
Imperative functional programmingSimon L Peyton Jones Philip WadlerDept of Computing Science, University of GlasgowEmail: {simonpj,wadler}@dcs.glagsow.ac.ukOctober 1992This paper appears inACM Symposium on Principles Of Programming Languages (POPL), Charleston, Jan 1993,pp71-84. This copy corrects a few minor typographical errors in the published version.AbstractWe present a new model, based on monads, for perform-ing input/output in a non-strict, purely functional lan-guage. It is composable, extensible, e�cient, requires noextensions to the type system, and extends smoothly toincorporate mixed-language working and in-place arrayupdates.1 IntroductionInput/output has always appeared to be one of the lesssatisfactory features of purely functional languages: �t-ting action into the functional paradigm feels like �ttinga square block into a round hole. Closely related di�cul-ties are associated with performing in-place update oper-ations on arrays, and calling arbitrary procedures writtenin some other (possibly side-e�ecting) language.Some mostly-functional languages, such as Lisp or SML,deal successfully with input/output by using side e�ects.We focus on purely-functional solutions, which rule outside e�ects, for two reasons. Firstly, the absence of sidee�ects permits unrestricted use of equational reasoningand program transformation. Secondly, we are interestedin non-strict languages, in which the order of evaluation(and hence the order of any side e�ects) is deliberatelyunspeci�ed; laziness and side e�ect are fundamentally in-imical.There is no shortage of proposals for input/output in lazyfunctional languages, some of which we survey later, butno one solution has become accepted as the consensus.This paper outlines a new approach based on monads(Moggi [1989]; Wadler [1992]; Wadler [1990]), with a num-ber of noteworthy features.� It is composable. Large programs which engage in

I/O are constructed by gluing together smaller pro-grams that do so (Section 2). Combined with higher-order functions and lazy evaluation, this gives ahighly expressive medium in which to express I/O-performing computations (Section 2.2) | quite thereverse of the sentiment with which we began thissection.We compare the monadic approach to I/O with otherstandard approaches: dialogues and continuations(Section 3), and e�ect systems and linear types (Sec-tion 7).� It is easily extensible. The key to our implementationis to extend Haskell with a single form that allows oneto call an any procedure written in the programminglanguage C (Kernighan & Ritchie [1978]), withoutlosing referential transparency (Section 2.3). Usingit programmers can readily extend the power of theI/O system, by writing Haskell functions which calloperating system procedures.� It is e�cient. Our Haskell compiler has C as itstarget code. Given a Haskell program performing anI/O loop, the compiler can produce C code which isvery similar to that which one would write by hand(Section 4).� Its e�ciency is achieved by applying simple pro-gram transformations. We use unboxed data types(Peyton Jones & Launchbury [1991]) to expose rep-resentation and order-of-evaluation detail to code-improving transformations, rather than relying on adhoc optimisations in the code generator (Section 4.1).� It extends uniformly to provide interleaved I/O andreference types (Section 5).� It extends uniformly to support incremental arrayswith in-place update (Section 6). Our implementa-tion is e�cient enough that we can de�ne monolithic1



Haskell array operations in terms of incremental ar-rays. Hudak have proposed a similar method basedon continuations. Our method is more general thanhis in the following sense: monads can implementcontinuations, but not the converse.� It is based (only) on the Hindley-Milner type system.Some other proposals require linear types or existen-tial types; ours does not.We have implemented all that we describe in the con-text of a compiler for Haskell (Hudak et al. [1992]), withthe exception of the extension to arrays and referencetypes. The entire I/O system provided by our compileris written in Haskell, using the non-standard extensionswe describe below. The language's standard Dialogueinterface for I/O is supported by providing a function toconvert a Dialogue into our IO monad. The system isfreely available by FTP.We do not claim any fundamental expressiveness or e�-ciency which is not obtainable through existing systems,except where arrays are concerned. Nevertheless we feelthat the entire system works particularly smoothly as awhole, from the standpoint of both programmer and im-plementor.2 OverviewWe need a way to reconcile being with doing: an expres-sion in a functional language denotes a value, while anI/O command should perform an action. We integratethese worlds by providing a type IO a denoting actionsthat, when performed, may do some I/O and then returna value of type a. The following provide simple Unix-
avoured I/O operations.getcIO :: IO CharputcIO :: Char -> IO ()Here getcIO is an action which, when performed, reads acharacter from the standard input, and returns that char-acter; and putcIO a is an action which, when performed,writes the character a to the standard output. Actionswhich have nothing interesting to return, such as putcIO,return the empty tuple (), whose type is also written ().Notice the distinction between an action and its perfor-mance. Think of an action as a \script", which is per-formed by executing it. Actions themselves are �rst-classcitizens. How, then, are actions performed? In our sys-tem, the value of the entire program is a single (perhapslarge) action, called mainIO, and the program is executedby performing this action. For example, the following isa legal Haskell program.

