Concurrent Interactive Processes in a Pure Functional LanguagePeter Achten and Rinus PlasmeijerComputing Science Institute, University of Nijmegen, Toernooiveld 1, 6525ED, Nijmegen, The Netherlandspeter88@cs.kun.nl, rinus@cs.kun.nlAbstractIn this paper we present an operational semantics for concurrent interactive processes in thepurely functional programming language Clean. An interactive process is in essence a state transi-tion system which apart from its logical state can also access the state of the file system, do high-level Graphical User I/O, and do inter-process communication via synchronous and asynchronousmessage passing and data sharing. Inter-process communication is type-safe and polymorphic. Thesemantics of the system is based on earlier work on the Interleaved Event I/O system. In this paperwe identify limitations of the interleaved model in the context of concurrent processes and pro-pose a new process semantics that does allow a concurrent implementation. The method basicallyintroduces a Remote Procedure Call communication scheme and demonstrates how to apply thisscheme to obtain a concurrent process semantics. The resulting system is the Concurrent Event I/Osystem. The operational semantics is given in Clean itself. As a result the concurrency system iscompletely functional because the construction is done within the pure functional framework.1IntroductionThis paper reports part of a research project conducted on the practical application of pure functionalprogramming languages. Some of the research topics are destructive updates of data structures, Graph-ical User Interface programming, parallel process creation and management, forms of inter-processcommunication, and efficient implementations. In this paper we discuss how to obtain concurrent pro-cesses that themselves engage in Graphical User Interface and file I/O in a pure functional framework.The lazy, purely functional programming language Clean offers a library (written entirely in Clean),the Event I/O system, to program complex Graphical User Interface applications on a high level of ab-straction [1,3]. In essence an Event I/O program is a structured set1 of higher-order functions (calledabstract event handlers) that define what Graphical User Interface elements the program uses (such asmenus, windows, dialogues, and timers) and also the response of the program to abstract events (suchas selection of menu items, mouse and keyboard actions). Abstract event handlers are state transitionfunctions. The state of an Event I/O program can be of arbitrary type. The semantics of the Event I/Osystem is a state transition semantics. Given the initial state of an Event I/O program and an initial setof abstract event handlers (both provided by the programmer), the system evaluates for each new ab-stract event the corresponding abstract event handler. This yields a new state value. This is repeateduntil termination of the program.The Interleaved Event I/O system is the extension of the Event I/O system with interactive process-es [2]. Interactive processes are the conceptual units by which Clean programmers can construct morecomplex interactive programs from simpler interactive programs. The main difference with the EventI/O system is that these processes coexist in an interleaved fashion, hence the name of the system. In-teractive processes can be created and destroyed dynamically. In the Interleaved Event I/O system in-teractive processes are defined in the same way as interactive programs are in the Event I/O system;by means of structured sets of abstract event handlers. Each interactive process has a private state ofarbitrary type. Inter-process communication primitives that have been defined in the interleaved sys-tem are data sharing and (a)synchronous message passing. These methods of communication arepolymorphic and type-safe. The major semantic challenge of the Interleaved Event I/O system was tosolve how independent interactive processes can use the same file system, share global data, and usemessage passing in a pure functional framework. In essence the semantics of the Interleaved Event I/Osystem is based on the atomic, interleaved evaluation of process state transition functions. This processstate consists of a logical part, containing the private state information of the process, and a globalpart, containing the file system and global information. Section 2 gives a more detailed overview howthis is accomplished.The interactive process concept in the Interleaved Event I/O system is well-suited to explain the be-haviour of a program that is dynamically composed of interactive processes. However, the semantics

1 The set of functions is structured by means of algebraic data types which are abstract definitions of Graphical UserInterface elements. For more details see [3].

