Functional programming languages have banned assignment because of its undesirable properties. Thereward of this rigorous decision is that functional programming languages are side-effect free. There isanother side to the coin: because assignment plays a crucial role in input/output (I/O), functional lan-guages have a hard time dealing with I/O. Functional programming languages have therefore often beenstigmatised as inferior to imperative programming languages because they cannot deal with I/O very well.In this chapter we show that I/O can be incorporated in a functional programming language without lossof any of the generally accepted advantages of functional programming languages. This discussion issupported by an extensive account of the I/O system offered by the lazy, purely functional programminglanguage Clean. Two aspects that are paramount in its I/O system make the approach novel with respectto other approaches. These aspects are the technique of explicit multiple environment passing, and theevent I/O framework to program graphical user I/O in a highly structured and high-level way. Clean file I/Ois as powerful and flexible as it is in common imperative languages (one can read, write, and seek directlyin a file). Clean event I/O provides programmers with a high-level framework to specify complex graphicaluser I/O. It has been used to write applications such as a window-based text editor, an object baseddrawing program, a relational database, and a spreadsheet program. These graphical interactive pro-grams are completely machine independent, but still obey the look-and-feel of the concrete window envi-ronment being used. The specifications are completely functional and make extensive use of uniquenesstyping, higher-order functions, and algebraic data types. Efficient implementations are present on theMacintosh, Sun (X Windows under Open Look), and PC (OS/2).

2Single Interactive Functional Programs

16Single Interactive Functional Programs

2.1IntroductionFunctional programming languages live in a world from which assignment (or destructive updat-ing) has been banned because of its undesirable properties. Living without assignment hasproven to be very successful, and many accounts have been written of the advantages of living ina world free of side-effects (Backus, 1978; Hughes, 1990). However, in order to write usefulapplications, it must be possible for functional programs to interact with the outside world. Do-ing I/O means manipulation of I/O resources, such as files, keyboards, mice, and screens. In thereal world these resources are globally accessible, and manipulations of them are in essence as-signments. This implies that functional languages cannot use I/O resources in the same direct,unrestricted way as for example imperative languages can. For this reason functional languagesare often stigmatised as inferior to imperative programming languages because they cannot dealwith I/O very well.Research on the incorporation of purely functional I/O into functional programming lan-guages has evolved into basically two styles of solutions: stream based solutions and environ-ment based solutions. Stream based methods have been proposed in a (token) stream style(Henderson, 1982; Turner, 1990; Hudak et al., 1992; Carlsson and Hallgren, 1993) and continua-tion style (Thompson, 1990; Dwelly, 1989; Perry, 1988). Essentially, stream based methodstransform an input stream into an output stream. The output stream is not exclusively used forproducing output only, it is also used for requesting input. Some entity outside the program(usually the operating system) handles the output requests and provides the proper input. Envi-ronment based methods are environment passing methods (Williams and Wimmers, 1988;Backus et al., 1990) and methods using monads (Peyton Jones and Wadler, 1993). In these solu-tions functions essentially operate directly on a special object, the environment, that representsthe state of the world. In the literature environment based methods are also known as side-effect-ing I/O systems (Gordon, 1993).The Clean I/O system that is presented in this chapter is an environment based approachand contributes to the research in functional I/O in two major aspects. The first aspect is the useof an explicit multiple environment passing style throughout the system giving explicit and directaccess to I/O resources. This has been made possible by the uniqueness type system of Clean(Smetsers et al., 1993; Barendsen and Smetsers, 1993a-b; Plasmeijer and van Eekelen, 1993)which enables safe and restricted updates in a pure and functional framework. The second aspectprovides programmers with the Clean event I/O framework (Achten et al., 1993; Achten andPlasmeijer, 1993) to program graphical user I/O in a highly structured and declarative way. Thespecifications of interactive programs are functional and programs can be reasoned about with-out any assumption about operating systems. The I/O system demonstrates that functional lan-guages are well suited for I/O, by making extensive use of uniqueness typing, and well-knownfunctional programming features such as higher-order functions, polymorphism, and algebraictypes.The chapter starts with brief introductions to Clean and uniqueness types (Sections 2.2and 2.3). The explicit multiple environment passing style is defined in Section 2.4. Clean file I/Ois discussed in Section 2.5, and Section 2.6 presents the Clean event I/O system. Section 2.7 dis-cusses how interactive programs can be constructed in the Clean event I/O system, and Section2.8 briefly views the implementation of the Clean event I/O system. Section 2.9 compares somerelated work with our approach. Finally the conclusions are presented in Section 2.10, and cur-rent and future research on functional I/O is presented in Section 2.11.