mainIO :: IO ()mainIO = putcIO '!'This is the point at which being is converted to doing:when executed, the putcIO action will be performed, andwrite an exclamation mark to the standard output.2.1 Composing I/O operationsThe functions de�ned above allow one to de�ne a singleaction, but how can actions be combined? For example,how can we write a program to print two exclamationmarks? To do so, we introduce two \glue" combinators:doneIO :: IO ()seqIO :: IO a -> IO b -> IO bThe compound action m `seqIO` n is performed, by �rstperforming m and then performing n, returning whatevern returns as the result of the compound action. (Back-quotes are Haskell's syntax for an in�x operator.) Theaction doneIO does no I/O and returns the unit value,(). To illustrate, here is an action putsIO, which puts astring to the standard output:putsIO :: [Char] -> IO ()putsIO [] = doneIOputsIO (a:as) = putcIO a `seqIO`putsIO asWe can now use putsIO to de�ne a program which prints\hello" twice:mainIO = hello `seqIO` hellowherehello = putsIO "hello"This example illustrates the distinction between an actionand its performance: hello is an action which happens tobe performed twice. The program is precisely equivalentto one in which putsIO "hello" is substituted for eitheror both of the occurrences of hello. In short, programsremain referentially transparent.In general, an action may also return a value. Again,there are two combinators. The �rst is again trivial:unitIO :: a -> IO aIf x is of type a, then unitIO x denotes the action that,when performed, does nothing save return x. The secondcombines two actions:bindIO :: IO a -> (a -> IO b) -> IO bIf m :: IO a and k :: a -> IO b then m `bindIO` kdenotes the action that, when performed, behaves as fol-2



lows: �rst perform action m, yielding a value x of typea, then perform action k x, yielding a value y of type b,and then return value y. To illustrate, here is an actionthat echoes the standard input to the standard output.(In Haskell, \x -> e stands for a lambda abstraction; thebody of the abstraction extends as far as possible.)echo :: IO ()echo = getcIO `bindIO` \a ->if (a == eof) thendoneIOelse putcIO a `seqIO`echoThe combinators bindIO and unitIO are generalisationsof seqIO and doneIO. Here are de�nitions for the latterin terms of the former:doneIO = unitIO ()m `seqIO` n = m `bindIO` \a -> nThe combinators have a useful algebra: doneIO andseqIO form a monoid, while bindIO and unitIO forma monad (Moggi [1989]; Wadler [1992]; Wadler [1990]).2.2 Imperative programmingIt will not have escaped the reader's notice that programswritten in the monadic style look rather similar to imper-ative programs. For example, the echo program in Cmight look something like this:echo() {loop: a = getchar(a);if (a == eof)return;else { putchar(a);goto loop; }}(Indeed, as we discuss later, our compiler translates theecho function into essentially this C code.) Does themonadic style force one, in e�ect, to write a functionalfacsimile of an imperative program, thereby losing anyadvantages of writing in a functional language? We be-lieve not.Firstly, the style in which one writes the functional pro-gram's internal computation is una�ected. For instance,the argument to putsIO can be computed using the usuallist-processing operations provided by a functional lan-guage (list comprehensions, map, append, and the like).Secondly, the power of higher-order functions and non-strict semantics can be used to make I/O programming

easier, by de�ning new action-manipulating combinators.For example, the de�nition of putsIO given above usesexplicit recursion. Here is an alternative way to writeputsIO which does not do so:putsIO as = seqsIO (map putcIO as)The map applies putcIO to each character in the list as toproduce a list of actions. The combinator seqsIO takesa list of actions and performs them in sequence; that is,it encapsulates the recursion. It is easy to de�ne seqsIOthus:seqsIO :: [IO a] -> IO ()seqsIO [] = doneIOseqsIO (a:as) = a `seqIO` seqsIO asor even, using the standard list-processing functionfoldr, thus:seqsIO = foldr seqIO doneIOTo take another example, here is a function which writesa given number of spaces to the standard output:spaceIO :: Int -> IO ()spaceIO n= seqsIO (take n (repeat (putcIO ' ')))The functions take and repeat are standard list-processing functions (with nothing to do with I/O) fromHaskell's standard prelude. The function repeat takes avalue and returns an in�nite list each of whose elementsis the given value. The function take takes a pre�x ofgiven length from a list.These necessarily small examples could easily be pro-grammed with explicit recursion without signi�cant lossof clarity (or even a gain!). The point we are making isthat it is easy for the programmer to de�ne new \glue" tocombine actions in just the way which is suitable for theprogram being written. It's a bit like being able to de�neyour own control structures in an imperative language.2.3 Calling C directlySince the \primitive" functions putcIO, getcIO, and soon must ultimately be implemented by a call to the un-derlying operating system, it is natural to provide theability to call any operating system function directly. Toachieve this, we provide a new form of expression, theccall, whose general form is:ccall proc e1 : : : enHere, proc is the name of a C procedure, and e1 , : : : , enare the parameters to be passed to it. This expression3



