On Scalable State-Based Specifications for Real-Time Systems*Alan C. ShawDepartment of Computer Science and EngineeringUniversity of WashingtonSeattle, Washington 98195shaw@cs.washington.eduTechnical Report 94-02-03AbstractUsing our communicating real-time state machine (CRSM) language as a basis, we propose anddevelop a methodology for specifying requirements and designs for large real-time systems.CRSMs are distributed state machines with novel and general timing facilities and CSP-likesynchronous communications. The paper first presents a particular controller-client (CC)architecture for composing CRSMs into larger components and then uses the CC organization todefine a number of standard in-the-large paradigms for real-time and other software.1 . IntroductionThe general goal is to provide a methodology for the specification of software requirementsand designs for large real-time systems. Among other features, the approach and techniquesshould be executable, universal, formal, and scalable. The basis for our work is thecommunicating real-time state machine (CRSM) notation [Raju 93; Raju & Shaw 92; Shaw 92,93]. CRSMs are universal state machines with guarded commands as transitions, synchronous IOcommunications over undirectional channels, and facilities for describing the execution times oftransitions and for accessing real-time. CRSMs are distinguished from other state machine modelsmainly by their explicit timing features.CRSMs have been tested empirically on a large number of relatively small problems,through paper specifications, computer simulation, monitoring, and (to some extent) verification.Examples include a real-time bounded buffer, calendar timer, mouse clicker recognizer, gatecontroller for a train crossing, traffic light controller, real-time dining philosophers, and real-timespinning lock algorithms. However, it is evident that some additional methodology is needed tohandle larger applications.This paper makes two contributions towards real-time specifications in-the-large. First, wepresent a CRSM architecture that permits the construction of larger systems from components.This organizational scheme, called a controller-client architecture, assumes a particular uniform IOchannel interface for all CRSMs. Our second contribution is to define a number of standard in-the-large paradigms for real-time and other software. These include conventional control for largecomponents, such as sequential, parallel, guarded selection, and looping; and scalable encapsulateddata objects. Also presented are a variety of specific schemes and utilities commonly used mainlyin real-time applications. Examples are alarm clock and multicasting utilities, scalable interruptmechanisms, and organizations for periodic and sporadic activities.Our approach to scalability has been most influenced by statecharts [Harel 87], with theirnotions of superstates, interrupts, and series/parallel composition of machines, even though our

* This research was supported in part by the National Science Foundation under grant number CCR-9200858.

mechanisms and details are quite different. These differences result from different models (sharedmemory versus distributed, broadcast communications versus synchronous one-to-one) and ourtiming facilities. The Modechart notation [Jahanian & Mok 89] is similar to statecharts, but morerestricted; they compose nicely but machines are finite state and events that trigger transitionsamong components cannot have data associated with them. The Requirements State MachineLanguage (RSML) [Leveson et al. 92], also heavily influenced by statecharts, permits both sharedstore and distributed interactions among machines, but has no timing features. The HierarchialMulti-State Machines (HMS) [Gabrielian & Franklin 91] uses aspects of statecharts, Petri-nets,and temporal logic, but seems excessively complex for convenient specification. Anotherinteresting language that provides for hierarchical composition of components is the prototypesystem description language (PSDL) [Kramer et al. 93], which combines state machine with dataflow ideas and includes time; for convenience and simplicity, we prefer a pure state-based notation.Other (non-state-based) models that provide for scalability, for example, those based onprogramming languages or Petri-nets, are not discussed here.The next section describes the interfaces and behaviors of machines, and our graphicalnotation for components and interfaces. Section 3 then gives a brief introduction to CRSMs. Thenext two sections explain our proposed controller-client architecture for large components and ourstandard reusable CRSM form. These are used in Sections 6 and 7 which present some standardin-the-large paradigms for compositions and encapsulations and a variety of schemes for real-timesoftware. The last two sections discuss some open problems and issues, and summarize ourresults.2 . Behaviors, Components, and InterfacesA real-time system is modeled as a closed world consisting of an external environment anda controlling and monitoring computer system (Figure 2.1). The environment and computersystem communicate through objects from a set of inputs I and outputs O. These input-output (IO)objects are called signals, events, messages, or commands. Elements of I are monitored by thecomputer system and elements of O represent control and query messages from the computer.

