A Framework for Deterministically Interleaved InteractivePrograms in the Functional Programming Language CleanPETER ACHTEN AND RINUS PLASMEIJERComputing Science Institute, University of Nijmegen,Toernooiveld 1, 6525ED, Nijmegen, the Netherlands(e-mail: peter88@cs.kun.nl, rinus@cs.kun.nl)AbstractIn this paper we present a functional interleaved Event I/O system. This system is a generalization of the EventI/O system as incorporated into the lazy, purely functional programming language Clean. The Interleaved EventI/O system offers features that are more commonly found outside the functional scene. These features are dy-namic process creation, and two well-known forms of inter-process communication: asynchronous messagepassing, and data sharing. Both forms of communication are polymorphic and type-safe. As we are working in afunctional language, messages can contain higher-order functions and arbitrarily complex algebraic types. Com-munication by data sharing is a restricted form of communication by global data structures. Nevertheless, thenew system is still completely functional because the generalization is done within the pure functional frame-work. The Interleaved Event I/O system has been implemented and will become part of the new release of Clean.1IntroductionResearch in the area of functional programming languages is increasingly paying more attention to theincorporation of I/O into the functional programming paradigm, starting from an early paper byHenderson (1982) to more recent work (Dwelly, 1989; Turner, 1990; Thompson, 1990; Peyton Jonesand Wadler, 1993; Carlsson and Hallgren, 1993). In this paper we present some recent results of theresearch conducted on the incorporation of I/O into the lazy, purely functional programming languageClean (Brus et al, 1987; N�cker et al, 1991; Plasmeijer and van Eekelen, 1993). The I/O system ofClean, the Event 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 start, the major part of the research has focused on basic issues such as how toincorporate I/O at all into the pure functional paradigm. Clean has a special type system calledUniqueness Typing (Smetsers et al, 1993; Barendsen and Smetsers, 1993) that offers the possibility todirectly interface the pure functional world with the imperative world by guaranteeing single threadeduse of destructible objects. How Graphical User Interfaces can be suitably programmed in such a func-tional language has been reported in Achten et al (1993) and Achten and Plasmeijer (1994).The Event I/O system is a one process at a time system. At all times during evaluation of an EventI/O program there is at most one interactive process running. This is not a satisfying situation for anumber of reasons: programs may want to spawn interactive processes that run at the same time withthe process that spawned them, and programs cannot be composed of interactive processes thus im-proving on the modular structure of the program. In this paper we turn the Event I/O system into theInterleaved Event I/O system, a system that allows programs for many processes at a time and sophis-ticated inter-process communication. These forms of communication are asynchronous messagepassing and data sharing. Both forms are type-safe and polymorphic. All this has been realized in apure functional framework such that the advantages of functional programming remain. In particularcan interactive processes communicate higher-order functions and arbitrary data structures to otherprocesses.This paper starts with a brief introduction to Clean and the Event I/O system in section 2. Section 3describes how the Event I/O system is turned into the Interleaved Event I/O system: section 3.1 ex-plains how the Event I/O system can be changed in order to handle many processes at a time, section3.2 introduces inter-process communication by asynchronous message passing, and section 3.3 intro-duces inter-process communication by data sharing. In section 4 we present an example. Section 5presents related work. Conclusions are drawn in section 6, and section 7 concludes with current andfuture work.

2The Clean Event I/O systemClean (Brus et al, 1987; N�cker et al, 1991; Plasmeijer and van Eekelen, 1993) is a lazy functionalprogramming language based on Term Graph Rewriting (Barendregt et al, 1987). The programs in thispaper are written in Clean 1.0 (Plasmeijer and van Eekelen, 1994, in preparation). Most of the lan-guage constructs used in Clean 1.0 are customary in other functional languages such as Miranda1 andHaskell. Where appropriate, the text includes remarks on peculiarities of Clean 1.0.Interactive Clean programs are functions of type ::˚*World˚fi˚*World. The type World is an environ-ment. An environment is an abstract data type that encodes the state of a specific part of the real world(such as the file system, individual files, menus, windows, dialogues, or timers). The type attribute * isthe type specification that the world is unique. The type system of Clean guarantees that any one func-tion applied to an object of uniquely attributed type has access to this object such that the object can bedestructively updated without violating the functional semantics of the language (Smetsers et al, 1993;Barendsen and Smetsers, 1993).The Event I/O system provides programs with a hierarchy of environments that can be used to doI/O (figure 1). From the unique world environment the unique file system environment of type *Filesand the unique event stream environment of type *Events can be retrieved from the world environ-ment with the function OpenWorld :: *World fi (*Files, *Events). The file system environment containsthe individual file environments for file I/O. The event stream environment is discussed later. Thesetwo environments can create a new unique world environment with the function of reverse typeCloseWorld :: (*Files,˚*Events)˚fi˚*World.Figure 1The Clean environment hierarchy.ating systemto create a Graphical User Interface application, a programmer has to:adefine the abstract devices to be used,bdefine the abstract event handlers to handle the abstract events, andapply the predefined function vice def-calling the corresponding abstract event handlers.a) Abstract devices provide Clean programmers with a high level view of Graphical User Interface el-window, menu, dialogue, and timerdevice. Abstract interface elements are specified by functional expressions that are instances of a set offully specifies how the individual interface ele

