In this chapter we present an operational semantics for concurrent interactive processes in the purelyfunctional programming language Clean. An interactive process is in essence a state transition systemwhich apart from its logical state can also access the state of the file system, do high-level graphical userI/O, and do inter-process communication via synchronous and asynchronous message passing and datasharing. Inter-process communication is type-safe and polymorphic. The semantics of the system isbased on earlier work on the interleaved event I/O system. In this chapter we identify limitations of the in-terleaved model in the context of concurrent processes and propose a new process semantics that doesallow a concurrent implementation. The method basically introduces a remote procedure call communi-cation scheme and demonstrates how to apply this scheme to obtain a concurrent process semantics.The resulting system is the concurrent event I/O system. The operational semantics is given in Clean it-self. As a result the concurrency system is completely functional because the construction is done withinthe pure functional framework.

4Concurrent InteractiveFunctional Processes

70Concurrent Interactive Functional Processes

4.1IntroductionThis chapter reports part of a research project conducted on the practical application of purefunctional programming languages. Some of the research topics are destructive updates of datastructures, graphical user interface programming, parallel process creation and management,forms of inter-process communication, and efficient implementations. In this chapter we discusshow to obtain concurrent processes that themselves engage in graphical user interface and fileI/O in a pure functional framework.The lazy, purely functional programming language Clean offers a library (written entirelyin Clean), the event I/O system, to program complex graphical user interface applications on ahigh level of abstraction (Chapter 2, and Achten et al., 1993). In essence an event I/O program isa structured set of higher-order functions (called abstract event handlers) that define whatgraphical user interface elements the program uses (such as menus, windows, dialogues, andtimers) and also the response of the program to abstract events (such as selection of menu items,mouse and keyboard actions). The set of functions is structured by means of algebraic data typeswhich are abstract definitions of graphical user interface elements. For more details see Chapter2. Abstract event handlers are state transition functions. The state of an event I/O program canbe of arbitrary type. The semantics of the event I/O system is a state transition semantics. Giventhe initial state of an event I/O program and an initial set of abstract event handlers (both pro-vided by the programmer), the system evaluates for each new abstract event the correspondingabstract event handler. This yields a new state value. This is repeated until termination of theprogram.The interleaved event I/O system is the extension of the event I/O system with interactiveprocesses (Chapter 3). Interactive processes are the conceptual units by which Clean program-mers can construct more complex interactive programs from simpler interactive programs. Themain difference with the event I/O system is that these processes coexist in an interleaved fash-ion, hence the name of the system. Interactive processes can be created and destroyed dynami-cally. In the interleaved event I/O system interactive processes are defined in the same way as in-teractive programs are in the event I/O system; by means of structured sets of abstract event han-dlers. Each interactive process has a private state of arbitrary type. Inter-process communicationprimitives that have been defined in the interleaved system are data sharing and (a)synchronousmessage passing. These methods of communication are polymorphic and type-safe. The majorsemantic challenge of the interleaved event I/O system was to solve how independent interactiveprocesses can use the same file system, share global data, and use message passing in a purefunctional framework. In essence the semantics of the interleaved event I/O system is based onthe atomic, interleaved evaluation of process state transition functions. This process state con-sists of a local part, containing the private state information of the process, and a global part,containing the file system and global information. Section 4.2 gives a more detailed overviewhow this is accomplished.The interactive process concept in the interleaved event I/O system is well-suited to ex-plain the behaviour of a program that is dynamically composed of interactive processes. Howev-er, the semantics cannot without modification be used to explain the semantics of true parallelevaluation of interactive processes. We are interested in such a concurrency model because weintend to program real distributed interactive applications using the graphical user interface toolsfrom the event I/O system.To illustrate the limitations of the interleaved model with respect to concurrency considerthe following case. Let program P consist of the interactive processes A and B. Let f1 and f2 de-note initially closed files. A and B both have the same state transition function that can be evalu-