cannot without modification be used to explain the semantics of true parallel evaluation of interactiveprocesses. We are interested in such a concurrency model because we intend to program real distribut-ed interactive applications using the Graphical User Interface tools from the Event I/O system.In order 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 denoteinitially closed files. A and B both have the same state transition function that can be evaluated repeat-edly. This function does the following: subsequently open f1 and f2; if either operation fails because thefile 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 f1 and f2 areclosed and that either one of the transition functions of A and B is chosen. Because in the interleavedmodel transition function are evaluated completely both files have been opened and closed success-fully after evaluation of the transition function. Consequently after evaluation of either function wehave the base case again. So P never terminates.If one interprets this case from a concurrent point of view in which transition functions are evaluat-ed in parallel rather than atomically, then P can terminate. One of the scenarios in which this occurs isthat either A or B has just opened f1, after which the other process also tries to open f1. For the latterprocess the operation fails, so both processes are terminated. The interleaved semantics does not catchthe situation which might arise in a parallel setting simply because the granularity of interleaving isunrealistically coarse.In a real distributed implementation interactive processes are implemented as concurrent reductionprocesses. Implementations of interactive processes with interleaving semantics based on reductionprocesses with concurrency semantics give rise to some problems. For instance, in order to preventprocesses from opening the same file concurrently one needs to lock the complete file system. Thiscauses unacceptable sequentialization of processes that might well be evaluated concurrently if theyoperate on disjoint sets of files.In this paper we show how to obtain a concurrency model, the Concurrent Event I/O system, fromthe Interleaved Event I/O system that allows interactive processes to be evaluated in parallel. The mainreason for the Interleaved Event I/O system to obstruct parallel evaluation of interactive processes isthe sequentialization of process state transition functions caused by data dependency created by datasharing. So in essence the solution is to eliminate data sharing. This is done for the data shared filesystem. Data sharing of arbitrary data structures between processes is not eliminated but is restrictedper processor.The semantics of the Concurrent Event I/O system in this paper is defined in Clean. The reasons touse Clean as a specification language is that it is formal, it has a well-defined semantics (Clean isbased on Term Graph Rewriting), and last but not least it allows specifications to be type-checked,compiled, and tested (as such specifications are readily executable). The specification of the Concur-rent Event I/O system can be used as a framework for the actual implementation.The concepts that are studied in this paper are not new: Remote Procedure Calls, (a)synchronousmessage passing, dynamic process management, and so on are relatively well-known concepts. In thispaper we show that these concepts can be defined in a pure functional framework, maintaining the ad-vantages of functional programming, and increasing expressiveness of these concepts by polymor-phism and strong type systems.This paper is structured as follows. Section 2 gives a brief overview of the Interleaved Event I/Osystem. Section 3 gives some motivations of how to derive the Concurrent Event I/O system from theInterleaved Event I/O system. The technical details are worked out in sections 4 and 5. Section 4 ex-tends the interleaved system with a new communication primitive for Remote Procedure Calling andremote procedure server processes. These are applied in section 5 to obtain a new definition of the filesystem. Section 6 reconsiders our case example with the new semantics. Section 7 gives some imple-mentation considerations of the concurrent system. Related work is presented in section 8 and conclu-sions are drawn in section 9. Finally we give some leads to current and future work in section 10. Theappendix at the end of this paper contains the operational semantics as discussed in this paper.2The Interleaved Event I/O systemIn this section we give a very brief overview of the Interleaved Event I/O system of Clean. This expo-sition is basically an extended abstract of [2].Clean [6,9,10] is a lazy functional programming language based on Term Graph Rewriting [4]. Theprograms in this paper are written in Clean 1.0 [11]. Most of the language constructs used in Clean 1.0are customary in other functional languages. Where appropriate, the text includes remarks on particu-lar aspects of Clean 1.0.