Miranda is a trademark of research software Limited.

prorameterized with the type variable ::IOSystem[DeviceSystem s]::DeviceSystemTimerSystem[TimerDefs]MenuSystem[MenuDefs]WindowSystem[WindowDefs]DialogSystem[DialogDefs]::MenuDef sPullDownMenuMenuId MenuTitle SelectState [MenuElement s]::MenuElement sMenuItemMenuFunction s)CheckMenuItemMenuItemId ItemTitle KeyShortcut SelectState MarkStateMenuFunction s)SubMenuItemMenuId ItemTitle SelectStateMenuItemGroupMenuItemGroupIdMenuItemId[RadioElement s]MenuSeparator::RadioElement sMenuRadioItemMenuFunction s)::MenuFunction ss -> s::KeyShortcutKey KeyCode | NoKeyMenuDef[constructors of the algebraic type.initionbeing mapped to a Macintosh system.PullDownMenu FileId �File� Able [MenuItem NewId�New�Key �n�)AblenewMenuItem OpenId�Open�Key �o�)AbleopenMenuItem CloseId�Close�Key �w�)UnablecloseMenuSeparatorMenuItem SaveId�Save�Key �s�)UnablesaveMenuItem SaveAsId�Save As�NoKeyUnablesaveAsMenuSeparatorMenuItem QuitIdKey �q�)Ablequit ]

finistract devices are parameterized with *State psStartIO andQuitIO�result type is f :: � (Common notation is f :: t�).StartIO:: (IOSystem *(State ps)) ps *World -> *WorldQuitIO:: *(IOState *s) -> *IOState *sStartIOStartIOinteractive process, and (2) the evaluation of the interactive process until termination.StartIOInterface elements. As a result the abstract devices appear to the user in their initial run-time state. Theenvironment of type *IOStatetheir abstract event handlers.StartIOconcretecurrenteffectterminatesIOStateemptyIOStateQuitIOStartIOnew file system and event stream environaTimerDefMenuDefWindowDefDialogDeftual library functions defined on IOStatedevices. Figure 4 gives the internal definitions of StartIO, QuitIO, and IOState:: IOSystem s = [DeviceSystem s]TimerSystem[TimerDefs]MenuSystem[MenuDefs]WindowSystem[WindowDefs]DialogSystem[DialogDefs]= {pstate:: ps,files:: *Files,iostate:: *IOState *(State ps)StartIO :: (IOSystem *(State ps)) ps *World -> *WorldQuitIO :: *(IOState *s) -> *IOState *s:: IOState s = { devices:: [DeviceState s],events:: *EventsStartIO :: (IOSystem *(State ps)) ps *World -> *WorldStartIO ioSystem ps worldCloseWorld (s.files, s.iostate.events)wheres= eventloop ss= {pstate = ps, files = fs, iostate = io}io= {devices = createDevices ioSystem, events = es}(fs, es) = OpenWorld worldfinalState :: (State ps) -> BoolfinalState s = s.iostate.devices = [˚]eventloop :: *(State ps) -> *State pseventloop s = loop finalState nextState sloop :: (x -> Bool) (x -> x) x -> xloop pred next x| pred x =loop pred next (next x)QuitIO :: *(IOState *s) -> *IOState *sQuitIO io = { io & devices = [˚] }