The behavior of a system is defined as a set T of traces over I and O, where a trace tr is a(possibly infinite) sequence of timed IO events:tr = <x0 x1 ... xi ...>A timed IO event xi is a triple (ei, vi, t i); ei and vi denote an event name and an associated value,respectively, from I or O, and ti is the time of the event. The event name can be viewed as a classor as an IO channel; the value is the message or data corresponding to the particular instance of theevent. For all i, ti £ ti + 1 and for each xi, there exists only a finite number of xj such that ti = tj.Generally, the xi terms from I in a trace represent the given behavior of the environment over timeand the terms from O describe the required behavior or response of the computer system.

The environment and the computer system are each described by a set of CRSMs and theircommunicating IO channels. A closed system S is given by a pair (M, C), where M = {M1, M2,...,Mm : m ‡ 2, Mi a CRSM}1 and C={C1,C2,...,Ck : k ‡ 0, Ci a channel}. Each channel Ciconsists of a name, a type denoting the values of the messages that can be transmitted on thechannel, and an ordered pair (Ms, Mr), s „ r, listing the sender and receiver CRSMs. Graphically,a machine "node" is drawn as a named rectangle with rounded corners, a channel as a labeled wavyarrow "edge" directed from the sender to the receiver machine, and a system as a graph of machinenodes connected by channel edges.Example:Consider a (simplified) real-time system for controlling traffic lights at the intersection of anavenue and street; in addition to controlling the normal light sequencing, the computer system mustrespond appropriately to the arrival and departure of an ambulance on one of the thoroughfares.This is a variation of the example presented in [Raju & Shaw 92]. The environment consists oftwo pairs of traffic lights, one for the avenue and one for the street, and the ambulance. Outputsare commands to turn the lights to their correct colors. Inputs are from the ambulance andcomprise a signal indicating the approach of an ambulance on either the street or the avenue and amessage that is sent when the ambulance leaves the intersection. The traffic control system TC canbe specified:TC = {{Ambulance, Street_Lights, Avenue_Lights, Light_Mode_Control,Light_On/Off_Control}, {Approach, Leave, Avenue, Street, Normal_Mode,Amb_Mode}}where the channels are:

Channel Name

Message Type

(Sender,Receiver)Approach<thoroughfare>(Ambulance, Light_Mode_Control)Leave<null>(Ambulance, Light_Mode_Control)Avenue<color>(Light_On/Off_Control, Avenue_Lights)Street<color>(Light_On/Off_Control, Street_Lights)Normal_Mode<thoroughfare>(Light_Mode_Control, Light_On/Off_Control)Amb_Mode<thoroughfare>(Light_Mode_Control, Light_On/Off_Control)The system is illustrated in Figure 2.2In a closed system S = {M, C}, there are no dangling or unconnected channels in C: everychannel has both a sender and receiver machine in M. Such a system generally consists of anumber of open subsystems which in isolation have unconnected channels. In an open system S={M, C}, the definition of at least one channel Ci ˛ C has an ordered pair (Mj, Mk) where exactlyone of Mj, Mk is undefined.An in-the-large component is represented as an open subsystem, with the unconnectedchannels as its interfaces. These higher-level components are also denoted graphically by namedrectangles with rounded corners and the interface channels by labeled wavy arrows, as illustratedin Figure 2.3. Components can be combined by connecting channels together, provided that thechannels are type-compatible. When combining open subsystems in this manner, each newconnecting channel must have a unique name, which may involve renaming the channel and all ofits IO commands in the sending or receiving CRSM.

1 m ‡ 2 because we assume that there is at least one CRSM representing the environment and at least one for thecomputer system.

