1A Framework for Deterministically InterleavedInteractive Programs in the Functional ProgrammingLanguage CleanPETER ACHTEN AND RINUS PLASMEIJERComputing Science Institute, University of Nijmegen,1 Toernooiveld, 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 theEvent I/O system as incorporated into the lazy, purely functional programming language Clean. The In-terleaved 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 communica-tion: asynchronous message passing, and data sharing. Both forms of communication are polymorphicand type-safe. As we are working in a functional language, messages can contain higher-order functionsand arbitrarily complex algebraic types. Communication by data sharing is a restricted form of com-munication by global data structures. Nevertheless, the new system is still completely functional becausethe generalization is done within the pure functional framework. The Interleaved Event I/O system hasbeen implemented and will become part of the new release of Clean.1IntroductionResearch in the area of functional programming languages is increasingly paying more atten-tion to the incorporation of I/O into the functional programming paradigm, starting from anearly paper by Henderson (1982) to more recent work (Dwelly, 1989; Turner, 1990;Thompson, 1990; Peyton Jones and Wadler, 1993; Carlsson and Hallgren, 1993). In this paperwe present some recent results of the research conducted on the incorporation of I/O into thelazy, 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, the Event I/O system, enablesprogrammers to have direct access to the file system, and to write complex Graphical User In-terface applications handling windows, menus, and dialogues, at a high level of abstraction. Atstart, the major part of the research has focused on basic issues such as how to incorporate I/Oat all into the pure functional paradigm. Clean has a special type system called UniquenessTyping (Smetsers et al, 1993; Barendsen and Smetsers, 1993a-b) that offers the possibility todirectly interface the pure functional world with the imperative world by guaranteeing singlethreaded use of destructible objects. How Graphical User Interfaces can be suitably pro-grammed in such a functional language has been reported in Achten et al (1993) and Achtenand Plasmeijer (1994).The Event I/O system is a one process at a time system. At all times during evaluation of anEvent 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 atthe same time with the process that spawned them, and programs cannot be composed of inter-active processes thus improving on the modular structure of the program. In this paper we turnthe Event I/O system into the Interleaved Event I/O system, a system that allows programs formany processes at a time and sophisticated inter-process communication. These forms ofcommunication are asynchronous message passing and data sharing. Both forms are type-safeand polymorphic. All this has been realized in a pure functional framework such that the ad-vantages of functional programming remain. In particular can interactive processes communi-cate higher-order functions and arbitrary data structures to other processes.

2This paper starts with a brief introduction to Clean and the Event I/O system in section 2.Section 3 describes how the Event I/O system is turned into the Interleaved Event I/O system:section 3.1 explains how the Event I/O system can be changed in order to handle many pro-cesses at a time, section 3.2 introduces inter-process communication by asynchronous messagepassing, and section 3.3 introduces inter-process communication by data sharing. In section 4we present an example. Section 5 presents related work. Conclusions are drawn in section 6,and section 7 concludes with current and future work.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). Theprograms in this paper are written in Clean 1.0 (Plasmeijer and van Eekelen, 1994, in prepara-tion). Most of the language constructs used in Clean 1.0 are customary in other functional lan-guages such as Miranda1 and Haskell. Where appropriate, the text includes remarks on pecu-liarities of Clean 1.0.Interactive Clean programs are functions of type ::˚*World˚fi˚*World. The type World is anenvironment. An environment is an abstract data type that encodes the state of a specific partof the real world (such as the file system, individual files, menus, windows, dialogues, ortimers). The type attribute * is the type specification that the world is unique. The type systemof Clean guarantees that any one function applied to an object of uniquely attributed type hasaccess to this object such that the object can be destructively updated without violating thefunctional semantics of the language (Smetsers et al, 1993; Barendsen and Smetsers, 1993a-b).The Event I/O system provides programs with a hierarchy of environments that can be usedto do I/O (figure 1). From the unique world environment the unique file system environment oftype *Files and the unique event stream environment of type *Events can be retrieved from theworld environment with the function OpenWorld :: *World fi (*Files, *Events). The file systemenvironment contains the individual file environments for file I/O. The event stream environ-ment is discussed later. These two environments can create a new unique world environmentwith the function of reverse type CloseWorld :: (*Files,˚*Events)˚fi˚*World.Figure 1The Clean environment hierarchy.oper