4 a The outside view of the Event I/O system.4 b The inside view of the Event I/O system.selectedpattern-matchingfieldnamesIOStatebioIOStateio={events=es} matches the vari-able eseventsioio.devicesdevicesioio.eventseventsio are updatedioevents is replaced by the expression esthree abstract event handlers: quit, track, and . The abstract event handler IOStatetrackdeleteup-date, which is invoked whenever part of the window needs to be redrawn, redraws every drawn point.:: DrawState = State [Point]Start :: *World -> *WorldStart worldStartIO ioSystem initialProgramState worldwhereioSystem = [ MenuSystemPullDownMenu FileId �File� AbleMenuItem QuitId �Quit� (Key �q�) Ablequit ] ],WindowSystemFixedWindow 1 (0,0) �Picture� ((0,0),(200,100)) updateMouse Able track, Cursor CrossCursor ] ] ]initialProgramState = [ ]quit :: *DrawState -> *DrawStatequit s={ iostate = io } = {s & iostate = QuitIO io}update _ s={ pstate=drawnPoints } = (s, map DrawPoint drawnPoints)track :: MouseState *DrawState -> *DrawStatetrack (_, ButtonUp, _) s = strack (point, _, OptionOnly) s={ pstate=drawnPoints, iostate=io }{ s & pstate = delete point drawnPoints, iostate = DrawInWindow 1 [ErasePoint point] io }track (point, _, _) s={ pstate=drawnPoints, iostate=io }Figure 5A simple drawing program. The expression [x | xs]denotes a list with head item x and tail list xsThe Interleaved Event I/O systemingingthe programming practice and the internal definitions of the I/O system.3.1Dynamic process creationinterleavedquences for the child process, and vice versa.StartIO(IOSystem *(State ps)) ps *(IOState *s)*IOState *s creates the new interactive process and takes careNewIOStartIOIOStateinside

NewIOStart-IOpliedonly NewIO expresses that the process state type State psthe child process is allowed to differ from the process state type of the father process.The system viewThe implementation of the Clean I/O system changes in two major aspects. Firstly, the new I/O systemuniqueglobalFilessharedbstructure of the event loop, and () the definition of NewIOaStateIOStatecomponent. The IOState component is also supplied with a list of the otherprocesses of type ProcessFiles and Events are convironments. Therefore Process ps islocal components of an interactive process. These local components are the program state of type ps and the run-time states of the abstract devicesThe type Process E.ps is an existential type of which the type variable ps is existentially quantifiedhideE.scopeVoidinstance of existentially quantified type parameters. As a result, the type [Process Void] is a list of prosystem, see Plasmeijer and van Eekelen (1994), in preparation= {pstate:: ps,files:: *Files,iostate:: *IOState *(State ps)= {devices:: [DeviceState s],events:: *Events,processes:: [Process Void]:: Process E.ps= {ppstate:: ps,pdevices:: [DeviceState *(State ps)]Figure 6The process administration types.b ev-ery localglobalinoverall stateGlobalStateFilesEventsProcessprocessstateStateconnectdisconnect is the inconnect(so disconnectnextStateprocess state determines which, if any, of the available abstract event handlers of the process should betive processes have terminated.

pends on the actual value of the event. So the interleaving of interactive processes is deterministic.:: GlobalState = {gFiles:: *Files,gEvents:: *Events,gprocesses:: [Process Void]StartIO :: (IOSystem *(State ps)) ps *World -> *WorldStartIO ioSystem ps worldCloseWorld (gs.gFiles, gs.gEvents)wheregs= eventloop gsgs= { gFiles = fs, gEvents = es, gprocesses = [process] }= { ppstate = ps, pdevices = createDevices ioSystem }(fs, es)= OpenWorld worldeventloop :: *GlobalState -> *GlobalStateeventloop gsloop emptyGState nextGState gswhereemptyGState gs = gs.gprocesses = [˚]nextGState gs={ gEvents=es }gs1where(e, es1) = nextevent es(_, gs1) = loop procsdone (nextproc e) (1, { gs & gEvents=es1 })procsdone (i, gs) = i > length gs.gprocessesnextproc e (i, { gFiles=fs, gEvents=es, gprocesses=procs })where= if (proc.devices=[ ]) procs1 [proc | procs1]((proc, procs1),fs1,es1) = disconnect¥nextState e¥connect (remove i procs, fs, es)Figure 7The definition of the interleaved event loop.) In this set-up the definition of NewIO can be straightforward: it maps the abstract device definitionsprocess list that is contained in its IOStatenew interactive process for evaluation.NewIO :: (IOSystem *(State ps)) ps *(IOState *s) -> *IOState *sNewIO ioSystem ps io={ processes=procs } = { io & processes = [ { ppstate = ps, pdevices = createDevices ioSystem } | procs ]}3.2Asynchronous message passingpolymorphictype-safeasynchronousidentificationstract devices, message events are dealt with by a new abstract device, the receiver deviceanithe library functions have been extended with a type-safe message passing function.:: ReceiverDef m s = Receiver SelectState (ReceiverFunction m s):: ReceiverFunction m s = m s -> s:: IOId mOpenReceiver:: (ReceiverDef m *s)*(IOState *s) -> *IOState *s