Figure 2.2 Traffic ControllerApproachLeaveAvenueStreetAmbulanceStreet_lightsAvenue_LightsLight_Mode_ControlLight _On/Off_ControlAmb_ModeNormal_Mode

Figure 2.3 Three Open Subsystems From Figure 2.2AvenueEnvironmentComputer ControlLight_Mode_ControlAmb_ModeNormal_ModeApproach

StreetLeaveAvenueApproachStreetLeaveApproachLeave

3 . Communicating Real-Time State MachinesWe present a brief introduction to CRSMs. More formal and detailed treatments appear in[Shaw 92, 93].A CRSM is a state machine with one designated start state and guarded commands for statetransitions. A command can be either an IO command, or an internal one designating acomputation or some physical activity. Enabled transitions are fired on an earliest-time-first basis.Communications between CRSMs is synchronous and occurs over undirectional namedchannels, in a manner similar to CSP [Hoare 85]. A receiving machine desiring input on a channelC may issue an input command:C(x)?A sender machine may have a corresponding output command on the same channel:C(message)!When and if communication occurs, the data transmitted by the sender is instantaneously receivedby the receiver, equivalent to the assignment:x := messageBoth sender and receiver then continue execution.Guarded commands have the general form:g fi COM[t1, t2]where g is a Boolean guard, COM is a command, and [t1, t2] , t1 £ t2, gives a time bound forexecuting the transition. If COM is an internal command and the transition is selected forexecution, then its execution time d is somewhere in the time-bound window, i.e., 0 £ t1 £ d £ t2.If COM is an IO command selected for execution, then t1 and t2 give the earliest and latest times,respectively, that the IO can occur, relative to the time that the machine last entered its current state.If IO occurs, it happens at the earliest time that both sender and receiver can execute thecommand.2Finally, every machine X has its own real-time clock machine RTCX that can send currentglobal real-time (denoted rt) to X on demand. RTCX has one state with a single transition (toitself) on a clock channel RTX :RTX (rt)! [0, ¥]The host machine X can obtain current real-time with a "time-out" at time t with the command:RTX (crt)? [t, t]Example:Real-Time Bounded BufferFigure 3.1 contains 3 CRSMs implementing a real-time version of a producer and aconsumer interacting through a bounded buffer. We assume that the producer is a physical devicethat generates input signals quasi-periodically in a cycle that ranges between 7 and 12 time units. Ifthe Buffer is unable to accept the data in time, the Producer times-out (RTP (now)?) and sends amessage on the Error channel to some fault-handling or monitoring machine (not shown).Abbreviations for two common cases of time-bounds are used: if the bounds are [0,¥], then theinterval is omitted; if the bounds are identical, e.g., [t,t], then a simple scalar [t] is employed. Theintervals for the compute transitions in Buffer and P ([2,3], [4,8], and [0]) were chosen arbitrarilyfor this example.

2 Every interval [t1, t2] is interpreted as [t1 + d, t2 + d], where d is a small number representing a minimal amountof time that will always be spent in every state.

Figure 3.1 Real-Time Bounded Buffer Example(b) CRSMs(a) Buffer and Clientsin := out := full := 0 [2,3]full < n fi Deposit(Buf[in])?in := in+1 (mod n); full := full+1 [4,8]Buffer

out := out+1 (mod n); full := full—1 [4,8]full > 0 fi Remove(Buf[out])!

RTp(now)? [12]Deposit(data)! [7,12]Error((now,"missed data"))!Producer PGenerate(data)[0]BufferConsumerProducerRemoveDeposit

Consumer C

. . .

. . .4 . A Standard Reusable CRSM FormAll machines will have a standard interface. Our basic reusable machine contains an inputstart channel for initiating execution, an output stop channel for signaling termination, and anarbitrary number of input and output channels as shown in Figure 4.1 (a)3 . The start channel hasan optional typed input parameter x and the stop channel has an optional output y. Figure 4.1 (b)

3 Not shown is the clock machine RTCM that is associated with every machine M.

indicates how these channels are used in the rest of the CRSM; guards (not shown) may appear onthe stop transitions.Figure 4.1 Basic Reusable CRSM(b) Internal Connectionsdefaultentrystop(y2)!stop(y1)!stop(yn)!n ‡ 1

. . .start(x)?

. . .

start(x)stop(y)MC1C2Ckk ‡ o(a) Machine Interfaces

. . .

