In this chapter we present a functional interleaved event I/O system. This system is a generalization of theevent I/O system as incorporated into the lazy, purely functional programming language Clean. The inter-leaved event I/O system offers features that are more commonly found outside the functional scene.These features are dynamic process creation, and two well-known forms of inter-process communication:data sharing and message passing. In our system both forms of communication are polymorphic andtype-safe. Both forms of communication can use higher-order functions and arbitrarily complex algebraictypes. Communication by data sharing is a restricted form of communication by global data structures.Nevertheless, the new system is still completely functional because the generalization is done within thepure functional framework. The interleaved event I/O system can be regarded as an executable opera-tional semantics of a mini operating system for dynamic, interactive, functional processes. The systemhas been implemented and will become part of the new release of Clean.

3Interleaved InteractiveFunctional Processes

44Interleaved Interactive Functional Processes

3.1IntroductionResearch in the area of functional programming languages is experiencing an increasing atten-tion to the incorporation of I/O into the functional programming paradigm (Henderson, 1982;Dwelley, 1989; Turner, 1990; Thompson, 1990; Peyton Jones and Wadler, 1993; Carlsson andHallgren, 1993). In this chapter we present some recent results of the research conducted on theincorporation of I/O into the lazy, purely functional programming language Clean (Brus et al.,1987; N�cker et al., 1991; Plasmeijer and van Eekelen, 1993). The I/O system of Clean, theevent I/O system, enables programmers to have direct access to the file system, and to writecomplex graphical user interface applications handling windows, menus, and dialogues, at a highlevel of abstraction. At the start, the major part of the research has focused on basic issues suchas how at all to incorporate I/O into the pure functional paradigm. Clean has a special type sys-tem called uniqueness typing (Smetsers et al., 1993; Barendsen and Smetsers, 1993) that offersthe possibility to directly interface the pure functional world with the imperative world by guar-anteeing single threaded use of destructible objects. How graphical user interfaces can be suit-ably programmed in such a functional language has been reported in Achten et al. (1993), andAchten and Plasmeijer (1995a) — see Chapter 2.The event I/O system is a one process at a time system. At all times during evaluation ofan event I/O program there is at most one interactive process running. This is not a satisfying sit-uation for a number of reasons: programs may want to spawn interactive processes that run at thesame time with the process that spawned them, and programs cannot be composed of interactiveprocesses to improve on the modular structure of the program.The system we introduce in this chapter, the interleaved event I/O system, is used tostudy how to construct programs that consist of many processes at a time, and what suitable in-ter-process communication methods are. These forms of communication are data sharing andsynchronous as well as asynchronous message passing. Both forms are type-safe and polymor-phic. It should be noted that we do not study concurrent processes in this chapter: the processeswill be evaluated in a deterministically and interleaved way.The semantics of the interleaved 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), it allows specifications to be type-checked, com-piled, and tested (as such specifications are readily executable) and last but not least, by con-struction, the specified system is purely functional such that the advantages of functional pro-gramming remain. In particular, interactive processes can communicate higher-order functionsand arbitrary data structures to other processes. The specification of the interleaved event I/Osystem can be used as a framework for the actual implementation.This chapter presents the interleaved event I/O system in a number of steps. Section 3.2starts with an introduction to the basic event I/O system in terms of the interleaved framework.Section 3.3 explains how to handle many processes at a time. Section 3.4 introduces inter-pro-cess communication by data sharing, and Section 3.5 introduces inter-process communication bymessage passing. The Sections 3.2 upto 3.5 are divided in two subsections. In each case the firstsubsection presents the topic from the programmer�s point of view, and the second from thesystem�s point of view. Section 3.6 presents an example. Section 3.7 presents related work.Conclusions are drawn in Section 3.8, and Section 3.9 concludes with current and future work.