Send:: (IOId m) m*(IOState *s) -> *IOState *sFigure 8The predefined abstract receiver device type definition and the new functions for the programmer.ReceiverDefreAbleUnableSelectStatetion accepts messages of a given polymorphic type bfunctions OpenReceiver and CloseReceiverOpenReceivermIOId˚mIOIdparameterized with the message type of the receiver.SendcationSendidentification and message in the event stream environment contained in the IOState argument.The system viewableteractive process is defined by the application of the receiverfunction to the actual message and the current process state , so the response is f m swith OpenReceiverthe message type of that receiver. So the message type of a receiver identification equals the mesmequality between the message type of the process identification and the message being sent.3.3Data sharing. Anal-commucommunication is called data sharing. Access to the shared data structure is atomiclocalcomponent and a public component. The types of the functions StartIO and NewIO change in a non-essharedfunction ShareIONewIOinterleavedalso share the same public component. The interactive processes that share the same public componentShareIOvalue of type for the public component because this value already exists.

:: State l p = {localstate:: l,publicstate:: p,files:: *Files,iostate:: *IOState *(State l p)StartIO:: (IOSystem *(State l p)) (l, p)*World -> *WorldNewIO:: (IOSystem *(State l p)) (l, p)ShareIO:: (IOSystem *(State l p)) l*(IOState *(State l� p)) -> *IOState *(State l� p)= {devices:: [DeviceState s],events:: *Events,myGroup:: [Process Void Void],otherGroups:: [Group Void Void]:: GlobalState= {gFiles:: *Files,gEvents:: *Events,ggroups:: [Group Void Void]:: Group E.l E.p= {public:: p,processes:: [Process l p]:: Process E.l E.p= {pstate:: l,pdevices:: [DeviceState *(State l p)] }

Figure 9The outside view.Figure 10The inside view.The system viewThe extension of the Interleaved Event I/O system with data sharing complicates only the implementa-tion of the interleaved event loop. The basic difference between the data sharing interleaved event looplists of processes rather than one list of processes. We omit the definiof space and give the internal data types only (figure 10).Examplecesscommunicate by asynchronous message passing. Some minor functions and constants have been omit-ted in the program code for reasons of brevity.

:: Local= { count:: Int,counts:: [Int],time:: Int= State Local EmptyStart :: *World -> *WorldStart worldStartIO ioSystem (initialLocal, Nil) initialIO worldwhereioSystem= [WindowSystemFixedWindow MonitorWindowId (0,0) "Monitor" MonitorDomainupdatemonitorWindowNoGoAway]],TimerSystem [Timer DrawHitsId Unable Second drawKeyHits],initialIO= [openChannel]initialLocal = { count=0, counts=[ ], time=0 }openChannel :: *MonitorState -> *MonitorStateopenChannel monitor={ iostate=io } =openTypist talkTo { monitor & iostate=io1 }where(talkTo, io1) = OpenReceiver (Receiver Ablereceive) ioreceive :: MonitorMessage *MonitorState -> *MonitorStatereceive StartSession monitor={ iostate=io }DrawInWindowFrame MonitorWindowId updatemonitor monitor1wherereceive KeyHitmonitor={ count=c }= { monitor & count=c+1 }receive EndSessionmonitor={ iostate=io }= { monitor & iostate=DisableTimer DrawHitsId io }receive QuitMonitormonitor={ iostate=io }= { monitor & iostate=QuitIO io }drawKeyHits :: TimerState *MonitorState -> *MonitorStatedrawKeyHits _ monitor={ localstate={ count=c, counts=cs, time=t }, iostate=io }Figure 12 aThe main code of the monitor process.RunQuit, andtypeAndSendKeysIOIdlocalLocal. LocalRunRun setsenablesenablestimer, disables menu selection of itself, and sends the StartSession message to the monitor process. Asession termitionendOfSessiondisablesdisablesenablesRunsendsEndSessiontypeAnd-SendKeys sends a KeyHit message to the monitor process for every key that has been pressed. Finally,QuitQuitMonitorprocess.:: Local= { lines:: [String],talkTo:: IOId MonitorMessage:: TypeState= State Local EmptyopenTypist :: (IOId MonitorMessage) *(State l p) -> *(State l p)openTypist ioId state={ iostate=io }{ state & iostate=NewIO ioSystem (initialLocal, Nil) initialIO io }whereioSystem = [MenuSystem [PullDownMenu FileId "File" Able [MenuItem RunId "Run" (Key ’r’) Able runMenuSeparatorMenuItem QuitId "Quit" (Key ’q’) Able quit]],WindowSystemFixedWindow TypeWindowId (0,0) "Type window" TypeDomain updatewindowWindowKeyboard AbletypeAndSendKeys, WindowNoGoAway]],TimerSystem Timer StopwatchId Unable OneMinute endOfSession]]initialLocal= { lines=[""], talkTo=ioId }initialIO= []run :: *TypeState -> *TypeStaterun state={ localstate={ talkTo=monitor }, iostate=io }DrawInWindowFrame 1 { state & { localstate & lines=[""] }, iostate=io1 }whereio1 = ChangeIOState [EnableKeyboard TypeWindowId,EnableTimer StopwatchId,DisableMenuItems [RunId],