4.1Introduction71 ated repeatedly. This function does the following: subsequently open f1 and f2; if either operationfails because the file was already open then terminate A and B, otherwise close f1 and f2.In the interleaved semantics P does not terminate. Consider the base case in which files f1and f2 are closed and that either one of the transition functions of A and B is chosen. Because inthe interleaved model transition function are evaluated completely both files have been openedand closed successfully after evaluation of the transition function. Consequently after evaluationof either function we have the base case again. So P never terminates.If one interprets this case from a concurrent point of view in which transition functionsare evaluated in parallel rather than atomically, then P can terminate. One of the scenarios inwhich this occurs is that either A or B has just opened f1, after which the other process also triesto open f1. For the latter process the operation fails, so both processes are terminated. The inter-leaved semantics does not catch the situation which might arise in a parallel setting simply be-cause the granularity of interleaving is unrealistically coarse.In a real distributed implementation interactive processes are implemented as concurrentreduction processes. Implementations of interactive processes with interleaving semantics basedon reduction processes with concurrency semantics give rise to some problems. For instance, inorder to prevent processes from opening the same file concurrently one needs to lock the com-plete file system. This causes unacceptable sequentialization of processes that might well beevaluated concurrently if they operate on disjoint sets of files.In this chapter we show how to obtain a concurrency model, the concurrent event I/Osystem, from the interleaved event I/O system that allows interactive processes to be evaluated inparallel. The main reason for the interleaved event I/O system to obstruct parallel evaluation ofinteractive processes is the sequentialization of process state transition functions caused by datadependency created by data sharing. So in essence the solution is to eliminate data sharing. Thisis done for the data shared file system. Data sharing of arbitrary data structures between process-es is not eliminated but is restricted per processor.The semantics of the concurrent event I/O system in this chapter is defined in Clean. Thereasons to use Clean as a specification language is that it has a well-defined syntax and seman-tics (Clean is based on term graph rewriting), and last but not least it allows specifications to betype-checked, compiled, and tested (as such specifications are readily executable). The specifi-cation of the concurrent event I/O system can be used as a framework for the actual implementa-tion.The concepts that are studied in this chapter are not new: remote procedure calls,(a)synchronous message passing, dynamic process management, and so on are relatively well-known concepts. In this chapter we show that these concepts can be defined in a pure functionalframework, maintaining the advantages of functional programming, and increasing expressive-ness of these concepts by polymorphism and strong type systems.This chapter is structured as follows. Section 4.2 gives a brief overview of the interleavedevent I/O system. Section 4.3 gives some motivations of how to derive the concurrent event I/Osystem from the interleaved event I/O system. The technical details are worked out in Sections4.4 and 4.5. Section 4.4 extends the interleaved system with a new communication primitive forRemote Procedure Calling and remote procedure server processes. These are applied in Section4.5 to obtain a new definition of the file system. Section 4.6 reconsiders our case example withthe new semantics. Section 4.7 gives some implementation considerations of the concurrent sys-tem. Related work is presented in Section 4.8 and conclusions are drawn in Section 4.9. Finallywe give some leads to current and future work in Section 4.10. Appendix B contains the opera-tional semantics as discussed in this chapter.

72Concurrent Interactive Functional Processes

4.2The interleaved event I/O systemIn this section we give a very brief overview of the interleaved event I/O system of Clean. Thisexposition is basically an extended abstract of Chapter 3.Clean (Brus et al., 1987; N�cker et al., 1991; Plasmeijer and van Eekelen, 1993) is a lazyfunctional programming language based on term graph rewriting (Barendregt et al., 1987). Theprograms in this chapter are written in Clean 1.0 (Plasmeijer and van Eekelen, 1995). Most of thelanguage constructs used in Clean 1.0 are customary in other functional languages such asMiranda and Haskell. Where appropriate, the text includes remarks on particular aspects ofClean 1.0.Clean programs are functions of type *World fi *World. The type World is an envi-ronment. An environment is an abstract data type that encodes the state of a specific part of thereal world (such as the file system, files, menus, windows, or timers). The symbol �*� is a typeattribute indicating that the world is unique. The type system of Clean guarantees that any onefunction applied to an object of uniquely attributed type has access to this object such that theobject can be destructively updated without violating the functional semantics of the language.See Smetsers et al. (1993), Barendsen and Smetsers (1993) for a detailed treatment of theuniqueness type system of Clean.The interleaved event I/O system provides programs with a hierarchy of environmentsthat can be used to do I/O (Figure 4.1). Environments are independent: operations on one envi-ronment do not affect other environments. From the unique world environment the unique filesystem environment of type *Files and the unique event stream environment of type *Eventscan be retrieved with the function openworld :: *World fi (*Files,*Events). These envi-ronments can create a new unique world environment with the function of reverse type close-world :: (*Files, *Events) fi *World. The file system environment contains the individ-ual file environments (of type File) for file I/O. Files can be opened for writing/reading (inwhich case they obtain the uniqueness attribute and are of type *File) or for read only (seeFigure 4.2). The event stream environment is discussed later.Figure 4.1The Clean environment hierarchy.interactiveprocessestionspsps ps