3.2The Clean event I/O system45

3.2The Clean event I/O systemClean (Brus et al., 1987; N�cker et al., 1991; Plasmeijer and van Eekelen, 1993) is a lazy func-tional programming language based on term graph rewriting (Barendregt et al., 1987). The pro-grams 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.Interactive Clean programs are functions of type *World fi *World. The type Worldis an environment. An environment is an abstract data type that encodes the state of a specificpart of the real world (such as the file system, files, menus, windows, or timers). The symbol �*�is a type attribute indicating that the world is unique. The type system of Clean guarantees thatany one function applied to an object of uniquely attributed type has access to this object suchthat the object can be destructively updated without violating the functional semantics of the lan-guage (Smetsers et al., 1993; Barendsen and Smetsers, 1993).The event I/O system provides programs with a hierarchy of environments that can beused to do I/O (Figure 3.1). From the unique world environment the unique file system environ-ment of type *Files and the unique event stream environment of type *Events can be re-trieved with the function openworld::*World fi (*Files, *Events). These environmentscan create a new unique world environment with the function of reverse type close-world::(*Files, *Events) fi *World. The file system environment contains the individualfile environments (of type File) for file I/O. Files can be opened for writing/reading (in whichcase they obtain the uniqueness attribute and are of type *File) or for read-only. The eventstream environment is discussed in the next section.Figure 3.1The Clean environment hierarchy.3.2.1The programmer’s viewGraphical user interface applications are event driven. The event stream environment contains allthe operat

46Interleaved Interactive Functional Processes grammerhas to:adefine the abstract devices to be used,define the abstract event handlers to handle the abstract events, andcOpenIO to these definitions. OpenIO maps the abstract device definifaceelements, and recursively handles events by calling the corresponding abstract event handlers.aterdiapressions thatfined.transitionfunctionsps˚˚pspropspstttt �fittion f::1 fitfitingmapped to a Macintosh system.MenuDef[]boldfacewith //

3.2The Clean event I/O system47

Figure 3.3

48Interleaved Interactive Functional Processes

PState) their*PState*PStatelalvicesare parameterized with *PStatel). Given the IOState environcial identificaIdIOGetIdstionvalues.pspresPState. The expresps=:{pFiles =fs}fspFilespsps.pFilespFilesps{ps&pFiles=fs} denotes a record equal to ps but the field pFiles has value fscPStatel*PStatel) *PStatelOpenIOOpenIOinitialvalue of the local program state, and the World environment. It evaluates the interactive processWorldtion by applying the library function QuitIO to its IOState environment.The initial actionsStart the first interactive processTerminate evaluation of this processonym type definitions use the symbol.3.2.2The system viewlow-level tem, not bythe programits turn does the following:amap the abstract device definitions to the concrete devices,store the concrete devices, andccorresponding abstract event handlers.

3.2The Clean event I/O system49 adent graphiDeviceStatepsrameterpsevent handlers of type ps psIOStateIOStateIdIdbIOGetIdsIdIdGenIds*Idfi ([*Id], *IdInitId*IdThe implementation of IOGetIds is straightforward:Finally, the initial actions of the interactive process are stored so they can be evaluated before thefirst abstract event handler of the interactive process is evaluated.Figure 3.6The IOState environment.The PState record as used by the abstract event handlers actually contains the complete state ofGStatelFilesEventsProcessltime states of the abstract devices, and the identification value.GStatePStateThe transformation from GState to PState and vice versa is given by the functions connectand disconnect. These mappings become more involved in the following sections.

50Interleaved Interactive Functional Processes

Figure 3.7cOpenIO. OpenIO first creGState record and then evaluates the interactive process until termination.

3.2The Clean event I/O system51

Figure 3.8The system view of the event I/O system (operator is function composition).cursiveloopnextEventGStatePStatedoInitIOnextPStateterpreted as an abObnextPStateThe effect of this transition is paired with the concrete event that triggered the transition. Finally,the new PState record is transformed into a GState record.terminatesthereIOStateemptyQuitIOorterminates immediately). The result of OpenIO is a new unique world environment that containsthe new file system and event stream environments.proLocalstarted with the Run command, which sets the program state to its initial value, enables keyboardtertion of the timer function which disables thekeyboard handling of the window and disables the timer, enables selection of Run, and prints thehandleKeys prints every key in the window and incrementsthe current count. Finally, Quit terminates the process.