Send monitor StartSession] ioquit :: *TypeState -> *TypeStatequit state={ localstate={ talkTo=monitor }, iostate=io } = { state & iostate=QuitIO (Send monitor QuitMonitorendOfSession :: TimerState *TypeState -> *TypeStateendOfSession _ state={ localstate={ talkTo=monitor }, iostate=io }{ state & iostate=ChangeIOState [DisableKeyboard TypeWindowId,DisableTimer StopwatchId,EnableMenuItems [RunId],Send monitor EndSession] io }typeAndSendKeys :: KeyboardState *TypeState -> *TypeStatetypeAndSendKeys (key, KeyDown, _) state={ localstate=local, iostate=io }where local={ lines=text, talkTo=monitor }{ state & localstate={ local & lines=text1 }, iostate=Send monitor KeyHit (DrawInWindow TypeWindowId drawText io) }where(text1, drawText) = addCharToText key texttypeAndSendKeys _ state = stateFigure 12 bThe main code of the typist process.passing. Let countcrements the shared count for ev-KeyHitcount, and removes count from its local process state. The KeyHit message can also be removed.Related workUDGETSUDGETSRunciman (1994) give a comparison between the FGETS system and the Clean Event I/O system.KAOSoutsideteractive processes in a functional way. No additional non-functional merge is required.Conclusionsinterleaveddynami-callysage passing. Both forms of communication are type-safe and polymorphic. The construction is done entirely onoperational semanticsand arbitrarily complex data types straightforwardly.applications: we have written a program that controls the temperature of a water tank.

Current and future workvestiture work will be to use the Interleaved Event I/O system as a basis for a distributed Event I/O system.the useful comments on the content of the paper.Referencescationalceed-gramming,Ayr,Scotland, 6-8 June 1992. Workshop Notes in Computer Science. Springer-Verlag,Berlin,1993, pp 1-17.ProgrammingBarendregt, H.P., Eekelen van, M.C.J.D., Glauwert, J.R.W.,Verlag, Berlin, pp. 141-158.ventionalteenthConference on the Foundations of Software Technologycember761Berlin, pp. 41-51.LanArchitecture274Springer-Verlag, pp. 364-384.FUDGETS - A Graphigramming LanDenmark, 9-11 June 1993. ACM Press, pp. 321-330.terfaces.Functional Programming Languages and Computer Ar-chitectures13, 1989, pp. 371-381.ceedingsplementation oftionsbridge University Press, pp. 177-192.Aarts, E.H.L., Leeuwen, J. van, Rem, M., eds, Proceedchi5 0 6 Springer-Verlag,pp. 202-219.England. February 3, 1994.SIGPLANolina, January 10-13, 1993, pp. 71-84.Func-Addison-Wesley Publishing Company 1993.Techtion. University of Nijmegen, The Netherlands.Functional Programming Languages and Computer Architecture Cambridge, MA, USA, LNCS 523, SpringerVerlag pp. 592-617.teeing Safe DestrucInformaProceedputer Science, Springer-Verlag, Berlin.tionalputerLaboratory, Cambridge University, 1984., Addison-Wesley Publishing Company, pp. 249-285.Research topics in FunclishingCompany, pp. 199-217.