is an action, with type IO Int; when performed, it callsthe named procedure, and delivers its result as the valueof the action. Here, for example, are the de�nitions ofgetcIO and putcIO:putcIO a = ccall putchar agetcIO = ccall getcharThese ccalls directly invoke the system-provided func-tions; no further runtime support is necessary. Using thissingle primitive allows us to implement our entire I/Osystem in Haskell.We de�ne ccall to be a language construct rather thansimply a function because:� The �rst \argument" must be the literal name of theC procedures to be called, and not (say) an expres-sion which evaluates to a string which is the name ofthe function. Type information alone cannot expressthis.� Di�erent C procedures take di�erent numbers of ar-guments, and some take a variable number of ar-guments. (It would be possible to check the type-correctness of the C call by reading the signature ofthe C procedure, but we do not at present do so.)� Di�erent C procedures take arguments of di�erenttypes and sizes. (At present, we only permit thearguments to be of base types, such as Char, Int,Float, Double and so on, though we are working onextensions which allow structured arguments to bebuilt.)Treating ccall as a construct allows these variations tobe accomodated without di�culty.3 Comparison with other I/O stylesIn this section we brie
y compare our approach with twoother popular ones, dialogues and continuations.3.1 DialoguesThe I/O system speci�ed for the Haskell language (Hudaket al. [1992]) is based on dialogues, also called lazy streams(Dwelly [1989]; O'Donnell [1985]; Thompson [1989]). InHaskell, the value of the program has type Dialogue, asynonym for a function between a list of I/O responses toa list of I/O requests:type Dialogue = [Response] -> [Request]main :: Dialogue

Request and Response are algebraic data types whichembody all the possible I/O operations and their results,respectively:data Request = Putc Char | Getcdata Response = OK | OKCh Char(For the purposes of exposition we have grossly simpli-�ed these data types compared with those in standardHaskell.) A system \wrapper program" repeatedly getsthe next request from the list of requests returned bymain, interprets and performs it, and attaches the re-sponse to the end of the response list to which main isapplied.Here, for example, is the echo program written using aDialogue. (In Haskell xs!!n extracts the n'th elementfrom the list xs.)echo :: Dialogueecho resps = Getc :if (a == eof)then []else Putc a :echo (drop 2 resps)whereOKCh a = resps!!1The di�culties with this programming style are all tooobvious, and have been well rehearsed elsewhere (Perry[1991]):� It is easy to extract the wrong element of the re-sponses, a synchronisation error. This may show upin a variety of ways. If the \2" in the above programwas erroneously written as \1" the program wouldfail with a pattern-mathing error in getCharIO; if itwere written \3" it would deadlock.� The Response data type has to contain a constructorfor every possible response to every request. Eventhough Putcmay only ever return a response OKChar,the pattern-matching performed by get has to takeaccount of all these other responses.� Even more seriously, the style is not composable:there is no direct way to take two values of typeDialogue and combine them to make a larger valueof type Dialogue (try it!).Dialogues and the IO monad have equal expressive power,as Figure 1 demonstrates, by using Dialogues to emu-late the IO monad, and vice versa. The function dToIO,which emulates Dialogues in terms of IO is rather cu-rious, because it involves applying the single dialogued to both bottom (?) and (later) to the \real" list4



Dialogue to IOdToIO :: Dialogue -> IO ()dToIO d= case (d bottom) of[] -> doneIO(q:qs) -> doReq q `bindIO` \r ->dToIO (\rs -> tail (d (r:rs)))bottom :: abottom = error "Should never be evaluated"doReq :: Request -> IO ResponsedoReq (GetChar f)= getCharIO f `bindIO` (\c ->unitIO (OKChar c))doReq (PutChar f c)= putCharIO f c `seqIO` unitIO OKIO to Dialoguetype IO a = [Response]-> (a, [Request], [Response])ioToD :: IO () -> DialogueioToD action = \rs -> case (action rs) of(_, qs, _) -> qsunitIO v = \rs -> (v, [], rs)bindIO op fop= \rs -> let (v1, qs1, rs1) = op rs(v2, qs2, rs2) = fop v1 rs1in (v2, qs1++qs2, rs2)Figure 1: Converting between Dialogue and IOof responses (Hudak & Sundaresh [1989]; Peyton Jones[1988]). This causes both duplicated work and a spaceleak, but no more e�cient purely-functional emulation isknown. The reverse function, ioToD does not su�er fromthese problems, and this asymmetry is the main reasonthat Dialogues are speci�ed as primitive in Haskell. Wereturn to this this matter in Section 5.3.3.2 ContinuationsThe continuation-style I/O model (Gordon [1989]; Hudak& Sundaresh [1989]; Karlsson [1982]; Perry [1991]) pro-vides primitive I/O operations which take as one of theirarguments a continuation which says what to do after theI/O operation is performed:main :: ResultputcC :: Char -> Result -> Result

getcC :: (Char -> Result) -> ResultdoneC :: ResultUsing these primitives, the echo program can be writtenas follows:echo :: Result -> Resultecho c = getcC (\a ->if (a == eof) thenthen celse putcC a (echo c))Since we might want to do some more I/O after the echo-ing is completed, we must provide echo with a continua-tion, c, to express what to do when echo is �nished. This\extra argument" is required for every I/O-performingfunction if it is to be composable, a pervasive and tire-some feature.The above presentation of continuation-style I/O is a lit-tle di�erent from those cited above. In all those descrip-tions, Result is an algebraic data type, with a construc-tor for each primitive I/O operation. As with Dialogues,execution is driven by a \wrapper" program, which eval-uates main, performs the operation indicated by the con-structor, and applies the continuation inside the construc-tor to the result. This approach has the disadvantagethat it requires existential types if polymorphic opera-tions, such as those we introduce later in Section 5.3, areto be supported.An obvious improvement, which we have not seen previ-ously suggested, is to implement the primitive continu-ation operations (such as putcC, getcC and doneC) di-rectly, making the Result type an abstract data typewith no operations de�ned on it other than the primi-tives themselves. This solves the problem.Continuations are easily emulated by the IO monad, andvice versa, as Figure 2 shows. The comparison betweenthe monadic and continuation approach is further ex-plored in Section 6.4 Implementing monadic I/OSo far we have shown that an entire I/O system can beexpressed in terms of ccall, bindIO, and unitIO, and ofcourse the IO type itself. How are these combinators tobe implemented? One possibility is to build them in asprimitives, but it turns out to be both simpler and moree�cient to implement all except ccall in Haskell.The idea is that an action of type IO a is implemented asa function, which takes as its input a value representingthe entire current state of the world, and returns a pair,consisting of (a value representing) the new state of the5