Clean programs are functions of type *World fi *World. The type World is an environment.An environment is an abstract data type that encodes the state of a specific part of the real world (suchas the file system, files, menus, windows, or timers). The * is a type attribute indicating that the worldis unique. The type system of Clean guarantees that any one function applied to an object of uniquelyattributed type has access to this object such that the object can be destructively updated without vio-lating the functional semantics of the language. See [12,5] for a detailed treatment of the uniquenesstype system of Clean.The Interleaved Event I/O system provides programs with a hierarchy of environments that can beused to do I/O (fig. 1). From the unique world environment the unique file system environment of type*Files and the unique event stream environment of type *Events can be retrieved with the func-tion OpenWorld::*World fi (*Files,*Events). These environments can create a new uniqueworld environment with the function CloseWorld::(*Files,*Events) fi *World. The file sys-tem environment contains the individual file environments (of type File) for file I/O. Files can beopened for writing/reading (in which case they obtain the uniqueness attribute and are of type *File)or for read-only (see fig. 2). The event stream environment is discussed later.FOpen :: String Int *Files -> ( Bool, *File, *Files)SFOpen :: String Int *Files -> ( Bool, File, *Files)FReOpen:: *File Int *Files -> ( Bool, *File, *Files)FClose :: *File *Files -> ( Bool, *Files)StdIO :: *Files -> ( *File, *Files)FReadC :: *File -> (Bool, Char, *File)FWriteC:: Char *File -> *File� and other basic types (Int,Real,String) archy.a file. If not then the (*File result is a dummy.

interactive pro-cessesthe process state is of type ps then the process state transition functions are of type ps psThe proPStatelocalsharelocalwhich reflects the logical state of the interactive process. The second component is the shared programshareness we abbreviate local by and , and share by and in function types. The third componentIOState environment.IOStatelifetime of the interactive process.:: *PState local share = { pLocal :: local, pShare :: share, pFiles :: *Files, pIOState:: *IOState local share }:: InitIO ps :== [ps -> ps]OpenIO :: (InitIO *(PState l s)) (l,s) *World -> *WorldNewIO :: (InitIO *(PState l s)) (l,s) *(IOState m t) -> *IOState m tShareIO :: (InitIO *(PState l s)) l *(IOState m s) -> *IOState m sQuitIO :: *(IOState l s) -> *IOState l stal, (type) variables always start in lowercase, function names start in either case. The type list of x is denoted by[x]An n-ary function named f with arguments of type t�t, and result type t has a type definition f :: t � tfi t.record typefield be an expression of type PState. On a pattern-match po sition the expression ps=:{pFiles=fs} matches the variable fs with the field pFiles of ps. Onsion ps.pFiles selects the pFiles field of ps. The ar-updated as fol{ps&pFiles=fs}ps but the field pFiles has value fsOpenIO (fig. 3). OpenIO isapplied to an initial set of actions (of type InitIO), initial values of the local and shared process statecompoWorldIOStateOpenIOWorldbrary function QuitIO to its IOState environment.with the process combinators NewIO and ShareIONewIO creevalution of interacNewIOscorresponding component types and of the father process.sharedteracShareIO. AnaloNewIOfather and child process must be equal. The public component will be shared during evaluation of bothprocesses. Every shared interShareIOvalue