Miranda is a trademark of research software Limited.

programmer has to:adefine the abstract devices to be used,bdefine the abstract event handlers to handle the abstract events, andStartIOevents by calling the corresponding abstract event handlers.a) Abstract devicesterwindow, menudialogue, and timer device. Abstract interface elements are specified by functional expressionsstract device definitions are transition functions of type :: s s of some process state of type (see later on). Therefore the type definitions are parameterized with the type variable IOSystem[DeviceSystem s]DeviceSystemTimerSystem[TimerDefMenuSystemWindowSystem[WindowDefDialogSystemMenuDef sPullDownMenuMenuId MenuTitle SelectState [MenuElement s]MenuElement sMenuItemMenuItemId ItemTitle KeyShortcut SelectStateMenuFunction s)CheckMenuItemMenuItemId ItemTitle KeyShortcut SelectState MarkState (MenuFunction s)SubMenuItemMenuId ItemTitle SelectState[MenuElement s]MenuItemGroupMenuItemGroupId[MenuElement s]MenuRadioItemsMenuItemId[RadioElement s]MenuSeparatorRadioElement sMenuRadioItemMenuItemId ItemTitle KeyShortcut SelectStateMenuFunction s)s -> sAble | UnableKey KeyCode | NoKeyMenuDefaaprinted in boldface are alternative data constructors of the algebraic type.the concrete device in the case of the menu definition being mapped to a Macintosh system.PullDownMenu FileId �File� AbleMenuItem�New�Key �n�)AblenewMenuItem�Open�Key �o�)AbleopenMenuItem�Close�Key �w�)UnablecloseMenuSeparatorMenuItem SaveId�Save�Key �s�)UnablesaveMenuItemNoKeyUnablesaveAsMenuSeparatorMenuItem QuitId�Quit�Key �q�)AblequitFigure 3An example of a menu definition in Clean.

b) responsein fig�Open�event is the function openrecord typerecord type is antween }State ps consists of three fields: the program state of type ps which reflects the logical state of*Files*IOStatetive process uses, together with the event stream environment.State ps =pstatefiles*Files,iostate*IOState (State ps)IOStateIOStateIOStatepurpose the Event I/O library has an extensive set of functions.), State ps. So the algebraic type definitionsof abstract devices are parameterized with State psInteractive processes Start-IO and QuitIOf�result type is f :: � (common notation is f :: �).StartIO(IOSystem (State ps)) ps *World -> *World*(IOState s) -> *IOState sStartIOpsStartIOtermination.StartIO*IOStateof the concrete devices and their abstract event handlers.StartIOThis is done by an event loop, which is a simple, recursive function. In each step the event loopretrieves a concretebe inrenteffectterminatesIOState component of the process state is empty. Abstract event handlers can make the IOStateQuitIOStartIOenvironment that contains the new file system and event stream environ aTimerDefMenuDefWindowDefDialogDefIOStateStartIOQuitIOIOStatenextStateThe arguments of a record can be selected by an extended form of pattern-matching and by thefield namesIOState beIOStateio={events=es}eseventsioexpression io.devicesioio.eventseventsio in the following way: the expression {io&events=es}is a record equal to io but the field events is replaced by the expression esIOSystems = [DeviceSystem s]DeviceSystemTimerSystem[TimerDefMenuSystemWindowSystem[WindowDefDialogSystempspstatefiles*Files,iostate*IOState (State ps)IOState sStartIO :: (IOSystem (State ps)) ps *World -> *WorldQuitIO :: *(IOState s) -> *IOState sIOState s = { devices:: [DeviceState s],events :: *EventsStartIO :: (IOSystem (State ps)) ps World -> WorldCloseWorld (sn.files, s.iostate.events)where s= eventloop s= { pstate=ps, files=fs, iostate=io}events = es}(fs, es) = OpenWorld worldfinalState :: (State ps) -> BoolfinalState ss.iostate.devices = [˚]eventloop :: (State ps) -> State pseventloop s = loop finalState nextState sloop :: (x -> Bool) (x -> x) x -> xloop pred next (next x)QuitIO :: *(IOState s) -> *IOState s