Continuations to IOtype Result = IO ()cToIO :: Result -> IO ()cToIO r = rputCharC :: File -> Char -> Result -> ResultputCharC f c k = putCharIO f c `seqIO` kgetCharC :: File -> Char-> (Char -> Result) -> ResultgetCharC f k = getCharIO f `thenIO` kIO to continuationstype IO a = (a -> Result) -> ResultioToC :: IO () -> ResultioToC action = action (\ () -> nopC)unitIO v = \k -> k vbindIO op fop = \k -> op (\a -> fop a k)putCharIO f c = \k -> putCharC f c (k ())getCharIO f = \k -> getCharC f (\c -> k c)Figure 2: Converting between continuations and IOworld, and the result of type a:type IO a = World -> IORes adata IORes a = MkIORes a WorldThe type declaration introduces a type synomym for IO,and the auxiliary algebraic datatype IORes simply pairsthe result with the new world. Recall that the value ofthe entire program is of type IO (). The type World isabstract, with only one operation de�ned on it, namelyccall. Conceptually, the program is executed by apply-ing main to a value of type World representing currentstate of the world, extracting the resulting World valuefrom the MkIORes constructor, and applying any changesembodied therein to the real world.If implemented literally, such a system would be unwork-ably expensive. The key to making it cheap is to ensurethat the world state is used in a single-threaded way, sothat I/O operations can be applied immediately to the realworld. One way to ensure this would be to do a globalanalysis of the program. A much simpler way is to makeIO into an abstract data type which encapsulates the datatypes IO and IORes, and the combinators bindIO andunitIO. Here are suitable de�nitions for the latter:

unitIO a w = MkIORes a wbindIO m k w = case (m w) ofMkIORes a w' -> k a w'Notice that bindIO and unitIO carefully avoid duplicat-ing the world. Provided that the primitive ccall ac-tions are combined only with these combinators, we canguarantee that the ccalls will be linked in a single, lin-ear chain, connected by data dependencies in which eachccall consumes the world state produced by the previousone. In turn this means that the ccall operations canupdate the real world \in place".4.1 Implementing ccallSo much for the combinators. All that remains is theimplementation of ccall. The only complication here isthat we must arrange to evaluate the arguments to theccall before passing them to C.This is very similar to the argument evaluation requiredfor built-in functions such as addition, for which we haveearlier developed the idea of unboxed data types (Pey-ton Jones & Launchbury [1991]). These allow representa-tion and order-of-evaluation information to be exposed tocode-improving transformations. For example, considerthe expression x+x where x is of type Int. The improve-ment we want to express is that x need only be evaluatedonce.The key idea is to de�ne the type Int (which is usuallyprimitive) as a structured algebraic data type with a sin-gle constructor, MkInt, like this:data Int = MkInt Int#A value of type Int is represented by a pointer to a heap-allocated object, which may either be an unevaluated sus-pension, or a MkInt constructor containing the machinebit-pattern for the integer. This bit-pattern is of typeInt#.Now that Int is given structure, we can make explicitthe evaluation performed by +, by giving the followingde�nition, which expresses + in terms of the primitivemachine operation +#:a + b = case a ofMkInt a# ->case b ofMkInt b# ->MkInt (a# +# b#)Inlining this de�nition of + in the expression x+x, andperforming simple, routine simpli�cations, gives the fol-lowing, in which x is evaluated only once:6



case x ofMkInt x# -> MkInt (x# +# x#)(Unboxed types and ccall are not part of standardHaskell. They are mainly used internally in our compiler,though we do also make them available to programmersas a non-standard extension.)We apply exactly the same ideas to ccall. In particular,instead of implementing ccall directly, we unfold everyuse of ccall to make the argument evaluation explicitbefore using the truly primitive operation ccall#. Forexample, the uses of ccall in the de�nitions of putcIOand getcIO given above (Section 2.3), are unfolded thus:putcIO a = \w ->case a ofMkChar a# ->case (ccall# putchar a# w) ofMkIORes# n# w' -> MkIORes () w'getcIO = \w ->case (ccall# getchar w) ofMkIORes# n# w' ->MkIORes (MkChar n#) w'Like Int, the type Char is implemented as an algebraicdata type thus:data Char = MkChar Int#The outer case expression of putcIO, therefore, evalu-ates a and extracts the bit-pattern a#, which is passedto ccall#. The inner case expression evaluates the ex-pression (ccall# putchar a# w), which returns a pair,constructed by MkIORes#, consisting of the value n# re-turned by the C procedure putchar (which is ignored),and a new world w' (which is returned).In the case of getcIO, the (primitive, unboxed) value n#returned by getchar is not ignored as it is in putcIO;rather it is wrapped in a MkChar constructor, and re-turned as part of the result.The di�erences between ccall and ccall# are as follows.Firstly, ccall# takes only unboxed arguments, ready tocall C directly.Secondly, it returns a pair built with MkIORes#, contain-ing an unboxed integer result direct from the C call. TheIORes# type is very similar to IORes:data IORes# = MkIORes# Int# World(IORes and IORes# are distinct types, because while ourextended type system recognises unboxed types, it doesnot permit polymorphic type constructors, such as IORes,