52Interleaved Interactive Functional Processes

Figure 3.9xxs[x:xs]_TicksPerSecondone second.3.3Dynamic process creationacinteracteractive processes can communicate by means of file access.

3.353

3.3.1The programmer’s viewIn Section 3.2 we have described how interactive processes are defined by abstract device defini-this purpose the function NewIO is provided (see Figure 3.10).Figure 3.10The type of the process creation function NewIONewIOOpenIOPState environmentsWorldNewIOteraccan be regarded as atomic operations. The type of NewIO expresses that the program state type of the child process is allowed to differ from the program state type m of the parent process.3.3.2The system viewdling an arbitrary number of interactive processes dynamically:ahow to store processes of different type, andhow to share unique global environments between processes.aNewIOteracGStateProcesslthis is a complicated solution (see Chapter 5).ProcessE.l is an existentially quantified. In Clean a type definition can hide a type variable from its context by prefixexistential quantiE.ited toVoidProcessVoidcesses that can have program states of different types. See Plasmeijer and van Eekelen (1995) fora furgProcessesioProcessesIOStateimRoundRobincesses.

54Interleaved Interactive Functional Processes doneRRsetRRtopRRhandled, holdRR keeps an element in the second list, and insertRR appends ahandled element to the first list.Files and . However, these en) for one proconnectdisconnectloop, apdisconnecttermiteracconnectpLocalconnectdispatchsentation connect is presented as a distinct function.)

3.355

Figure 3.12The interleaved event loop. The definition of dispatch does not change.

56Interleaved Interactive Functional Processes interleavedevent handlers. Which abstract event handler of the process should be applied to the process stateactive processes is deterministicNewIONewIOand inIOStatescheduled for evaluation.Figure 3.13The definition of NewIO3.4Data sharingments between interactive processescan be generalized to sharing an arbitrary data structure between a group of interactive processes.Analogous to ment, interactive processes that share a data structure can communicate by writing and reading the shared datanicaabstract event handlers are atomic operations access to the shared data structure is also atomic.3.4.1The programmer’s viewlocalpublicpqOpenIO andNewIO change in a non-essential way.

3.4Data sharing57

Figure 3.14The programmer’s view.sharedacShareIO. Analogous to NewIO the shared interactive process runs interleaved with all other interevalteracprocess shares the public component of its parent process. These processes form a group of interactive processesShareIOtial value oftype p for the public component because this value already exists.3.4.2The system viewplementaterleaved event looplist of processes that share this structure.connectdisconnectOpenIOconnectiniShareIONewIOProcessioGroupIOStateThe new definition of NewIO adds a Group record to the ioGroups field of the IOStateFigure 3.15The data sharing administration types.

58Interleaved Interactive Functional Processes

3.4Data sharing59 dispatchchange.3.5Message passingsynchronousasynchronous mesTo conreceiver devicepossible for a correctly typed interactive program to send messages of the wrong type.3.5.1The programmer’s viewRe-ceiverDefpolymorphic type mFigure 3.17The programmer’s view of the receiver device.

60Interleaved Interactive Functional Processes functions OpenReceiver and CloseReceiver. In order to sage uniquely, OpenReceiver generates a fresh, abstract identification value of type RIdm forIOGetIds generpurposes. The crucial difference with values of type Id is that receiver identifications are paraminteractive processes can create receivers of different message type.asynASyncSendSyncSend respectively).RIdmcorreASyncSendSyncSenduntil the indicated receiver accepts the message.3.5.2The system viewtypes dynamishow how type-safe message passing is handled.3.5.2.1vice. Recallthat the run-time administration of devices is of type DeviceState environment. The run-timeRStateRecei-verSelect attribute is given).tion is list concatenation, and is the identity function.

