),Connection IS STRUCTURE OF (From_Area, From_Number, To_Area, To_Number: Digit_List)CONSTANTNum_Area: Positive_IntegerDEFINEConnect(L1, L2: Connection): Boolean ==L1[From_Area] = L2[From_Area]&L1[From_Number] = L2[From_Number]&L1[To_Area] = L2[To_Area]&L1[To_Number] = L2[To_Number],Disconnect(L: Connection): Boolean == L[From_Area] = NIL& L[To_Area] = NIL& L[From_Number] = NIL& L[To_Number] = NIL,Plug(L1, L2: Connection): Boolean ==L1[From_Area] = L2[To_Area]&L1[From_Number] = L2[To_Number]&L1[To_Area] = L2[From_Area]&L1[To_Number] = L2[From_Number]END Long_Distance_NetworkSPECIFICATION Long_Distance_UnitLEVEL Top_LevelIMPORTDigit, Digit_List, Line, LDU_ID, Connection_Status, Connection, Plug, Connect, DisconnectEXPORTNetOut, LocOut, NetStatus, LocStatus, Receive_Local_Req, Local_Established, Started_Local_Talk, End_LocalVARIABLENetOut(Line), LocOut(Line): Connection,NetStatus(Line), LocStatus(Line): Connection_StatusCONSTANTTi1, Ti2, Ti3, Ti4, Ti5, Ti6, Ti7, Ti8, Ti9, Timeout, Max_Calls: Time,Get_Area(LDU_ID): Digit_ListENVIRONMENTFORALL t: Time, L: Connection(Call(End_Local(L), t) fi EXISTS L1: Line (Connect(past(NetOut(L1), t), L) & past(NetStatus(L1), t) „ Available)&Call(Local_Established(L),t) fi EXISTS L1:Line (Plug(past(LocOut(L1),t),L) & past(NetStatus(L1),t) „ Connected)&Call(Started_Local_Talk(L),t)fi EXISTS L1:Line (Plug(past(LocOut(L1),t),L) & past(NetStatus(L1),t)=Connected))&FORALL t:Time (Call2(Receive_Local_Req, t) fi Call(Receive_Local_Req) - Call2(Receive_Local_Req) > Max_Calls)

January 23, 199748INITIALFORALL L: Line(Disconnect(NetOut(L)) & Disconnect(LocOut(L)) & NetStatus(L) = Available & LocStatus(L) = Available)TRANSITION Receive_Local_Req (In_Line: Connection) Ti1ENTRYIn_Line[From_Area] = Get_Area(Self)EXITEXISTS L: Line(NetStatus’(L) = Available&Connect(NetOut(L), In_Line)&NetStatus(L) BECOMES In_Progress&FORALL L1:Line(L1„LfiNOCHANGE(NetOut(L1))))TRANSITION Receive_Long_Req Ti2ENTRYEXISTS U: LDU_ID, L: Line(U.NetOut(L)[To_Area] = Get_Area(Self)&U.NetStatus(L) = In_Progress& FORALL L1:Line(~Connect(U.NetOut(L),LocOut(L1))))EXITEXISTS U: LDU_ID, L: Line(U.NetOut’(L)[To_Area] = Get_Area(Self)&U.NetStatus’(L) = In_Progress&FORALL L1:Line(~Connect(U.NetOut’(L),LocOut’(L1))&Connect(LocOut(L), U.NetOut’(L))&LocStatus(L) BECOMES In_Progress)&FORALL L1:Line(L1„LfiNOCHANGE(LocOut(L1))))TRANSITION Local_Established (In_Line: Connection) Ti3ENTRYIn_Line[From_Area] = Get_Area(Self)&EXISTS L: Line(Plug(LocOut(L), In_Line)&NetStatus(L)„Connected)EXITEXISTS L: Line(Plug(LocOut’(L), In_Line)&NetStatus’(L) „ Connected&NetStatus(L) BECOMES Connected&Connect(NetOut(L), In_Line)&FORALL L1:Line(L1„LfiNOCHANGE(NetOut(L1))))TRANSITION Long_Established Ti4ENTRYEXISTS U: LDU_ID, L: Line(U.NetOut(L)[To_Area] = Get_Area(Self)&U.NetStatus(L)=Connected & LocStatus(L)„Connected)EXITEXISTS U: LDU_ID, L: Line(U.NetOut’(L)[To_Area] = Get_Area(Self)&U.NetStatus’(L) = Connected&LocStatus’(L) „ Connected&LocStatus(L) BECOMES Connected&Connect(LocOut(L), U.NetOut’(L))&FORALL L1:Line(L1„LfiNOCHANGE(LocOut(L1))))

January 23, 199749TRANSITION Started_Local_Talk (In_Line: Connection) Ti6ENTRYEXISTS L: Line(Plug(LocOut(L),In_Line) & NetStatus(L)=Connected)EXITEXISTS L: Line(Plug(LocOut’(L), In_Line’)&NetStatus’(L) = Connected&NetStatus(L) BECOMES Talk)TRANSITION Send_Local_Timeout Ti5ENTRYEXISTS L: Line(NetStatus(L) = In_Progress&LocStatus(L) = Available&Now-End(Receive_Loc_Req(NetOut(L)))‡Timeout)EXITEXISTS L: Line(NetStatus’(L) = In_Progress& Now-End(Receive_Local_Req(NetOut’(L)))‡Timeout+Ti5&LocStatus(L) BECOMES Disconnected&NetStatus(L) BECOMES Available)TRANSITION Started_Long_Talk Ti7ENTRYEXISTS U: LDU_ID, L: Line(Connect(U.NetOut(L), LocOut(L))&U.NetStatus(L) = Talk&LocStatus(L) = Connected)EXITEXISTS U: LDU_ID, L: Line(Connect(U.NetOut’(L), LocOut’(L))&U.NetStatus’(L) = Talk&LocStatus(L) BECOMES Talk)TRANSITION End_Local (In_Line: Connection) Ti8ENTRYEXISTS L: Line (Connect(NetOut(L), In_Line))EXITEXISTS L: Line(Connect(NetOut’(L), In_Line’)&Disconnect(NetOut(L))&Disconnect(LocOut(L))&NetStatus(L) BECOMES Available&LocStatus(L) BECOMES Available&FORALL L1:Line(L1 „ LfiNOCHANGE(LocOut(L1))&NOCHANGE(NetOut(L1))))