to be instantiated at an unboxed type, such as Int#.)Thirdly, the ccall# primitive is recognised by the codegenerator and expanded to an actual call to C. Speci�-cally, the expression:case (ccall# proc a# b# c# w) ofMkIORes# n# w' -> ...generates the C statementn# = proc(a#,b#,c#);...This simple translation is all that the code generator isrequired to do. The rest is done by generic program trans-formations; that is, transformations which are not speci�cto I/O or even to unboxing (Peyton Jones & Launchbury[1991]).4.2 Where has the world gone?But what has become of the world values in the �nalC code? The world value manipulated by the programrepresents the current state of the real world, but since thereal world is updated \in place" the world value carries nouseful information. Hence we simply arrange that no codeis ever generated to move values of type World. This iseasy to do, as type information is preserved throughoutthe compiler. In particular, the world is never loadedinto a register, stored in a data structure, or passed to Cprocedure calls.Is it possible, then, to dispense with the world in the func-tional part of the implementation as well? For example,can we de�ne the IORes type and bindIO combinatorslike this?data IORes a = MkIORes abindIO m k w = case (m w) ofMkIORes a -> k a wNo, we cannot! To see this, suppose that bindIO was ap-plied to a function k which discarded its argument. Then,if bindIO was unfolded, and the expression (k r w) wassimpli�ed, there would be no remaining data dependencyto force the call of k to occur after that of m. A compilerwould be free to call them in either order, which destroysthe I/O sequencing.To reiterate, the world is there to form a linear chainof data dependencies between successive ccalls. It isquite safe to expose the representation of the IO typeto code-improving transformations, because the chain ofdata dependencies will prevent any transformations whichreorder the ccalls. Once the code generator is reached,7



though, the work of the world values is done, so it is safeto generate no code for them.4.3 echo revisitedThe implementation we have outlined is certainly simple,but is it e�cient? Perhaps surprisingly, the answer is anemphatic yes. The reason for this is that because thecombinators are written in Haskell, the compiler can un-fold them at all their call sites; that is, perform procedureinlining.Very little special-purpose code is required in the compilerto achieve this e�ect | essentially all that is required isthat the Haskell de�nitions of bindIO, unitIO, putcIOand so on, be unfolded by the compiler. In contrast, ifbindIO were primitive, then every call to bindIO will re-quire the construction of two heap-allocated closures forits two arguments. Even if bindIO itself took no time atall, this would be a heavy cost.To illustrate the e�ectiveness of the approach we haveoutlined, we return to the echo program of Section 2.1. Ifwe take the code there, unfold the calls of seqIO, doneIO,eof, putcIO and getcIO, and do some simpli�cation, weget the following:echo = \w ->case (ccall# getchar w) ofMkIORes# a# w1 ->case (a# ==# eof#) ofT# -> MkIORes () w1F# -> case (ccall# putchar a# w1) ofMkIORes# n# w2 -> echo w2When this is compiled using the simple code-generatordescribed, the following C is produced:echo() {int a;a = getchar();if (a == eof) {retVal = unitTuple;RETURN;} else {putchar(a);JUMP( echo );} }(JUMP and RETURN are artefacts of our use of C as a target\machine code" (Peyton Jones [1992]). They expand onlyto a machine instruction or two.) This is very close tothe C one would write by hand! We know of no otherimplementation of I/O with better e�ciency.

4.4 A continuation-passing implementationLike most abstract data types, there is more than one wayto implement IO. In particular, it is possible to implementthe IO abstract type using a continuation-passing style.The type IO a is represented by a function which takesa continuation expecting a value of type a, and returns avalue of the opaque type Result.type IO a = (a -> Result) -> ResultIt is easy to implement bindIO and unitIO:bindIO m k cont = m (\a -> k a cont)unitIO r cont = cont rWhat is there to choose between these this representationof the IO type and the one we described initially (Sec-tion 4)? The major tradeo� seems to be this: with thecontinuation-passing representation, every use of bindIO(even if unfolded) requires the construction of one heap-allocated continuation. In contrast, the implementationwe described earlier keeps the continuation implicitly onthe stack, which is slightly cheaper in our system.There is a cost to pay for the earlier representation,namely that a heavily left-skewed composition of bindIOscan cause the stack to grow rather large. In contrast,the continuation-passing implementationmay use a lot ofheap for such a composition, but its stack usage is con-stant.The main point is that the implementor is free to choosethe representation for IO based only on considerations ofe�ciency and resource usage; the choice makes no di�er-ence to the interface seen by the programmer.5 Extensions to the IO monad5.1 Delayed I/OSo far all I/O operations have been strictly sequencedalong a single \trunk". Sometimes, though, such strictsequencing is unwanted. For example, almost all lazyfunctional-language I/O systems provide a readFileprimitive, which returns the entire contents of a speci-�ed �le as a list of characters. It is often vital that thisprimitive should have lazy semantics; that is, the �le isopened, but only actually read when the resulting list isevaluated. The relative ordering of other I/O operationsand the reading of the �le is immaterial (provided the�le is not simultaneously written). This lazy read is usu-ally implemented by some ad hoc \magic" in the runtimesystem, but within the monadic framework it is easy togeneralise the idea.8