2.2Clean17

2.2CleanClean (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). To givean idea of what Clean programs look like, Figure 2.1 presents an example of the well-known fi-bonacci function. The examples in this chapter are presented in the new Clean 1.0 syntax(Plasmeijer and van Eekelen, 1994, in preparation). Where appropriate, the text includes re-marks on peculiarities of this notation.fib :: Int -> Intfib 1 = 1fib 2 = 1fib n = fib (n-1) + fib (n-2)Start :: IntStart = fib 100Figure 2.1A Clean program for fibonacci. Function definitions are optionally preceded bytheir type definition. Type symbols start with a capital, (type) variables alwaysstart in lowercase. Function names can start either with a capital or in lowercase.An n-ary function named f with arguments of type t1�tn, and result type t has atype definition f :: t1 t2�tn fi t. The special function named Start gives theinitial expression of the program.Term graph rewriting systems are well suited for efficient implementations of functional lan-guages (Groningen et al., 1991; Smetsers et al., 1991; Plasmeijer and van Eekelen, 1993). Graphrewriting is actually used in many implementations of functional languages. The main differencebetween Clean and other lazy functional languages is that in Clean graph rewriting is explicitlyin the semantics of the language. In Clean, the function application to be evaluated is representedby a possibly cyclic computation graph. Function definitions are actually term graph rewritingrules. Each rule alternative is a graph with a left-hand side root (L.H.S.) and a right-hand sideroot (R.H.S.). Figure 2.2 depicts the graph structure of the third fib alternative. Each node inthe graph contains a symbol (fib, +, -, 1, 2) and arguments pointing to other nodes.Figure 2.2The third alternative of the fibonacci rule depicted as a graph.forward

18Single Interactive Functional Programs the actual implementation of functional languages.malfib100done in a much more efficient way!). The initial graph () consists of only one redex, namely thegraph fib100, which matches the third alternative of the fib rewrite rule. Rewriting this redexrule that are new to the computation graph (in the example these are two nodes labelled fib, and+-12bcomtended graph that matches the right-hand side of the rule (). In term graph rewriting terminolthe nodes that have begarbagecollected (d).(a) The root expression(b) Graph extension(c) Graph redirection(d) Garbage collectionFigure 2.3One rewrite step of the initial expression of the fibonacci example.In general, a computation graph consists of several redexes. The rewriting process needs a reducnormalformformfunctionsrewrite rules and vice versa for convenience.

2.3Uniqueness types19

2.3Uniqueness typesBecause Clean is based on a typed term graph rewriting system it is possible in this system to usetype informaesting propgraph thatuniquelyuniqueness property is stated as follows (Plasmeijer and van Eekelen, 1993):A node of a graph is unique with respect to a node m of if is only reachable fromthe root of via and there exists exactly one path from m to

Figure 2.4The uniqueness property depicted.tionbody then it will become garbage. In that case a new object can be constructed by making use offunction reapplication node then it is illegal to reuse the argument because it might be shared.imation1993a-b-aa crucial role. Uniqueness types restrict the use of graphs and function applications in a program,initions. The relatween uniqueness types and linear types is a topic of further investigation. Closer related work tocalculus with state operations which safety is warranted by the type system.-a-b*synonymalgebraictypes, and abstract data types) by prefixing the attribute to the type.sharing analysis

20Single Interactive Functional Programs not-sharedshared(othersult, unique objects are allowed to be observed in guards.analdemandedofferedmanmeans that either the corresponding formal paattribute or the result type with the defined function has the uniqueness attribute.mentation of destructively updateable arlineartypes), and it can serve as a general safe interfacing facility for functional languages with the imperative world.2.4Explicit multiple environment passingerationsput) and that the evaluation of an I/O operthroughout the I/O system.2.4.1Explicit environment passingteractiveprogram doing I/O is a function that given an initial environment produces a new environment inquent chantrieve infor