4.2The interleaved event I/O system73 renot then the (*File result is a dummy.proPStatelppublicpconciseness we use the type variables and qfilesystem environIOState environment. ThisIOState environlivethe lifetime of the interactive process.by the :== symbol. The type list of a is denoted by [a]. The type function from a toa->bments of type t�t, and result type t has a type definition f :: tt�t field names instead of position matching. Let ps be an expression of type PState. On a pattern-ps=:{pFiles=fs}fspFilespsps.pFiles se

74Concurrent Interactive Functional Processes pFilesps{pspFiles=fs} is a record equal to ps but the field pFiles has value fsOpenIOOpenIOInitIOiniand public process state components, and the World environment. It creates the IOState environOpenIOWorldcess requests termination by applying the library function QuitIO to its IOState environment.This is done with the process combinators NewIO and ShareIONewIO creates the new interactive process and takes care that the new interactive processjoins the evaluation of interactive processes in an interleaved way. The type of NewIOpressesthat both local and public process state component types and of the child process are allowedto differ from the corresponding component types and q of the parent process.An interacshared interacShareIO. Analogous to NewIO the shared interactive process runs interleaved with all other in-terevalteractiveprocessgroupShareIO does not need to define an initial value of type the public component because this value already exists.Filesprepreof boxes indicating that they are evaluated interleaved.Figure 4.4Schematic representation of the structure of the inter

4.2The interleaved event I/O system75 mechanism. The creation of this process state, and undoing after evaluation, is actually a contextswitchFinally, interactive processes can send messages to any other interactive process by eithersynchronousSyncSendasynchronousASyncSendASyncSend is purely asynchroSyncSend performs a conthe indicated receiver, handles the message, and performs the context-switch back. Receivers canOpenReceivertype parameterized identification value of type RIdm. Message passing is polymorphic: the conmessage passthe wrong type.RIdmmer.TalkStateTextaddCharaddCharcess state component is a type variable.Associated with the window is the abstract event handler sendKeys which is parametersendKeysnew characwindow.

76Concurrent Interactive Functional Processes

Figure 4.6ing. For clarity of presentation alternative data constructors of algebraic types areboldface_are not applied in a function. The are used in the function. In particular these can also be function definitions.4.3Towards the concurrent event I/O systemdata dependency the interleaved event I/O system is in essence an intem. Interactiveprojuxtaposition, indicating that these are to be evaluated concurrently.interprofilesystem functions should meet:aFunction call blocks the calling interactive process.Function call does not block other interactive processes.athough communica

4.3Towards the concurrent event I/O system77 tion of time is defined as the evaluation of other interactive processes during communication.Figure 4.7Schematic representation of the structure of the concurrent event I/O system.One of the more generally known communication schemes that satisfies these requirements is theSection 4.5 dewe continue we make the following remarks:this data sharing because of two reasons: firstly the use of data sharing is, for some problems, thecedure call scheme themselves by application of the technique as discussed in the next section.tialization because environments are by definition independent.4.4cessdurecallRPCDefinoutps, statingin (see Figure 4.8). RPC processes are opened with two new process combinators. A new RPCNewRPCShareRPCficainout. Figure 4.9 givesthe definition of NewRPC (the definition of ShareRPC is given in Appendix B.1).