What is required is a new combinator for the IO monad,delayIO, which forks o� a new branch from the main\trunk":delayIO :: IO a -> IO aWhen performed, (delayIO action) immediately re-turns a suspension which when it is subsequently forcedwill perform the I/O speci�ed by action. The relativeinterleaving of the I/O operations on the \trunk" and the\branch" is therefore dependent on the evaluation orderof the program.The delayIO combinator is dangerous (albeit useful), be-cause the correctness of the program now requires thatarbitrary interleaving of I/O operations on the \trunk"and \branch" cannot a�ect the result. This conditioncannot be guaranteed by the compiler; it is a proof obli-gation for the programmer. In practice, we expect thatdelayIO will be used mainly by system programmers.With the aid of delayIO (and a few new primitives suchas fOpenIO), it is easy to write a lazy readFile:readFile :: [Char] -> IO [Char]readFile s = fOpenIO s `bindIO` \f ->delayIO (lazyRd f)lazyRd :: File -> IO [Char]lazyRd f= readChar f `bindIO` \a ->if (a == eof) thenfCloseIO f `seqIO`unitIO []elsedelayIO (lazyRd f) `bindIO` \as ->unitIO (a:as)The delayIO combinator provides essentially the powerof Gordon's suspend operator (Gordon [1989]).Implementation. A nice feature of the implementationtechnique outlined in Section 4 is that delayIO is veryeasy to de�ne:delayIO m = \w -> let res = case (m w) ofMkIORes r w' -> rinMkIORes res wIn contrast to bindIO, notice how delayIO duplicates theworld w, and then discards the �nal world w' of the de-layed branch; it is this which allows the unsynchronisedinterleaving of I/O operations on the \branch" with thoseon the \trunk".

5.2 Asynchronous I/OAn even more dangerous but still useful combinator isperformIO, whose type is as follows:performIO :: IO a -> aIt allows potentially side-e�ecting operations to take placewhich are not attached to the main \trunk" at all! Theproof obligation here is that any such side e�ects do nota�ect the behaviour of the rest of the program. An obvi-ous application is when one wishes to call a C procedurewhich really is a pure function; procedures from a numer-ical analysis library are one example.Implementation. The implementation is quite simple:performIO m = case (m newWorld) ofMkIORes r w' -> rHere, newWorld is a value of type World conjured up outof thin air, and discarded when the action m has beenperformed.5.3 Assignment and reference variablesEarlier, in Section 3.1, we discussed the apparently in-soluble ine�ciency of dToIO, the function which emu-lates Dialogues using the IO monad. We can solve thisproblem by providing an extra general-purpose mecha-nism, that of assignable reference types and operationsover them (Ireland [1989]):newVar :: a -> IO (Ref a)assignVar :: Ref a -> a -> IO ()deRefVar :: Ref a -> IO aThe call newVar x allocates a fresh variable containingthe value x; the call assignVar v x assigns value x tovariable v; and the call deRefVar v fetches the value invariable v. By making these side-e�ecting operations partof the IO monad, we make sure that their order of evalu-ation, and hence semantics, is readily explicable.With the aid of these primitives it is possible to writean e�cent emulation of Dialogues using IO (Figure 3).The idea is to mimic a system which directly implementsDialogues, which follows the processing of each requestwith a destructive update to add a new response to theend of the list of responses. Notice the uses of delayIO,which re
ects the fact that there is no guarantee thatdialogue will not evaluate a response before it has emit-ted a request. If this occurs, the un-assigned variable isevaluated, which elicits a suitable error message.References in languages such as ML require a weakenedform of polymorphism in order to maintain type safety9