4 a The outside view of the Event I/O system.4 b The inside view of the Event I/O system.quittrackupdateQuitquitQuitIOIOStatetrackmoves it from its program state (with the function whenupdatedraws every drawn point.DrawState = State [Point]Start :: *World -> *WorldStart world

StartIO ioSystem initialProgramState worldwhereioSystem = [MenuSystemPullDownMenu FileId �File� AbleMenuItem QuitId �Quit� (Key �q�) AbleWindowSystemFixedWindow 1 (0,0) �Picture� ((0,0),(200,100)) updateMouse Able trackCursor CrossCursor ] ] ]initialProgramState = [ ]quit :: DrawState -> DrawStatequit state={ iostate=io } = { state & iostate=QuitIO io }update :: UpdateArea DrawState -> (DrawState, [*Picture -> *Picture])update _ state={ pstate=drawnPoints } = (state, map DrawPoint drawnPoints)track :: MouseState DrawState -> DrawStatetrack (_, ButtonUp, _) state = statetrack (point, _, OptionOnly) state={ pstate=drawnPoints, iostate=io }{ state & pstate=delete point drawnPoints, iostate=DrawInWindow 1 [ErasePoint point] io }track (point, _, _) state={ pstate=drawnPoints, iostate=io }{ state & pstate=[point | drawnPoints], iostate=DrawInWindow 1 [DrawPoint point] io }element x and tail list xsThe Interleaved Event I/O systeminggram-internal definitions of the I/O system.3.1Dynamic process creationactive processinterleavedincess has no consequences for the child process, and vice versa.StartIONewIOStart(IOSystem (State ps)) ps *World *World). Because environments of type IOState exist insideinteractive processes only, NewIOcontrary holds for StartIOoutsideNewIOallowed 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/OuniqueglobalFilesEventssharedof an interactive process, () the structure of the event loop, and () the definition of NewIOaStateIOStateIOStateotherpro-cessesProcessFilesEventsProcesslocalnents of an interactive process. These local components are the program state and the run-timeexistenProcessinpreparationpspstatefiles*Files,iostate*IOState (State ps)IOStatedevicesevents*Events,[Process]ProcessppstatepdevicesFigure 6The process administration types.b(dis)connectlocalglobalin-The transformation of a process of type Process to a process state of type State is given by theconnectdisconnectinverseconnectdisconnectnextStatetermines which, if any, of the available abstract event handlers of the process should be appliedinteractive processes have terminated.gFiles*Files,gEvents*Events,[Process]StartIO :: (IOSystem (State ps)) ps World -> WorldCloseWorld (gs.gFiles, gs.gEvents)wheregs= eventloop gsgs= {gFiles= fs, gEvents= es,= [process]process= {ppstate= ps,pdevices= createDevices ioSystem(fs, es)= OpenWorld worldeventloop :: GlobalState -> GlobalStateloop emptyGState nextGState gswhereemptyGState gs = gs.gprocesses=[ ]nextGState gs={ gEvents=es }gs1where(e, es1)= nextevent es(_, gs1)= loop procsdone (nextproc e) (1, { gs & gEvents=es1 })nextproc e (i, { gFiles=fs, gEvents=es, gprocesses=procs })(length procs2-length procs+i+1, { gFiles=fs1, gEvents=es1, gprocesses=procs2 })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.NewIOIOStateevent loop will schedule the new interactive process for evaluation.NewIO :: (IOSystem (State ps)) ps *(IOState s) -> *IOState s{ io & processes = [ { ppstate = ps, pdevices = createDevices ioSystem } | procs ] }3.2Asynchronous message passingpolymorphic, type-safeasynchronousmessage passing mechanism to theidentificationtypeable ex-pressionabstract eventsvice,the which is invoked every time a message arrives and the receiver device is enabled.buniqueidentification, and (IOSystem[DeviceSystem m s]