January 23, 199750TRANSITION End_Long Ti9ENTRYEXISTS L: Line(~Disconnect(LocOut(L))&LocStatus(L) „ Available&FORALL U: LDU_ID, L1: Line(~Connect(U.NetOut(L1), LocOut(L))))EXITEXISTS L: Line(~Disconnect(LocOut’(L))& LocStatus’(L) „ Available&FORALL U: LDU_ID, L1: Line(~Connect(U.NetOut’(L1), LocOut’(L)))&Disconnect(LocOut(L))& Disconnect(NetOut(L))&LocStatus(L) BECOMES Available&NetStatus(L) BECOMES Available&FORALL L1: Line(L1 „ LfiNOCHANGE(LocOut(L1))&NOCHANGE(NetOut(L1))))END Top_LevelEND Long_Distance_Unit

January 23, 199751Appendix C The Compose SectionCOMPOSITION OF Phone_System, Long_Distance_Network AS Phone_NetworkPROCESSESPhones: array[1 .. Num_Phone] of Phone,Centrals: array[1 .. Num_Area] of Central_ControlUnits: array[1 .. Num_Area] of Long_Distance_UnitCONSTANTLD_Unit(Central_Control_ID): LDU_IDAXIOMFORALL C1, C2: Central_Control_ID (LD_Unit(C1) = LD_Unit(C2) fi C1 = C2)TRIGGERSCALL GENERATION FOR Long_Distance_Unit.Receive_Local_ReqFORALL t: Time, P: Phone_ID(Change(In_Area(P).LDOut_Status(P),t) & In_Area(P).LDOut_Status(P) = In_Progress« LD_Unit(In_Area(P)).Call(Receive_Local_Req(In_Area(P).LDOut_Line(P)), t))CALL GENERATION FOR Long_Distance_Unit.Local_EstablishedFORALL t: Time, P: Phone_ID(Change(In_Area(P).LDOut_Status(P),t) & In_Area(P).LDOut_Status(P) = Connected&Change(In_Area(P).Phone_State(P),t) & In_Area(P).Phone_State(P) = Ringing« LD_Unit(In_Area(P)).Call(Local_Established(In_Area(P).LDOut_Line(P)), t))CALL GENERATION FOR Long_Distance_Unit.Started_Local_TalkFORALL t: Time, P: Phone_ID(Change(In_Area(P).LDOut_Status(P),t) & In_Area(P).LDOut_Status(P) = Talk&EXISTS t1: Time(FORALL t2 : Time (t2 ‡ t1 & t2 < t fi ~past(Change(In_Area(P).LDOut_Status(P),t2),t2))&past(In_Area(P).LDOut_Status(P),t1) = Connected & past(In_Area(P).Phone_State(P),t1) = Ringing)« LD_Unit(In_Area(P)).Call(Started_Local_Talk(In_Area(P).LDOut_Line(P)), t))CALL GENERATION FOR Long_Distance_Unit.End_LocalFORALL t: Time, P: Phone_ID(Change(In_Area(P).LDOut_Status(P),t) & In_Area(P).LDOut_Status(P) = Available« LD_Unit(In_Area(P)).Call(End_Local(In_Area(P).LDOut_Line(P)), t))CALL GENERATION FOR Central_Control.Receive_LDFORALL t: Time, C: Central_Control_ID, L: Line(LastChg(LD_Unit(C).LocStatus(L),t) & LD_Unit(C).LocStatus(L) = In_Progress« C.Call(Receive_LD(LD_Unit(C).LocOut(L)), t))CALL GENERATION FOR Central_Control.Start_LDFORALL t: Time, C: Central_Control_ID, L: Line( Change(LD_Unit(C).LocStatus(L),t) & past(LD_Unit(C).LocStatus(L),t)=Connected& ~Change(LD_Unit(C).NetOut(L),t)& (LD_Unit(C).NetStatus(L) = Connected | LD_Unit(C).NetStatus(L) = Available)« C.Call(Start_LD(LD_Unit(C).LocOut(L), LD_Unit(C).LocStatus(L)), t))CALL GENERATION FOR Central_Control.Terminate_LD_2FORALL t: Time, L: Line, P: Phone_ID(Change(LD_Unit(In_Area(P)).LocOut(L),t) & past(LD_Unit(In_Area(P)).LocStatus(L), t) = Available&Change(LD_Unit(In_Area(P)).NetOut(L),t) & past(LD_Unit(In_Area(P)).NetStatus(L), t) = Available&(past(In_Area(P).LDOut_Status(P), t) = Talk | past(In_Area(P).LDOut_Status(P), t) = Connected)« In_Area(P).Call(Terminate_LD_Call_2(LD_Unit(In_Area(P)).LocOut(L)), t))END COMPOSITION

January 23, 199752