dToIO :: Dialogue -> IO ()dToIO dialogue= newVar (error "Synch") `bindIO` \rsV ->delayIO (deRefVar rsV) `bindIO` \rs ->run (dialogue rs) rsVrun :: [Request] -> Ref [Response] -> IO ()run [] v = doneIOrun (req:reqs) v= doReq req `bindIO` \r ->newVar (error "Synch") `bindIO` \rsV ->delayIO (deRefVar rsV) `bindIO` \rs ->assignVar v (r:rs) `seqIO`run reqs rsVFigure 3: E�cient conversion from Dialogue to IO(Tofte [1990]). For instance, in ML a fresh reference toan empty list has type '_a list ref, where the typevariable '_a is weak, and so may be instantiated onlyonce. In contrast, here a fresh reference to an empty listhas type IO (Ref a), and the type variable a is normal.But no lack of safety arises, because an expression of thistype allocates a new reference each time it is evaluated.The only way to change a value of type IO (Ref a) to oneof type Ref a is via bindIO, but now the variable of typeRef a is not let-bound, and so can only be instantiatedonce anyway. Hence the extra complication of weak typevariables, required in languages with side e�ects, seemsunnecessary here. (We're indebted to Martin Odersky forthis observation.)6 ArraysThe approach we take to I/O smoothly extends to ar-rays with in-place update. Hudak has recently proposeda similar method based on continuations. For I/O, themonad and continuation approaches are interde�nable.For arrays, it turns out that monads can implement con-tinuations, but not the converse.Let Arr be the type of arrays taking indexes of type Indand yielding values of type Val. There are three opera-tions on this type.new :: Val -> Arrlookup :: Ind -> Arr -> Valupdate :: Ind -> Val -> Arr -> ArrThe call new v returns an array with all entries set to v ;the call lookup i x returns the value at index i in ar-ray x; and the call update i v x returns an array whereindex i has value v and the remainder is identical to x.

The behaviour of these operations is speci�ed by the usuallaws.lookup i (new v) = vlookup i (update i v x) = vlookup i (update j v x) = lookup i xwhere i 6= j in the last equation. In practice, these oper-ations would be more complex; one needs a way to specifythe array bounds, for instance. But the above su�ces toexplicate the main points.The e�cient way to implement the update operation isto overwrite the speci�ed entry of the array, but in a purefunctional language this is only safe if there are no otherpointers to the array extant when the update operationis performed. An array satisfying this property is calledsingle threaded, following Schmidt (Schmidt [1985]).As an example, consider the following problem. An oc-currence is either a de�nition pairing an index with avalue, or a use of an index.data Occ = Def Ind Val | Use IndFor illustration take Ind = Int and Val = Char. Givena list os of occurrences, the call uses os returns for eachuse the most recently de�ned value (or '-' if there is noprevious de�nition). Ifos = [Def 1 'a', Def 2 'b', Use 1,Def 1 'c', Use 2, Use 1]thenuses os = ['a', 'b', 'c'].Here is the code.uses :: [Occ] -> [Val]uses os = loop os (new '-')loop :: [Occ] -> Arr -> [Val]loop [] x = []loop (Def i v : os) x = loop os (update i v x)loop (Use i : os) x = lookup i x : loop os xThe update in this program can be performed by over-writing, but some care is required with the order of eval-uation. In the last line, the lookup must occur before therecursive call which may update the array. Some work hasbeen done on analysing when update can be performed in-place, but it is rather tricky (Bloss [1989]; Hudak [1986]).10



6.1 Monadic arraysWe believe that single threading is too important to leaveto the vagaries of an analyser. Instead, we use monads toguarantee single threading, in much the same way as wasdone with I/O. Analogous to the type IO a (the monad ofI/O actions), we provide an abstract type A a (the monadof array transformers).newA :: Val -> A a -> alookupA :: Ind -> A ValupdateA :: Ind -> Val -> A ()unitA :: a -> A abindA :: A a -> (a -> A b) -> A bFor purposes of speci�cation, we can de�ne these in termsof the proceeding operations as follows.type A a = Arr -> (a, Arr)newA v m = fst (m (new v))lookupA i = \x -> (lookup i x, x)updateA i v = \x -> ((), update i v x)unitA a = \x -> (a,x)m `bindA` k = \x -> let (a,y) = m x in k a yA little thought shows that these operations are indeedsingle threaded. The only operation that could duplicatethe array is lookupA, but this may be implemented asfollows: �rst fetch the entry at the given index in thearray, and then return the pair consisting of this valueand the pointer to the array. To enforce the necessarysequencing, we augment the above speci�cation with therequirement that lookupA and updateA are strict in theindex and array arguments (but need not be strict in thevalue).The above is given for purposes of speci�cation only { theactual implementation is along the lines of Section 4.For convenience, de�ne seqA in terms of bindA in theusual way.m `seqA` n = m `bindA` \a -> nHere is the `de�nition-use' problem, recoded in monadicstyle.uses :: [Occ] -> [Val]uses os = newA '-' (loopA os)loopA :: [Occ] -> A [Val]loopA [] = unitA []loopA (Def i v : os) = updateA i v `seqA`loopA osloopA (Use i : os) = lookupA i `bindA` \v ->loopA os `bindA` \vs ->

unitA (v:vs)This is somewhat lengthier than the previous example,but it is guaranteed safe to implement update by over-writing.6.2 Continuation arraysAn alternative method of guaranteeing single threadingfor arrays has been proposed by Hudak [1992]. Like theprevious work of Swarup, Reddy & Ireland [1991], it isbased on continuations, but unlike that work it requiresno change to the type system.As with the array monad, one de�nes an abstract typesupporting various operations. The type is C z, and theoperations are as follows.newC :: Val -> C z -> zlookupC :: Ind -> (Val -> C z) -> C zupdateC :: Ind -> Val -> C z -> C zunitC :: z -> C zHere a continuation, of type C z, represents the remainingseries of actions to be performed on the array, eventuallyreturning (via unitC) a value of type z.For purposes of speci�cation, we can de�ne these in termsof the array operations as follows.type C z = Arr -> znewC v c = c (new v)lookupC i d = \x -> d (lookup i x) xupdateC i v c = \x -> c (update i v x)unitC z = \x -> zAgain, these operations are single threaded if lookupCand updateC are strict in the index and array arguments.For convenience, de�nem $ c = m cThis lets us omit some parentheses, since m (\x -> n)becomes m $ \x -> n.Here is the `de�nition-use' problem, recoded in continua-tion style.uses :: [Occ] -> [Val]uses os = newC '-' (loopC os unitC)loopC :: [Occ] -> ([Val] -> C z) -> C zloopC [] c = c []loopC (Def i v : os) c = updateC i v $loopC os c11