2.4Explicit multiple environment passing21 effecthyper-strictcess rule accounts for its effect on the state of the world in the environment object. Each new opare easily expressed as sequences of function applications on the environment.ing programWorldechoWorldgetcharputcharecho\ngetcharpreceded by a conditional expression |worldWorldacter sequence c�ccthe newcc�cprogram expreschas been read and before character i+1 is being read.unrestricted environronenvironupdated according to some interleaving of these manipulations none of the resulting environmentobjects reflect the state of that updated world anymore.catchworld1echoworld2). Supc�c�\n�vic�c�c�n+1i££nc�=�\n�c�=cic�=cj-1>world1world2

22Single Interactive Functional Programs c�c�c�world1�\n�world2c�c�\n�. Neither environment correctly reflects the state of the world.Figure 2.6A program illustrating the danger of unrestricted environment passing.*WorldStartbitrary number of environment objects. The only proper way to deal with the world is to regard itacrongetchar :: *World (Char, *World) and putchar :: Char *World *World). Due toduccatchputcharworld*Worldworld has offered type World (because catch contains two references to world). Obvithe ofecho needs a2.7).Figure 2.7The function echo now as a correctly typed Clean program.2.4.2Multiple environmentsEnvironment passing schemes based on one single environment enforce programproknowledge, this is basically true for all safe environment based apone single stream that carries the I/O operations).

2.4Explicit multiple environment passing23 echogetcharputchargetcharputcharread/write operacharacters are read as there are characters printed. This relationship cannot be defined in an environment passing scheme without fixing an evaluation order.ful onemultipleronmentsused to support modular programming of interactive programs.codes the state of a cific part of theworld. These environments must be independent: operations on one environment should not havean effect on another environarchy the top environment is theenviron*Worlddecompositiontypes are *Files and *Events respectively.Figure 2.8The Clean environment hierarchy.openworldstream environ*World *Files*Eventsronprogram and finally compose a new world again, by a composition rule closeworld of reversetype (*Files, *Events) *World. The start rule of a Clean program that does I/O is always*World . In this way environronments.2.5File I/Otiple environ*Files introduced

24Single Interactive Functional Programs tainer of yet smaller environments: the individual files themselves (see Figure 2.9).Figure 2.9The Clean environments for file handling.File*Filetem.*Filebe closed, but can be made garbage safely when they are not needed anymore.tem modled by the operating system. This impliestional implementation compocient asit is in common imperative programming languages. For instance, in both types of files (File*Filewriteable files in any order.gram that ilWorldFilesFileworldfileseventsdestination files (first source is opened for reading, using the predefined function sfopen, andthen dest is opened writeable by fopen). As source is going to be read only it is opened as adestness attricopyFilesourcedestcomposed from the file system and the event stream.

2.5File I/O25

Figure 2.10A program copying a file named Source to a file named Dest2.6Graphical user I/Owindowsmenusdialoguesoutside world or the operating system. Events come from different sources: the user of a programthe program that things have been changed (e.g.: windows become partially visible, programs arenally, manipulaas well (e.g.: opening and closing of windows or dialogues). The operating system provides thesethis sequence event A precedes event B if, and only if, A has occurred before B.tem graphical user I/O is defined entirely with abstract devices. Abstract devices are abstractionsstractwindowmenudialoguetimervicesalgestractgram,abstract event drivenabstract eventhandlersvice specificastate*IOStatetem takes care that the abstract devices are correctly mapped to the concrete devices, and that theconcrete events are correctly mapped to abstract events.

26Single Interactive Functional Programs fined usthan the menu device. Finally, Section 2.6.5 gives a small example of an interactive program.2.6.1Defining abstract deviceselstances of a set of predefined algebraic types (see Figure 2.11 and 2.12). For each abstract devicevariable which reflects the type of the program state.aboldfacethe type).MenuFunction (IOFunction s) // MenuModsFunction (ModsIOFunction s) // Figure 2.12IOFunctionand ModsIOFunction are synonym types.nition being mapped to a Macintosh system.