To control such a machine, say M, another machine would first issue a start command,i.e., send a message over its start channel with input, say aM. start(a)!and then may wait for it to terminate by issuing a stop commandM. stop(b)?receiving output in b. We will use a dot notation, "M." above, to distinguish start, stop, and otheridentically-named channels on different machines.An example of a reusable machine is the periodic ticker machine W specified in Figure 4.2.W issues a Tick every p units of time after startup, until the current time (ct) exceeds n which isprovided at startup. The Tick is ignored unless a user of W is requesting it in the time interval[0,eps] after the Tick is issued. It is assumed, arbitrarily, that the compute transitions take 1 unitof time; for correct operation, we also assume that p>1, ensuring that (next-ct)>0.

Figure 4.2 Periodic Clock Ticker Wstart(n)?Tick!next: = ct + p [1]

RTw(ct)?next < n fi RTw(ct)?

realized in the original, is that this more complete description can provide for orderly startup,shutdown, restarts, and interruptions4 .

4 There is the issue of how the top level controller in a closed system starts and stops, e.g., the Traffic WorldController in this example. We will assume that some meta-level "super-controller" performs these functions, suchas the user of the system.

Figure 5.2 CC Structure For Traffic Light System

Traffic WorldControllerEnvironmentControllerComputer SystemControllerAmbulanceStreet LightsAvenueLightsLight ModeControlLight On/OffControlstartstartstartstopstopstartstopstop...

6 . Standard Paradigms for Composition and EncapsulationConventional control methods for grouping objects and for encapsulating behaviors aredescribed and implemented within the controller-client framework.6 . 1 Conventional Serial and Parallel Machine CompositionsGiven two open subsystems M1 and M2, each implemented with a CC structure, we showhow they may be connected sequentially, in parallel, and with guarded selection by providing anappropriate controller K producing a subsystem M={K, M1, M2}. The methods extend easily tom ‡ 2 subsystems M1, ... ,Mm. Cyclic control of a single subsystem is also defined.For sequential composition, the controller K is a small CRSM that sequences through theIO instructions:M1. start! M1. stop? M2. start! M2 .stop?If data is to be passed (not "piped") to M2 at the termination of M1, the stop and start channels ofM1 and M2 will have parameters and K has the form:M1. start! M1. stop(x)? M2. start(x)! M2.stopIn this simplest of cases, the controller could be eliminated completely by identifying the stopchannel of M1 with the start channel of M2. (Figure 6.1)

Figure 6.1 Efficient Sequential Compositionstart

MstopM1

M2M1.stop_M2.start

A function f from domain X to co-domain Y, i.e., y = f (x) where x in X and y in Y, canbe described as a basic CRSM or structure with input on the start channel and output on its stop.To specify the computation y = f (x) with structure or machine Mf, the "caller" invokes thesequence:Mf. start(x)! Mf. stop(y)?Function composition is a particular instance of the sequential case. If the co-domain of a functiong is equal to the domain of a function f, their composition y = f (g(x)) can be specified by thesequential composition of their machines Mg and Mf.Parallel composition means that M1 and M2 start at (approximately) the same time, performtheir functions concurrently, and are synchronized at their termination. It can be implementedusing a fork/join form of control. K executes the IO sequence:M1. start! M2.start! M1.stop? M2 . stop?Selection of either M1 or M2 depending on the values of Boolean guards g1 and g2 isanother standard control paradigm. We call this guarded selection. The semantics are defined bythe controller CRSM in Figure 6.2. Note that because we are working with a distributed model,there are no global variables; the guards g1(x) and g2(x) are Boolean functions of the input to Mobtained though its start channel. Guarded selection is non-deterministic - if both g1 and g2 aretrue, one of M1, or M2 is selected, non-deterministically.

Figure 6.2 Controller for Guarded Selectionstart(x)?stop!M2.stop?M1.stop?g2(x) fi M2.start!g1(x) fi M1.start!

Several different forms of cyclic control are also useful. For example, a subsystem M is toexecute repeatedly until a Boolean guard becomes true; this is an in-the-large repeat/until loop. Thecontroller is given in Figure 6.3.