DeviceSystemTimerSystem[TimerDefMenuSystemWindowSystem[WindowDefDialogSystemReceiverSystem(ReceiverDefs)ReceiverDefReceiver SelectState (ReceiverFunction m s)m s -> spspstatefiles*Files,iostate*IOState m (State ps)StartIO(IOSystem m (State ps)) ps*World-> *WorldNewIO(IOSystem m (State ps)) ps*(IOState m�s)-> (IOId m, *IOState m� s)GetIOIds)-> (IOId m, *IOState m s)(IOId m) m*(IOState m�s)-> *IOState m� sFigure 8The predefined receiver type definition and the new functions for the programmer.aoff (given by the SelectState attribute), and the abstract event handler that should be evaluatedreceiver function. The receiv-er function accepts messages of a given polymorphic typem. The message type variable m alsoIOSystem and DeviceSystemvices do not change.tions StartIO and NewIO generate unique identifications for each interactive process. The identification of an interac-IOId˚m. IOIdabstract datatypeparameterizedNewIO and GetIOId are the only functions by which a program obtains IOId values.Sendmmprocess identified by the identificaThe system viewIOStateProcessIOStateidStartIONewIOinitialIOIdtion createIOIdIOStatem sdevicesevents*Events,IOId m,[Process]ProcessppstateIOId m,pdevices

StartIO :: (IOSystem m (State ps)) ps *World -> *WorldCloseWorld (gs.gFiles, gs.gEvents)wheregs= eventloop gsgs= {gFilesfs,gEvents[process]process= {pstatepdevicescreateDevices ioSystem(fs, es)= OpenWorld worldNewIO :: (IOSystem m (State ps)) ps *(IOState m� s) -> (IOId m, *IOState m� s)NewIO ioSystem ps io={ ioid=myid, processes=procs }(newid, { io & ioid=myid1, processes=[process | procs] })whereprocess= { ppstate=ps, pid=newid, pdevices=createDevices ioSystem }(newid, myid1)= createIOId myidGetIOId :: *(IOState m s) -> (IOId m, *IOState m s)GetIOId io={ ioid=myid } = (myid, io)Figure 9nexteventSendinsertsnextState˚enextStatewith content m and process state applies the receiver functionf to m and sonly if the identifiof this message is f m s3.3Data sharingcesses can be generalized to sharing an arbitrary data structure between a group of interactiveprocessesron-data structure can . For this rea-structure is atomicpublicits groupStartIONewIOShareIO process state. The types of the functions StartIO and NewIO change in a non-essential way.l pl,p,files*Files,iostate*IOState m (State l p)StartIO:: (IOSystem m (State l p)) (l, p) *World-> *WorldNewIO:: (IOSystem m (State l p)) (l, p) *(IOState m� s)-> (IOId m, *IOState m� s)ShareIO:: (IOSystem m (State l p)) l*(IOState m� (State l� p)) -> (IOId m, *IOState m� (State l� p))Figure 10The system viewplementation of the interleaved event loop which definition is given in figure 11.l,p,files*Files,iostate*IOState m (State l p)IOState m sdevicesevents*Events,IOId m,myGroupgFiles*Files,gEvents*Events,ggroupspublicp,l,IOId m,pdevicesStartIO :: (IOSystem m (State l p)) (l, p) *World -> *WorldStartIO ioSystem (l,p) world= CloseWorld (gs.gFiles, gs.gEvents)wheregs= eventloop gsgs= {gFiles= fs,gEvents= es,ggroups= [group]= {public= p,= [process]process= {= l,= initialIOId,pdevices= createDevices ioSystem(fs, es)= OpenWorld worldeventloop :: GlobalState -> GlobalStateloop emptyGState nextGState gswherenextGState gs={ gEvents=es }gs1 where(e, es1)= nextevent es(_, gs1)= loop groupsdone (nextgroup e) (1, { gs & gEvents=es1 })nextgroup e (i, { gFiles=fs, gEvents=es, ggroups=groups })(length groups1-length groups+i+1, { gFiles=fs1, gEvents=es1, ggroups=groups1 })where(_, fs1, es1, (group1, othergroups1)) = loop procsdone (nextproc e) (1, fs, es, remove i groups)groups1 = if group1.processes=[ ] othergroups1 [group1 | othergroups1]procsdone (i,_,_,(group,groups)) = i > length group.processesnextproc e (i, fs, es, ({ public=p, processes=procs }, groups))(length procs2-length procs+i+1, fs1, es1, ({ public=p1, processes=procs2 },groups1))where= if proc1.pdevices=[ ] procs1 [proc1 | procs1](fs1, es1, groups1, p1, (proc1, procs1))= disconnect¥nextState e¥connect (fs, es, groups, p, remove i procs)Figure 11The definition of the data sharing interleaved event loop.The definitions of NewIO and ShareIO are very similar. Both functions map the abstract deviceNewIOShareIOinserts the process record into the process list of its group.NewIO :: (IOSystem m (State l p)) (l, p) *(IOState m� s) -> (IOId m, *IOState m� s)NewIO ioSystem (l,p) io={ ioid=myId, otherGroups=others }= (newid, { io & ioid=myid1, otherGroups = [ { public=p, processes=[process] } | others ] })whereprocess= { plocalstate=l, pid=newid, pdevices=createDevices ioSystem }(newid, myid1)= createIOId myidShareIO :: (IOSystem m (State l p)) l *(IOState m� (State l� p)) -> (IOId m, *IOState m� (State l� p))ShareIO ioSystem l io={ ioid=myid, myGroup=processes }= (newid, { io & ioid=myid1, myGroup=[process | processes] })whereprocess= { plocalstate=l, pid=newid, pdevices=createDevices ioSystem }(newid, myid1)= createIOId myidFigure 12The definitions of NewIO and NestIOExampleface applica-The processmonitor processnor functions and constants have been omitted in the program code for reasons of brevity.