78Concurrent Interactive Functional Processes

Figure 4.8The RPC process combinators.Figure 4.9NewRPC is denot-ed by [a1,�,an:a]SendRPCtioncess managementstead: the data type GStateglobal state) contains the comcontextSwitchIncontextSwitchOut transforms the process state back into the global state.RuntimeStaterunningalternaRunningblockedremote procedure call request.blockedfor some other interactive process to become unblocked.*World*World and thatRandom to the World environment. TheRandom environment contains a on Random is getRandomBool :: Random (Bool, Random) defined by getRandomBoolxsx,xsopenworldcloseworldRandom

4.4Remote procedure call processes79

RandomFilesand EventsGState process administration by OpenIOoperation gsGetRandomBool (Appendix B.4) applies getRandomBool to the Random enviGStategsCondswitchToSomeProcess which does a context-switch to an arbitrary interactiveprostream from the global state analo

80Concurrent Interactive Functional Processes

Figure 4.10The definition of SendRPCSendRPCarbitrary numberteracdeterminscribed here is essentially non-deterministic. This has a number of consequences when reaASendRPC and the RPC process. Then we have the following cases:aAA�snation of SendRPCAssume some interactive process, say C, does SendRPC to A (so is an RPC process). ACaAalso the value of the local process state.cCSendRPCBcase (BSendRPC to yet anotherRPC process. If is not blocked a number of other processes are evaluated. Either A or is granted the reply from B first.SendRPCcommon inSendRPCof their local and public process state component value may change.4.5proplied to localise the file system environment and Section 4.5.2 presents the new definitions of thefiles operations.

4.5Files as global process81

4.5.1The file serveracter of the file system by introducing one exclusive RPC process, the file server process (or file server) that handles all file sysment Files, the public process state component is the single constructor type Nil. The file sysbeitwith a different name.FSInand FSOut message type alternaFiles operation(except for the Files argument). The RPC function of the file server is fileServer (see FigFSfopenIn message fileServer replies with an FSfopenOut messageparameterfsfopenfile system.Figure 4.11The renamed operations of the file server.Figure 4.12The file server definition.

82Concurrent Interactive Functional Processes

4.5.2Files I/O as remote procedure callsmajor change is that the process state type PState looses its pFiles field because the file sysioFSIdIOStatecess state:Figure 4.13The new definition of the process state type.fopen changes bestead.Figure 4.14RPC implementation of files operations.4.6Concurrent processesproABgfrceiver function which on acceptance of some message terminates its interactive process.Figure 4.15The state transition functions of process and

4.6Concurrent processes83

A forfopen reSendRPCABfopen, which subsequently calls SendRPC withBgiven in the end of Section 4.4. So either A or is granted the result of opening the requested filefirst. As. Now BA. Whatever theresults are for opening the second file, has a False guard and will therefore terminate and Bfterleaved semantics is a special case of this scheme.4.7Concurrent implementationThe operational semantics of the system as given in Sections 4.4 and 4.5 is Clean code and therementation that sequentially simulates concurrent processes.{I}sor{P}demanding reduction process.SendRPCtives. Section 4.7.2 adds RPC processes and SendRPC to the implementation.4.7.1Concurrent process groupsquentialization of evaluationcessWorldevaluated concurrently.gram. Instead, we can interface directly with the operating system and access its event queue. An

84Concurrent Interactive Functional Processes alterna(using the {I} or {P} process annotaOpenIOminaertiessystem calls.4.7.2RPC processes and SendRPCThe implementation of RPC processes and RPC communication involves three aspects:aCreation of RPC processesImplementation of RPC processescImplementation of SendRPCainoutRPCReq inout]. Because we implecess groups)as independent reduction processes, we need to proProcId and theNewRPCShareRPCadds a new entry to the RPC table.out RPC process takes the first entry and computes the out result. It then destructively updates the entry with the out result and sets the grantterQuitIOQuitIOquest queue is destructively updated with result Fail and the grant flag is set to True.cSendRPCFailSendRPCsending process which is then unblocked.

4.8Related work85

4.8Related worknamic protiveOperatstreamprocessors, functions that transform an ingoing stream to an outgoing stream. Process schedulingInter-process communisorting office concept introsages outside the language.creationchannels which can contain messages of arbitrary type in a type-safe way. One distinct feature ofType security is checked dynamically, but it is not entirely safe.4.9Conclusionsproprocedure call and shown how data depensideranamic, interactive, concurrent functional processes.4.10Current and future workthe implementation part the granularity of concurrency is now on the level of process groups. Wetions.