2.6Graphical user I/O27

Figure 2.13

28Single Interactive Functional Programs ure5documentationgrams.2.6.2Abstract event handlerssponse of the program to the abstract event is given by the function Openthe set of possible abstract events, and their corresponding abstract event handlers. It is not deterstract event handlers must be applicable.comthe program statesystem is an abstract data type object which contains the run-time states of the interface elementsof the program. This compo*IOStatesparameterizedon the program state of type s).s *IOStates*IOStates*IOState .s*IOStates*IOStatemer,because this component is defined by the programmer. The IOState environment is an abstractt�t*IOState .s) t, *IOState .s) ort�t*IOState*IOStatesIOStateronment.

2.6Graphical user I/O29

Figure 2.14The types of the menu device access functions of the Clean event I/O system.2.6.3Interactionsrunning interactive program. This relationship is roughly illustrated by the following equations:abstract device definitions + event stream = IOStateIOState+ program state = interactiontransitionsIOSystemDeviceSystemDeviceSystemOpenIOtion given initial abstract device definitions of type IOSystem, the initial program state, the iniInitIOInitIO :== [(s,˚IOState˚s) s,˚IOStates)]), and the event stream environment:OpenIO123termination.1OpenIO is provided with the definitions of the abstract devices that will participate in theinteraction. With these abstract device definitions the concrete graphical user interface eltial run

30Single Interactive Functional Programs

*IOStateconcrete devices and their abstract event handlers.2OpenIOteraction.[f�fac(s)(s,iofofn-1oof,iooconvefunction QuitIO to its IOState environment).3OpenIOeventloop, which is a simple, recurcrete event from(s,io(si+1,ioi+1(which is administrated in ioterminatesIOStatestate conOpenIOthat have been parsed by the interaction and their effect, and the concrete events that havenot been parsed by the interaction.crete devicesQuitIOQuitIO*IOState .s) fi*IOState .s. QuitIO redevice in the interaction and removes them from the IOState component.2.6.4A.3 upto A.7.The timer deviceacat a regular basis.The window deviceusers. An interaction can have an arbitrary number of windows open. Windows are stack orderedactive

2.6Graphical user I/O31 change the modemodalteracModelessare less demanding: the user may disregard them and use them when convenient.Windows can either be general windows or dialogue windows. Each general window hasronment*PicturePictureDomainlayoutItemPosLeftTop, RightTop, LeftBottom, RightBottom, Left, Center, Right), and relativeto earlier placed items (LeftOf, RightTo, Above, Below).2.6.5ExampleIn this section we present an 2.15 gives a snapshot of the application running on a Macintosh system.AddressBookaddresses),selection), a Boolean that records whether thelist has been changed (field saveChanges), and the unique file system (field files). BecauseWorldAddress, contains the person�sname, city, street, and telephone number.structor.The alternapattern-matchingthe standard library function seq is defined by seq [] x = x, and seq [f�f] x = fo�o f

32Single Interactive Functional Programs

OpenAddDeleteQuitOpenAddDeletedress. Quitbeen changed it also asks the user if changes to the database should be saved to the database file.AddAddressserted in the current list of addresses. It increases the picture domain of the �Addresses� window,and updates the contents of the window.Address records are selected manually by the user by pressing the mouse button when themouse pointer is in the text area of that address in the �Addresses� window. These mouse actionsSelectDeletefills the text fields of the �Edit Address� window with the field values of the selected address.

2.6Graphical user I/O33 read/write the list of addresses from/to the database fileremove/add the indicated entry from/to the list of addressesdefinition of the control that defines scrolling in the windowdetermine the coordinate system of the window given this list of displayed addressestoggle the hilighting of the indicated element

34Single Interactive Functional Programs

2.6Graphical user I/O35

2.7Structuring interactive programscastract device elements.terOpenIOOpenIOseqIO

36Single Interactive Functional Programs actionalIODef :== (IOSystems, s, InitIO) thatcollects the interaction definition components.convenient denotation for anonymous node identifiers.NestIO. Any interaction can start the evaluation of a new interaction during its own evaluation.NestIOOpenIO except for being applied to the IOStatestparenttion.NestIOparent is hidden (applying function HideIO). This means that all the visible graphical user interShowIOty.Figure 2.17A text editing interaction that can be used in arbitrary interactions.device definitions are vicedefiniparameterized. The

2.7Structuring interactive programs37 simpleDrawterpicAddsPointsDels :== Points sGetsss, [Pointgram state is [Point], then examples of the three operations are:DrawPointErasePointPoint*Picture*Picturetrackfier keys). Figure 2.19 shows the drawing window in action.Figure 2.18A window definition for a very simple drawing program.