Figure 12A snapshot of the typing monitor running.a process state component is of type Void (:: Void = Nil). It is the initial inand to store the localRunRunenablesenablesdisablessendsStartSessionsionSessiondisablesdisablesenablesRunsends the EndSessionsendKeysKeyHitQuitQuitMonitor message to the monitor process and terminates the typist process.LocallinestalkToState Local VoidIOIOState Void TypeStateStart :: *World -> *WorldStart world= StartIO ioSystem (initialLocal, Nil) initialIO worldwhereioSystem = [MenuSystemPullDownMenu FileId "File" Able [MenuItem RunId "Run" (Key ’r’) Able runMenuSeparatorMenuItem QuitId "Quit" (Key ’q’) Able quit]],WindowSystemFixedWindow TypeWindowId (0,0) "Type window" TypeDomain updatetypewindowWindowKeyboard UnablesendKeys, WindowNoGoAway]],TimerSystem Timer StopwatchId Unable Minute endOfSessioninitialIO= [openMonitor]= { lines=[""], talkTo=[ ] }

run :: TypeState -> TypeStatewherelocal={ talkTo=[monitor] }= DrawInWindowFrame 1 updatetypewindow { localstate={ local & lines=[""] }, iostate=io1 }whereio1 = ChangeIOState [EnableTimer StopwatchId,DisableMenuItems [RunId],quit :: TypeState -> TypeStatequit state={ localstate={ talkTo=[monitor] }, iostate=io }= { state & iostate=QuitIO (Send monitor QuitMonitorendOfSession :: TimerState TypeState -> TypeStatestate={ localstate={ talkTo=[monitor] }, iostate=io }= { state & iostate=ChangeIOState [DisableTimer StopwatchId,EnableMenuItems [RunId],Send monitor EndSession] io }sendKeys :: KeyboardState TypeState -> TypeStatesendKeys (key, KeyDown, _) state={ localstate=local, iostate=io }wherelocal={ lines=text, talkTo=[monitor] }= { state & localstate=local1, iostate=Send monitor KeyHit (DrawInWindow TypeWindowId draw io) }where(text1, draw)= addCharToText key textlocal1= { local & lines=text1 }sendKeys _ state = stateFigure 13 aThe main code of the typist process.bdow. The localLocal. The countcountstimeMonitor-MessageStartSessionits initial value, and ables the timer. It disablesceives the EndSession mes-KeyHitcountQuitMonitordrawKeyHitscountcountscounttimeby one, and draws the count value in the window.MonitorMessageEndSessionKeyHitQuitMonitorLocalInt,counts[Int],timeMonitorState Local VoidIOopenMonitor :: (State l p) -> (IOId MonitorMessage, State l p)openMonitor state={ iostate=io }where(monitor, io1)= NewIO ioSystem (initialLocal, Nil) [ ] io= [WindowSystemFixedWindow MonitorWindowId (0,0) "Monitor" MonitorDomainupdatemonitor [WindowNoGoAway]],