already exists.Files environment issharelocalevaluated interleaved.Figure 4: Schematic representation of the structure of the Interleaved Event I/O system.tion functions which are evaluated one-by-one and completely. So process state transition functions arepliedcess state, and undoing after evaluation, is actually a context-switch.synchronousSyncSendasynchronousASyncSendASyncSendpurely asynchronous. SyncSend performs a context-switch to the process with the indicated receiver,handles the mesposed ofdynamically. Creation of a receiver (with OpenReceiver) yields a type parameterized identification . Mespolymorphic typed interactive program to send messages of the wrong type.:: ReceiverDef m ps :== m -> ps -> ps:: RId mOpenReceiver ::(ReceiverDef m *(PState l s)) *(IOState l s) -> (RId m,*IOState l s)CloseReceiver::(RId m) *(IOState l s) -> *IOState l sASyncSend ::(RId m) m *(PState l s) -> *PState l sSyncSend ::(RId m) m *(PState l s) -> *PState l sdefinitions with a left-hand side only are abstract data type definitions.cation (fig. 6). The program consists of two identical interactive processes. Each process has a windowand a receiver. We introduce a synonym type TalkStateText to add a new character to the current text. The function data sharing, and therefore the shared process state component is a type variable.sendKeyssendKeyscharacter to its local process state, and draws the new key in its display window.:: TalkState share :== PState Local share:: Local = { myText :: Text, yourText :: Text }sendKeys :: (RId Char) KeyState (TalkState s) -> TalkState ssendKeys _ (_,KeyUp,_) ps = pssendKeys otherTalkProcess (c,_,_) ps=:{pLocal=local, pIOState=io}= ASyncSend otherTalkProcess c {ps & pLocal = {local & myText=text1}, pIOState = DrawInActiveWindow drawFs io}where (drawFs, text1) = addChar c local.myTextreceiveKeys :: Char (TalkState s) -> TalkState sreceiveKeys c ps=:{pLocal=local, pIOState=io}= {ps & pLocal = {local & yourText=text1}, pIOState = DrawInActiveWindow drawFs io}where (drawFs, text1)= addChar c local.yourText_wherebe function definitions. Function alternatives can be specified by patterns.Towards the Concurrent Event I/O systemthe Inpropose to elimicomponent of a new, globally known, interactive process, the file server process. Interactive processesvironmentby process groups placed in juxtaposition, indicating that these are to be evaluated concurrently.leaved Eventthe Concur athe calling interactive process, and () function calls do not block other interactive processes.Figure 7: Schematic representation of the structure of the Concurrent Event I/O system.abnica-time is defined as the evaluation of other interactive processes during communication.5 describes how the file server process is defined and how interactive processes use its services. Giventhe following remarks:selves by application of the technique as discussed in the next section.cause environments are by definition independent.Remote Procedure Call processesRPC pro NewRPCShareRPCiNewRPCShareRPC is given in the appendix 1).SendRPCGStatelobal statecontextSwitchIncontextSwitchOutforms the process state back into the global state.The process administration data type is extended with the RuntimeState data type (see appendixrunningRunningblockedstructor Blocked). This alternative is parameterized with the actual Remote Procedure Call request.bi-directionalchronousblockedarbitrarybecome unblocked.