Figure 6.3 Repeat/Until Loopingstartstop(y)(a) Cyclic Control of Mstart?(b) repeat/until Controller CRSMrepeat/untilMM.start!M.stop(y)?g(y) fi stop!´g(y) fi skip

6 . 2 Data EncapsulationsThe suggested approach for handling shared data in our distributed model is throughabstract data types (ADTs) that maintain the data state and provide remote procedure call interfaces(methods or operations) for user access and manipulation. A shared data server that implementsread and write operations on a database x is specified by the basic CRSM in Figure 6.4.

Figure 6.4 Shared Data Server startstop(a) Shared Data Interface(b) CRSMwriteread start?write(x)?read(x)!stop!Of course, if several users wish to read and write the database, we need unique read andwrite channels for each user. The standard way to accomplish this is by defining arrays ofchannels; e.g. read.k , write.k , k = 1 .. n for n‡1 users.If access and update at a finer granularity than the entire database is desired, then it isnecessary to transmit names or addresses of data at the interface. For example, if data is stored inan array X(i), i =1,...,m, then the data server could execute the following sequences:Read: read(i)? return(X(i))!Write: write(i,y)? X(i) := yA user would call the server with:Read call: read(i)! return(x)?Write call: write(i,y)!The array index i serves as the data address.For higher-level ADT servers that implement more general operations, a send/receiveprotocol over the IO channels can be used to implement the remote procedure call interface. Aserver S that offers operations p1, p2, ..., pm, m‡1, on shared data d can be constructed with theCC structure of Figure 6.5. A user invokes a service pi with the IO calls:S.pi.call(x)!S.pi.return(y)?x is the input parameter to S and y is the output returned from S. The pi sequence (pi_s) in thecontroller K has the general formpi. call(x)? Perform_Requested_Service pi.return(y)!A guard may be part of the first command. Also, we have not shown separate channels for eachuser, as in the other examples above.

Figure 6.5 General ADT Server start?stop!

Initialize(b) CRSM for K pm_S...

. . .7 . Real-Time Paradigms7 . 1 Some Time-Constrained UtilitiesWe describe two different kinds of utilities that are useful in real-time specifications. Onefamily defines alarm clocks for both absolute and relative time. The second provides an alternativecommunications method, in particular a multicast mechanism for broadcasting messages to a givensubset of the components of a system. Both classes have interesting and non-obvious timeconstraints.The generic alarm clock has the interface depicted in Figure 7.1. The message in theWake_Me channel gives a non-negative absolute or relative time, say t or Dt, respectively, at which a Wakeup message is to be sent by the clock. If now is the time at which the Wake_Mecommunication occurs, then at time t’= max(now, t) (absolute time) or t’= now + t (relativetime), the Wakeup message will be enabled on its channel. The Wakeup message will remainenabled until either it has been received or the time has reached t’ + ring_time, whichever occurs

Figure 7.1 Alarm Clock Interfacesstop start(ring_time)Alarm ClockWake_Me(time)WakeupReset acearliest5 . A (null) message on the Reset channel will reset the alarm clock so that it is ready toreceive another Wake_Me or to terminate. Figures 7.2 and 7.3 contain CRSMs for relative andabsolute time alarm clocks, respectively. In these versions, a Reset signal is not handled once analarm clock starts "ringing"; this could be added easily if desired.The multicast facility allows a signal to be broadcast for a given time interval. During thebroadcast interval, any of a set of designated receivers can elect to receive the signal. The interfacefor a generic multicast system appears in Figure 7.4. The message or signal to be broadcast is sentto the facility over the multicast channel. The message will be made available to each receiver overthe channels Receiveri , i=1, ..., r, for the time interval [now, t’], where now is the time at whichthe multicast message is sent to and received by the multicast facility (assumed identical here) and t’= now + transmit_time.

5 The minimal transition time d is being ignored here. The maximum enabling time is really t’ + ring_time + kd,where k = 2 or 3 depending on the alarm clock (Figure 7.2 or 7.3).