TimerSystemTimer DrawHitsId Unable Second drawKeyHitsReceiverSystemReceiver Able receive)]initialLocal = { count=0, counts=[ ], time=0 }receive :: MonitorMessage Monitor -> Monitorreceive = DrawInWindowFrame MonitorWindowId updatemonitor state1wherestate1 = { state & localstate=initialLocal, iostate=EnableTimer DrawHitsId io }receive KeyHitstate={ count=c }{ state & count=c+1 }receive EndSessionstate={ iostate=io }{ state & iostate=DisableTimer DrawHitsId io }receive QuitMonitorstate={ iostate=io }{ state & iostate=QuitIO io }drawKeyHits :: TimerState Monitor -> MonitordrawKeyHits _ state={ localstate=local, iostate=io }wherelocal={ count=c, counts=cs, time=t }= { state &= { count=0, counts=append c cs, time=t+1 },iostate= DrawInWindow 1 [drawCount t c] io }Figure 13 bThe main code of the monitor process. be the shared data structure. The typist process incountKeyHitcountcountstate. The KeyHit alternative of the message type can be removed.Related workthis area is the work on dialogue combinators by Dwelly (1989). Recent work is the UDGETSFUDGETSFUDGETS system and the Clean Event I/O system.dynamic process creation and inter-process communication. Closely related work in this area isKAOSca-outside(Interleaved) Event I/O scheme the event stream environment is the infinite stream of all inputway. No additional non-functional merge is required.Conclusionscan be turned into an interleaved state transition system (the Interleaved Event I/O system) thatis dynamically

The construction is done entirely on the functional level. The Interleaved Event I/O system canbe regarded as an operational semantics of dynamic functional processes.The inter-process communication by asynchonous message passing and data sharing gain bycation can use higher-order functions and arbitrarily complex data types straightforwardly.plication,perature of a water tank.Current and future workvesti-basis for a distributed Event I/O system.search, and the useful comments on the content of the paper.ReferencescaSpringer-Verlag, Berlin, 1993, pp. 1-17.Functional ProgrammingSleep, M.R. 1987. Term Graph Rewriting. In Bakker, J.W. de, Nijman, A.J., and Treleaven, P.C. eds.259, Vol.II. Springer-Verlag, Berlin, pp. 141-158.-aSystems. Technical Report CSI-R9328, December 1993. Computing Science Institute, Department ofInformatics, Faculty of Mathematics and Informatics, University of Nijmegen.-b1993, Bombay, India. LNCS 761. Springer-Verlag, Berlin, pp. 41-51.nationalContureUSA, LNCS 274, Springer-Verlag, pp. 364-384.UDGETStional Lan-Copenhagen, Denmark, 9-11 June 1993. ACM Press, pp. 321-330.London, September 11-13, 1989, pp. 371-381.

agement inProImUK. Technical Report Series CSTR 91-07.D.A. eds., Functional programming and its applications, Cambridge University Press, pp. 177-192.Languages Europe, June, Eindhoven, The Netherlands. LNCS , Springer-Verlag,pp. 202-219.1994. Available by anonymous ftp from minster.york.ac.uk, in /reports/YCS-94-223Charleston, South Carolina, January 10-13, 1993, pp. 71-84.Plasmeijer, M.J. and van Eekelen, M.C.J.D. 1993. Functional Programming and Parallel Graph Rewrit-ing. Addison-Wesley Publishing Company 1993.Technipreparation. University of Nijmegen, The Netherlands.ConferUSA, LNCS , Springer-Verlag pp. 592-617.Proceed-Lecture Notes in Computer Science, Springer-Verlag, Berlin., Computer Laboratory, Cambridge University, 1984.versity of Kent, pp. 249-285.Turner, D.A. 1990. An Approach to Functional Operating Systems. In Turner, D.A. ed., in Functional Programming, Addison-Wesley Publishing Company, pp. 199-217.