38Single Interactive Functional ProgramsFigure 2.20The types of the abstract device interface functions.An imporefficientimplementations.

2.9Related work39

2.9Related worktional languagesexist. In this section we discuss three approaches in detail: dialogue combinators (Dwelly, 1989),monads (Peyton Jones and Wadler, 1993), and FUDGETS (Carlsson and Hallgren, 1993).2.9.1Dialogue combinatorsnatorsDlg = fi Inputs] ([Outputs], s, [Inputs]). A dialogue comsinput of type [Inputs], produces a triple consisting of some output of type [Outputs], the newprogram state, and the user input that has not been consumed.NullDialogue, Join, andCond. NullDialogue: unchanged. The application of JoinDlg s Dlg s Dlg to two dialogue combinators d1d2d1d2the output of d2 to the output of d1Conditions are functions of type Cnd s = s [Inputs] application of Cond: Cnd s Dlg s Dlg s Dlgs to a condition c and two alternative dialod1d2d1cand d2 if not.TreeCase, isprovided. The basic idea behind this combinator is that dynamic interfaces can be defined by setsof condition-action pairs [(c,a)�(c,a)] or rules. The TreeCase combinator searches the firstcondition c that is satisa[(c,a)�(c,a)][(c�,a�)�(c�m,a�m)]TreeCase. A rule has type Objecttags = Obj tag (Cnd s) ([Objecttag s] Dlgs),TreeCaseObjecttags] fiDlgsrules, the behaviour of TreeCase is determined if the user inputs are known.markTreeCasemodularisation of programs by allowing an arbitrary amount of interactions.

40Single Interactive Functional Programs

2.9.2Monadsthe approach by Peyton Jones and Wadler (1993) based on monads (Moggi, 1989; Wadler, 1990benvironactions which degetcIO :: IOChar, andputcIO :: Char IOoutput. The type () is a special type whose only proper element is the empty tuple, also written as().composesunitIOa I O abindIO :: IOa (a IO b) IO. The application unitIO denotes the action that onlyreturns xbindIOmnnotam‘bindIO‘nmIOanaIObmwhich yields a value of type , and then does , which yields a value of type . These twounitIObindIO, namely doneIO :: IO () and seqIO :: IO a IOb IO. The combinator done-IOm‘seqIO‘nmIOanIOfirst does m and then does , and yields the result of nplicit and �appears� onlyin the type. As a result, programming in the system creIOoperations but in an unsafe manner, and see how these can be defined in the explicit environmentstyle.delayIO :: IOa IOsparkinterleavedinterinterindependent environments. There is no need for proof obligation because environments are independent by definition.performIOIOaagramgram*Worldments.

2.9Related work41

2.9.3FUDGETSUDGETSthe X Windows system). The basic concept of the approach is the fudget(functional widget). Thefudget is the basic instrument to receive and handle concrete events, and send commands to otherfudgets. Events and commands are communicated using streams. A fudget that accepts high levelbFa bvides a set of primitive fudgets.number of combinators are provided to do so. For instance, the combinator >+< puts two fudgetsfF bFa bF (a+) (++bEithera with Either Left| RightbffffSPabsFSPa bF. Because SP isan abstract data type cominput combinator getSP :: ( SPab) fiSP , and the output combinator putSP :: [a] SP b) SP b. The application getSP (\a->sf) gets an incoming message of type a andsfputSPlsfsfdynListFoffered to a function which takes care of the stream handling with the operating system.UDGETSUDGETS systemrelies encessors, forcing a continuation style on the program.2.10Conclusionscorporated in theoutside world, such as files, event streams, windows, and so on. The direct use of the resources isare imposed by the uniqueness type sysplexabstraction. A protions.

42Single Interactive Functional Programs ily in a functional language.applicagramformances of these programs are competitive with imperative programs.I/O system for a functional language retains these strengths.2.11Current and future workResearch on the Clean I/O system as presented in this chapter has concentrated mainly on how tostructure and combine interactive programs. The other main part of our research activities will bedistritween interactions.Acknowledgementsthe paper for their valuable comments.