Figure 7.2 Alarm Clock for Relative Timestart(ring_time)?stop!Reset?Wakeup![0,ring_time]

RTac?[ring_time]Wake_Me (Dt)?RTac?[Dt]

Figure 7.3 Alarm Clock for Absolute Time

start(ring_time)?stop!Reset?Wakeup![0,ring_time]

RTac?[ring_time]RT(now)?RTac?[max(now,t)—now]Wake_Me(t)?

Receiver1(message)Receiverr(message)

MulticastController

Alarm Clockstop

. . .. . .start(transmit_time)multicast(message)

. . .Figure 7.4 Multicast Communications

The system can be implemented with a basic multicast controller and an alarm clock forrelative time. The details of the multicast controller CRSM are given in Figure 7.5. 6Example:For an obvious example in real-time systems, consider a power system that broadcastspower_on/power_off signals to its r components (power consumers). The multicast message iseither "power_on" or "power_off", and components c1,...,cr receive the same message on theirReceiveri channels. The transmit_time parameter might reflect the physics of turning power on andoff, the complexity and nature of the components, and the system requirements.Our original paper on CRSMs [Shaw 92] indicates how some other common forms ofcommunications may be implemented. This includes asynchronous communications with a non-blocking send and a blocking receive, and synchronous but undirected one-to-one messagepassing. Utilities for these and others can be constructed when the need arises.7 . 2 Interrupts and FaultsIn order to specify a broad variety of exceptions and faults, as well as "handlers" orprocedures that monitor and recover from them, it is convenient to have a uniform mechanism forinterrupting and reentering system components. Our proposed scheme is similar to and inspired bythe statechart method for exiting and entering superstates.We first define interrupts for a CRSM. A CRSM can designate an input channel to be aninterrupt channel, using the graphical notation illustrated in Figure 7.6. An interrupt channel, sayint, is identified as such by adding a dashed arrow; the meaning is that a transition with inputcommand int? is connected from every state in the CRSM to the start state of the machine. Thus,to interrupt a CRSM, one would issue the command int!. An example is given in Figure 7.7,where our real-time bounded buffer machine (Section 3) has been augmented with an interrupt.

6 The message is available between now + d and now + transmit_time + kd, where k could range from 2 to 2 + 2r.

The extra transitions are shown as boldface arrows; normally, these would not be explicitly drawn.Note that the interrupt signal has very much the same effect as the stop command.The same notation is used to denote interrupts of higher-level components (Figure 7.8). Togracefully propagate the interrupt signal to all machines, we employ the multicast facility defined inthe last section. Each level of component will broadcast the message to the next level, until basicCRSMs are reached7 ; in the figure, for example, each Ri is interpreted as an interrupt signal to itscomponent Ci. As an application of higher-level interrupts, consider a power supply subsystemthat provides electrical power to the rest of the system; if a power failure occurs, a "power-off"interrupt message can be sent causing all components to revert to their start states.When a timing or other fault occurs in some component, perhaps asynchronously, it can bepropagated through the system by means of this interrupt scheme. The remaining part that needs tobe described is the actual fault handler - that component that takes whatever corrective, monitoring,or restorative action is necessary to record and recover from the fault. The detector of the faultwhich generated the interrupt signal could handle it directly or it could send an appropriate messageto some other exception-handling component.7 . 3 Control of Periodic and Sporadic ActivitiesFrom requirements through implementations, and from theory through practice, theprincipal means for organizing real-time functions and tasks are as periodic and sporadic activities.We propose a CC structure for families of both kinds.Periodic objects are activated every p units of time and must complete their processingwithin a deadline d < p. The CC organization of such an activity is given in Figure 7.9(a). Thecontroller (Figure 7.9(b)) sends an interrupt message int to its client if the deadline is exceeded andthen generates a timing fault output fault_stop. The transition RTK?[d] provides the deadline time-out. The pair (p, d) are initial input to the controller. Variations and extensions of thisbasiccontroller and structure might include a fault handler component, and other parameters such asstart and stop times for the subsystem and an activation time a for each cycle (0 < a < p—d).Sporadic activities are triggered by an event, say e, and must complete their processingwithin same deadline d after the event occurrence time. Figure 7.10 contains a CC architecture andcontroller for a standard sporadic object.