:: RPCDef i o ps= { rpcFunction :: (i,ps) -> (o,ps), rpcInitIO :: InitIO ps }:: RPCId i oNewRPC :: (RPCDef i o *( PState l s)) (l,s) *(IOState m t) -> (RPCId i o, * IOState m t)ShareRPC:: (RPCDef i o *( PState l s)) l *(IOState m s) -> (RPCId i o, * IOState m s)SendRPC :: (RPCId i o) i *( PState l s) -> (SuccessOrFail o,* PState l s)NewRPC :: (RPCDef i o *( PState l s)) (l,s) *(IOState m t) -> (RPCId i o,* IOState m t)NewRPC {rpcFunction=f,rpcInitIO=init} (l,s) io=:{ioGroups=groups}= (rpcId,{io & ioGroups=[group:groups]})where group = {gPublic = s, gProcesses= [process]} process = {ppLocal = l, pInitIO = [initRPC:init], pDevices = []} (rpcId, initRPC) = openRPC f

Figure 8: The RPC process combinators.NewRPC

*Worldfi*WorldWorldenvironGStateOpenIOgsGetRandomBoolgsCondswitchToSomeProcesstext-switch to an arbitrary interactive procation) can use the random stream from the global state analogously.SendRPCbitrary number of other interactive processes are evaluated before the information exchange is actuallyproSendRPCBhave the following cases:athe value of the shared process state component can be changed after termination of SendRPCbCC detectsthat is blocked. ConseCA hasbeforecomponent of A may have changed but now also the value of the local process state., does SendRPC to . If b) forSendRPCblocked a number of other processes are evaluated. Either or C is granted the reply from first.SendRPCSendRPCcal and shared process state component value may change.Files as global processintrofile system environment, and secondly, we present the new definitions of the files operations.We start by presenting an alternative model of the global character of the file system by introducingone exclusive RPC process, the file server process (file serverFilesNiltions ofthe Interleaved Event I/O system will be applied only in the file server, albeit with a different name.FSInFSOutFSInFSOutFiles

Files argufileServerFS-fileServerFSFOpenOutsults of FSFOpen applied to the given arguments and the file server�s file system.FSFOpen :: String Int *Files -> (Bool, *File, *Files)FSSFOpen :: String Int *Files -> (Bool, File, *Files)FSFReOpen:: *File Int *Files -> (Bool, *File, *Files)FSFClose :: *File *Files -> ( Bool, *Files)FSStdIO :: *Files -> (*File, *Files):: FSIn = FSFOpenIn String Int | FSSFOpenIn String Int | FSFReOpenIn *File Int | FSFCloseIn *File | FSStdIOIn:: FSOut = FSFOpenOut Bool *File | FSSFOpenOut Bool File | FSFReOpenOut Bool *File | FSFCloseOut Bool | FSStdIOOut *FilefileServer::(FSIn,FSState) -> (FSOut,FSState)fileServer (FSFOpenIn name mode, ps)= (FSFOpenOut b f, {ps & pLocal = fs1})where (b,f ,fs1)= FSFOpen name mode ps.pLocalfileServer (FSSFOpenIn name mode, ps)= (FSSFOpenOut b f, {ps & pLocal = fs1})where (b,f ,fs1)= FSSFOpen name mode ps.pLocalfileServer (FSFReOpenIn f mode, ps)= (FSFReOpenOut b f1, {ps & pLocal = fs1})where (b,f1,fs1)= FSFReOpen f mode ps.pLocalfileServer (FSFCloseIn f, ps)= (FSFCloseOut b, {ps & pLocal = fs1})where (b, fs1)= FSFClose f ps.pLocalfileServer (FSStdIOIn, ps)= (FSStdIOOut f, {ps & pLocal = fs1})where (f, fs1)= FSStdIO ps.pLocal

Figure 10: The renamed Files operations of the filetypes are printed in boldfaceFigure 11: The file server definition.