3.5Message passing61

DeviceStateRStatempsOpenReceiverFigure 3.18 one can conclude that the DeviceState type not only hides the message type of itsreceivers but also the process state type, as it is defined on [HiddenRState].3.5.2.2Asynchronous message passingIn order to obtain asynchronous message passing, it is sufficient for ASyncSend to add the mesPStaterecord argument of ASyncSend contains all currently existing processes. So, basically ASync-SendRStaterAddMessageASyncSendhas no effect.or disabled state). Furthermore, messages are handled in the same order as they are sent.ASync-Sendmto the message and the current process state ps, so the response is fmps3.5.2.3accepting a message means evalgeneral different from the sending process) SyncSend needs to do a temporary context switchSyncSendPStateGStatedisconnectGStatelocateRPStateconnect. From the PState record getReceiverF regetReceiverF applies rGetFunctionRStatePState argument identified by the RIdPStatePStateconnectedPStatedling can overtake asynchronous message handling.

62Interleaved Interactive Functional Processes

Figure 3.19Synchronous message passing.3.5.2.4Type securitylyquanticeivers message queue) and in case of synchronous message passing (reads the receiver function).Hiddenstract type, HiddenIdxxHiddensafely as a special case of this scheme.HiddenHiddenHiddenIdhidexThe unique IdHiddenIdx value. So the Hidden-IdHiddenhideused by the two access functions writeHidden and readHidden to open the type abstractionenforced by the existential quantification.Let write::xxxand a HiddenId value, writeHidden updates a Hidden value only if the HiddenId values coincide, in which case the Hidden record is known to contain a data structure of type xLet read::xyxyHiddenIdreadHiddenHiddenHiddenIdHiddenture of type xeraHiddenwriteHiddenreadHiddenlocally for these two specific operations only.

3.5Message passing63

Figure 3.20trary RState records. First, the typeHiddenRState is a synHiddenOpenReceiver aphideRStaterecord created by rOpen and adds it to the list of receivers. ASyncSend applies guarded updaterAddMessageSyncSendrGetFunctiontrieve the receiver function.3.6Exampleproproist propliMacintosh system.

64Interleaved Interactive Functional Processes

The monicalproLocalcountond, counts holds the list of counts so far, and time holds the elapsed time of the session. Themoniterreceiver address. The monitor process is controlled by the messages of type Message it receivesreceiveceivesthe Start message, it sets the local process state to its iniables the timer if it receives End. For each KeyHit it increments count. Finally, on acceptence it quits the monitor prodrawKeyHits, when enevalcountcountscountincrements time, and draws the current count in its window.

3.6Example65

Figure 3.22The main code of the monitor process.Therefore the count field of the local program state record Local is obsolete. Because it is notopenTypistOpenIONewIORunStarttion end sends End to the monitor process. DurhandleKeysKeyHitpressed. Quit sends Quit to the monitor process and terminates the typist process. The changesto the code of Figure 3.9 are listed in Figure 3.23.Figure 3.23The changes required for the program code of Figure 3.9.

66Interleaved Interactive Functional Processes countcountKeyHitcountcountKeyHitmessage can also be removed.3.7Related workspecifidisidered in the dialogue combinator system, and in the FUDGETS system dynamic process creationUDGETSgiven by Noble and Runciman (1994).ApKAOSinterprocess communication by sorting office concept introStoye. Essenside the language. The idea of type-safe message passing by means of type parameterized receiver identification values was inspired by the KAOS approach.3.8ConclusionsIn this chapter we have presented an interleaved state transition system (the interleaved event I/Ocesses).morphic. The constructem allowing dynamic interleaved interactive functional processes.tertrol applications: we havewritten a program that controls the temperature and water level of a simulated water tank.3.9Current and future work

3.967 over a network of processors.Acknowledgementssearch, and the useful comments on the content of the chapter.