7 It may be convenient to give priority to interrupts and other IO over internal activities, to assure that IO isserviced. Also note that, if necessary, one could define several different kinds of interrupts (different interruptchannels) and interrupts that save state.

Figure 7.5 Multicast Controllerstop!Alarm_Clock.stop?start(transmit_time)?

Alarm_Clock.start(ring_time)!multicast(message)?Ri := false, i = l , ..., r [0]Alarm_Clock.Wake_Me(transmit_time)!´Ri fi Receiveri(message)!Alarm_Clock.Wakeup?

Figure 7.6 Interrupts at the CRSM Levelint int?

Figure 7.7 Bounded Buffer With Interruptstart?

int?int?int?int?stop!

Figure 7.8 Higher Level Interrupts

Multicast

. . .

intR1RnR1RnC1Cnint

Figure 7.9 Periodic Object7.9(a) Periodic Function CC Structure7.9(b) Periodic Controller K With Client CC.int!C.stop?start(p,d)?RTk?[d]C.start!

RT(next)?next:=next+p [0]RTk(now)?RTk?[max(next-now,0)]fault_stop!normal_stop!

PeriodicControllerstartstopint

Clientnormal_stopfault_stop

normal_stop7.10(a) CC Architecture7.10(b) Sporadic ControllerFigure 7.10 Sporadic Object

start(d)?normal_stop!C.int!

e?fault_stop!RTk?[d] CK

8 . Discussion8 . 1 Notation and RepresentationsA consistent graphical representation of components and interfaces has been employed.Component objects are denoted by rounded rectangles labeled by identifiers; geometrically-enclosed rectangles indicate hierarchical grouping of objects (the "part of " relation). Wavy lineswith entering (exiting) arrows represent input (output) channels and are labeled by the channelname and the types of their parameters. Interrupts are identified by dashed arrows. At the basicCRSM level, a standard state diagram is used. It is tempting to define more specific icons for eachof the mechanisms and paradigms presented, for example, so that sequential control can beobviously distinguished from parallel control, and periodic objects immediately appear differentlythen sporadic ones. However, the benefits are not yet evident and we will resist for a while.Similarly, and perhaps more clearly, there are any number of reasonable possibilities forpurely textual notations of in-the-large objects. (A formal (textual) notation for CRSMs is given in[Shaw 93]). For example, a subsystem M could be defined:M = { M1, ... , Mm} , m>1/* M consists of m components M1, ... , Mm. */Chconnected = {CC1, ..., CCc} , c ‡ 0/* Each channel CCi is connected between two components of M. */CCi = (name, <Mis , Mir>, message_type)/* This defines each CCi . Mis and Mir are in M. */Chunconnected = {UC1, ... , UCu } , u ‡ 0/* These are the interface channels of M. */UCi = (name, Mi, in|out, message_type)/* Each UCi is defined. */Standard control, encapsulation, and time-constrained objects may also have specific textualrepresentations. Examples are:sequential:M1 ; M2parallel :M1 || M2guarded selection : (g1(x) fi M1) [ ] (g2(x) fi M2)periodic activity:periodic M(in: p,d; out: normal | fault)As in the graphical case, it is not yet clear whether such notations are useful.Several naming issues also arise. It should be possible to connect any two type- anddirection-compatible channels. This requires that the name of the channels be identical after theconnection is declared, which in turn would generally require a systematic renaming of senderand/or receiver IO calls in the base CRSMs. Arrays of channels are necessary for "server" andother subsystems; examples are broadcast servers, ADTs, and n-way fork/join controllers. Classand instance declarations also need to be provided and distinguished. All of this seems no differentthan analogous facilities available in modern programming languages and can be directlyborrowed.8 . 2 Time and Other Resources : Specification and AnalysisTiming behavior can be specified using the basic CRSM facilities - through time bounds onstate transitions and through communication with clock machines. Higher-level timingspecifications must either use these mechanisms directly or handle each example on a one-of-a-kindbasis; for example, we do this in the alarm clock machine and in the parameterization of othermachines (ring_time, broadcast_time, period, deadline). A research problem that we have not addressed here is whether or not there should be some general higher-level scheme for describingtiming constraints in-the-large. Ideally, it would be attractive if the CRSM techniques could beadapted, i.e. scaled-up, to the subsystem level; the CC architecture provides a convention forpartially doing this by identifying the clock machine of the controller as the clock machine of thecomponent. More experience will help decide whether any extensions are necessary or convenient.One may also wish to use an in-the-large scheme to specify the time-constrained sharing ofother resources that are required by components. For example, processor sharing among a set ofindependent components might be handled through an "executive" controller that schedules clients,say in round robin fashion. In order to do this conveniently, some means of saving state on aninterrupt would appear to be necessary; this could be implemented by changing our interruptmechanism appropriately. Sharing of communications lines and input-output devices can bedescribed by defining components that simulate the actual sharing.At this point, we have given little thought to techniques for analyzing and verifying thebehavior of large specifications. The standard proposed solution is to prove various properties ofsuch systems from the bottom-up, starting with individual components. Typically, the standardapproach does not scale up. A top-down methodology that examines and verifies traces a level at atime, starting with of the basic systems-level requirements, would seem promising.8 . 3 Tools and experimentsPaper experiments and proposals for large systems design can be deceiving and unrealistic.Proof of scalability is accomplished only by demonstrations of scalability. Software tools areneeded to construct specifications, to store libraries of specifications, to test specifications forconsistency, to analyze them, to simulate their execution, to monitor their behavior duringexecution, and to verify their properties when possible. Of these tasks, the most useful initiallywould be programs for building and executing specifications - an in-the-large version of the toolsdescribed in [Raju & Shaw 92; Raju 93].With these tools, especially the latter, we will be in a position to do some convincingexperiments on interesting real-time systems. This should also lead to a larger number of usefulparadigms for real-time requirements and designs.9 . SummaryThe research and contributions have two principle parts. First, we demonstrated how in-the-large components for specifying real-time systems may be constructed using a particularcontroller-client software architecture. Second, with the CC architecture, we defined particulartypes of components and control needed for real-time requirements and designs. Both parts arebased on our CRSM notation. As discussed in the last section, much remains to be done.Acknowledgments:Thanks to H. Rebecca Callison, Travis Craig, and Sitaram Raju for critiquing the paper.