PStatepFilesioFSIdIOStatedefiniFOpenFOpenenvironment is not available anymore but should be applied to a process state instead.:: *PState local share = { pLocal :: local, pShare :: share, pIOState :: *IOState local share }:: *IOState local share = { ioFSId :: RPCId FSIn FSOut,� }FOpen :: String Int *(PState l s) -> (Bool, *File, *PState l s)FOpen name mode ps=:{pIOState=io} = (b,f,ps1)where (FSFOpenOut b f,ps1) = SendRPC io.ioFSId (FSFOpenIn name mode) psFigure 12: The new definition of the process state type, and the RPC implementation of files operations.Concurrent processescesses? Reconsider the case given in the introduction. Processes and B have two process state transigrceiverfunction which on acceptance of some message terminates its interactive process.g ps | open1 && open2 = ps4 | otherwise = {ps2‘ & pIOState=QuitIO ps2‘.pIOState}where (open1, file1, ps1) = FOpen f1 mode ps (open2, file2, ps2) = FOpen f2 mode ps1 (_, ps3) = FClose file1 ps2 (_, ps4) = FClose file2 ps3 ps2‘ = ASyncSend otherId Nil ps2r _ ps = {ps & pIOState=QuitIO ps.pIOState}A for evaluFOpen reSendRPCAsponds.Now , which subsequently calls B section 4. So either A or curs for . Now A. Whatfile, has a False guard and will therefore terminate A and Bffleaved se-mantics is a special case of this scheme.Concurrent implementationrent annotacommunication is tation then this part is copied to the demanding reduction process.SendRPCtives. Section7.2 adds RPC processes and SendRPC7.1Concurrent process groupsSendRPCWorldbeen merged. Only terminating processes yield finite portions.OpenIO(opened by NewIO) a reducther the or ShareIOOpenIO simply checks terminaprocess groups. So OpenIOerations do not need to be implemented by means of the RPC mechanism as defined by the operationalsemantics. Instead they can be implemented as file system calls to the Operating System directly.7.2RPC processes and SendRPCThe implementation of RPC processes and RPC communication concerns three aspects:RPCReq ]. Because we implement interactive processes (or rather process groups) as independentcate RPCRPC tableProcIdquestqueue. Creation of a RPC process (with NewRPC or ShareRPC) adds a new entry to this table.destrucQuitIOthe request queue it destructively updates the request with result Fail and sets the grant flag.Implementation of SendRPCSendRPC first checks in the RPC table whether the RPC process is stillFailSendRPC quest entry! Oncethe request is granted the result is redirected to the sending process which is then unblocked.Related workingstream processorscanon-deterministic merge of all messages outside the language.channelsseparatelybrary. Type security is checked dynamically, but it is not entirely safe.Conclusionspenrency. We have given some implementation considerations to reach truly concurrently evaluated inter-mini Operating System allowing dynamic, interactive, concurrent functional processes.Current and future workAs stated in the introduction our final goal are real distributed infuncsider how to decrease the concurrency granularity to the level of individual interactive processes.References[1]ificagram-ming, Ayr, Scotland, 6-8 July 1992, Workshops in Computing, Springer-Verlag, Berlin, 1993, pp. 1-17.[2]tive ProProc. Computing Science in thematischCentrum, Amsterdam, 1994, pp. 30-41.[3]gramming(1) - January 1995, Cambridge University Press, pp. 81-110.[4]allelArguages Europe259Berlin, pp. 141-158.[5]Proc. 13th Connology andThe761Berlin, pp. 41-51.[6]Lan chitecture274Springer-Verlag, pp. 364-384.[7]Milner, R. 1989. Communication and Concurrency. Prentice-Hall, 1989.[8]Milner, R., Tofte, M., and Harper, R. 1993. Definition of Standard ML. MIT Press, 1993.[9]currentProc. Parallel Architectures and Languages Eu-rope, June, Eindhoven, The Netherlands, LNCS 506, Springer-Verlag,pp. 202-219.[10]Functional Programing. Addison-Wesley Publishing Company 1993.[11]Technical Report, in preparation, University of Nijmegen, The Netherlands.[12]DeJanuary 4-8, 1993. LNCS 776, Springer-Verlag, Berlin, pp. 358-379.[13]Standard ML of New Jersey Base Environment (version 0.93), February 1993.[14]tional operat56puter Laboratory, Cambridge University, 1984.[15](ECRC), December 1993.[16]Turner, D.A. 1990. An Approach to Functional Operating Systems. In Turner, D.A. ed. Research topics inFunctional Programming, Addison-Wesley Publishing Company, pp. 199-217.Appendix1. The definition of ShareRPC :: (RPCDef i o *(PState l s)) l *(IOState m t) -> (RPCId i o,*IOState m t)ShareRPC {rpcFunction=f,rpcInitIO=initIO} l io=:{ioGroup=procs} (rpcId, initRPC) = openRPC f2. The definition of SendRPC :: (RPCId i o) i *(PState l s) -> (SuccessOrFail o, *PState l s)SendRPC rpcId in ps=:{procId=id}| not (isSuccessful oid) = (,psUnblockThisProcess (contextSwitchIn (id,gs1)))where ps1 = psBlockThisProcess rpcId ps gs = contextSwitchOut ps1 (oid,gs1)= gsLocateRPC rpcId gs id1 = getSuccessValue oid (rs,gs3) = gsGetRuntimeState id gs2 while cond do x | done = x1 | otherwise = while cond do (do x1) where (done,x1) = cond xgsCond pId gs | not (rsIsGranted rs) = (True, gs1) | otherwise = gsGetRandomBool gs1where (rs,gs1) = gsGetRuntimeState pId gsgsEval :: GState -> GStategsEval gs | rsIsRunning rs = contextSwitchOut ps1‘ | rsIsGranted rs = contextSwitchOut ps1 | not (isSuccessful oid) = contextSwitchOut ps2‘ | rsIsBlocked rs‘ && not (rsIsGranted rs‘) = contextSwitchOut ps3 | otherwise = contextSwitchOut ps5where (id,ps) = switchToSomeProcess gs (rs,ps1) = psGetRuntimeState ps ps1‘ = psEval ps1 req = rsGetRPCReq rs rpcId = req.rpcRReceiver (oid,ps2)= psLocateRPC rpcId ps1 id1 = getSuccessValue oid req1 = {req & rpcROut=Fail, rpcRGranted=True} ps2‘ = psSetRuntimeState (Blocked req1) ps2 (rs‘,ps3)= psGetOtherRuntimeState id1 ps2 req2 = {req & rpcROut=Success out, rpcRGranted=True} ps5 = psSetRuntimeState (Blocked req2) ps4 psCommunicate req psId pId ps = (out, ps4)where gs = contextSwitchOut ps ps1 = contextSwitchIn (pId,gs) (f,ps2) = psGetRPC req.rpcRReceiver ps1 gs1 = contextSwitchOut ps3 ps4 = contextSwitchIn psId gs1:: SuccessOrFail x = Success x | FailisSuccessful :: (SuccessOrFail x) -> BoolisSuccessful (Success _) = TruegetSuccessValue :: (SuccessOrFail x) -> xgetSuccessValue (Success x) = x4. Operations on gsHasProcess :: ProcId GState -> BoolgsHasProcess pId gs = process pId is in gsgsLocateRPC :: (RPCId i o) GState -> (SuccessOrFail ProcId, GState)gsLocateRPC rpcId gs = the procid of the RPC processgsGetRuntimeState pId gs = (runtime, gs1)where ps = contextSwitchIn (pId,gs) (runtime, ps1) = psGetRuntimeState ps gs1 = contextSwitchOut ps15. Operations on psBlockThisProcess :: (RPCId i o) i (PState l s) -> PState l spsBlockThisProcess rpcId in ps = {ps & pRuntime=Blocked rpcReq}where rpcReq = rpcrNewRPCReq rpcId inpsUnblockThisProcess ps = {ps & pRuntime=RunningpsGetRuntimeState :: (PState l s) -> (RuntimeState, PState l s)psSetRuntimeState rs ps = {ps & pRuntime=rs}psGetRPC :: (RPCId i o) (PState l s) -> (RPCFunction i o (PState l s), PState l s)psGetRPC rpcId ps = yield the RPC function of the RPC process:: RuntimeState = Blocked (RPCReq Void Void) | Running rpcRGranted :: Bool, rpcROut :: SuccessOrFail out }rsIsBlocked (BlockedrsIsBlocked _ = FalsersIsGranted (Blocked rpcReq) = rpcReq.rpcRGrantedrsIsGranted _ = FalsersGetRPCReq :: RuntimeState -> RPCReq Void VoidrsGetRPCReq (Blocked rpcReq) = rpcReqrsGetGrant :: RuntimeState (RPCId i o) -> SuccessOrFail orsGetGrant (Blocked rpcReq) rpcId | rpcId == rpcReq.rpcRReceiver = rpcReq.rpcROut | otherwise = rsGetGrant _ _ = rsIsRunning Running = TruersIsRunning _ = False rpcRIn = in, rpcROut =