References[Gabrielian & Franklin 91] A. Gabrielian and M. Franklin, "Multilevel Specification of Real-TimeSystems," Comm. of ACM 34, 5 (May 1991), pp. 50-60.[Harel 87] D. Harel, "Statecharts: A Visual Formalism for Complex Systems," Science ofComputer Programming 8, (1987), pp. 231-274.[Hoare 85] C. Hoare, Communicating Sequential Processes, Prentice-Hall International, 1985.[Jahanian & Mok 89] F. Jahanian and A. Mok, "Modechart: A Specification Language For RealTime Systems," IBM Tech Report RC 15140, Nov. 1989.[Kramer et al. 93] B. Kramer, Luqi, and V. Berzins, "Compositional Semantics of a Real-TimePrototyping Language," IEEE Trans. on Software Eng., Vol. 19, No. 5, May 1993, pp. 453-477.[Leveson et al. 91] N. Leveson, M. Heimdahl, H. Hildreth, and J. Reese, "RequirementsSpecification For Process-Control Systems," TR 92-106, Computer Science Dept., UC Irvine,1992.[Raju 93] "An automatic verification technique for communicating real-time state machines," TR#93-04-08, Dept. of Computer Science & Engineering, University of Washington, Seattle, April,1993.[Raju & Shaw 92] S. Raju and A. Shaw, "A prototyping environment for specifying, executingand checking communicating real-time state machines," TR #92-10-03, Dept. of Computer Science& Engineering, University of Washington, Seattle, October, 1992. A revised version is inpublication in the journal Software-Practice & Experience.[Shaw 92] A. Shaw, "Communicating real-time system machines," IEEE Trans. on SoftwareEng., Vol. 18, No. 9, Sept. 1992, pp. 805-816.[Shaw 93] "A (more) formal definition of communicating real-time state machines," TR #93-08-01, Dept. of Computer Science & Engineering, University of Washington, Seattle, August, 1993.