loopC (Use i : os) c = lookupC i $ \v ->loopC os $ \vs ->c (v:vs)This is remarkably similar to the monadic style, where$ takes the place of bindA and seqA, and the currentcontinuation c takes the place of unitA. (If c plays therole of unitA, why do we need unitC? Because it acts asthe `top level' continuation.)However, there are two things to note about the contin-uation style. First, the types are rather more complex{ compare the types of loopA and loopC. Second, themonadic style abstracts away from the notion of contin-uation { so there are no occurrences of c cluttering thede�ntion of loopA.6.3 Monads vs. continuationsWe can formally compare the power of the two approachesby attempting to implement each in terms of the other.Despite their similarities, the two approaches are notequivalent. Monads are powerful enough to implementcontinuations, but not (quite) vice versa.To implement continuations in terms of monads is sim-plicity itself.type C z = A znewC v c = newA v clookupC i d = lookupA i `bindA` dupdateC i v c = updateA i v `seqA` cunitC = unitAIt is an easy exercise in equational reasoning to to provethat this implementation is correct in terms of the speci-�cations in Sections 6.1 and 6.2.The reverse implementation is not possible. The troubleis the annoying extra type variable, z, appearing in thetypes of lookupC and updateC. This forces the introduc-tion of a spurious type variable into any attempt to de�nemonads in terms of continuations. Instead of a type A a,the best one can do is to de�ne a type B a z. Here arethe types of the new operations.newB :: Val -> B a a -> alookupB :: Ind -> B Val zupdateB :: Ind -> Val -> B () zunitB :: a -> B a zbindB :: B a z -> (a -> B b z) -> B b zAnd here are the implementations in terms of continua-tions.

type B a z = (a -> C z) -> C znewB v m = newC v (m unitC)lookupB i = \d -> lookupC i dupdateB i v = \d -> updateC i v (d ())unitB a = \d -> d am `bindB` k = \d -> m (\a -> k a d)Again, it is easy to prove this implementation satis�es thegiven speci�cations.So monads are more powerful than continuations, butonly because of the types! It is not clear whether thisis simply an artifact of the Hindley-Milner type system,or whether the types are revealing a di�erence of funda-mental importance. (Our own intuition is the latter { butit's only an intuition.)6.4 ConclusionThe I/O approach outlined earlier manipulates a globalstate, namely the entire state of the machine accessiblevia a C program. What has been shown in this sectionis that this approach extends smoothly to manipulatinglocal state, such as a single array. Further, although themonad and continuation approaches are interconvertiblefor I/O, they are not for arrays: monads are powerfulenough to de�ne continuations, but not the reverse.For actual use with Haskell, we require a slightly more so-phisticated set of operations. The type A must take extraparameters corresponding to the index and value types,the operation newA should take the array bounds, and soon. By using a variant of newA that creates an unini-tialised array, and returns the array after all updates are�nished, it is possible to implement Haskell primitivesfor creating arrays in terms of the simpler monad opera-tions. Thus the same strategy that works for implement-ing I/O should work for implementing arrays: use a smallset of primitives based on monads, and depend on pro-gram transformation to make this adequately e�cient.One question that remains is how well this approach ex-tends to situations where one wishes to manipulate morethan one state at a time, as when combining I/O witharray operations, or operating on two arrays. In this re-spect e�ect systems or linear types may be superior; seebelow.7 Related work7.1 E�ect systemsGi�ord and Lucassen introduced `e�ect systems' whichuse types to record the side-e�ects performed by a pro-12



gram, and to determine which components of a programcan run in parallel without interference (Gi�ord & Lu-cassen [1986]). The original notion of e�ect was fairlycrude, there being only four possible e�ects: pure (no ef-fect), allocate (may allocate storage), function (may readstorage), procedure (may write storage). New systems aremore re�ned, allowing e�ects to be expressed separatelyfor di�erent regions of store (Jouvelot & Gi�ord [1991]).A theoretical precursor of the e�ects work is that ofReynolds, which also used types to record where e�ectscould occur and where parallelism was allowed (Reynolds[1981]; Reynolds [1989]).Our work is similar to the above in its commitment touse types to indicate e�ects. But e�ect systems are de-signed for impure, strict functional languaes, where theorder of sequencing is implicit. Our work is designed forpure, lazy functional languages, and the purpose of the`bind' operation is to make sequencing explicit where itis required.With e�ect systems, one may use the usual laws ofequational reasoning on any program segment withouta `write' side e�ect. Our work di�ers in that the lawsof equational reasoning apply even where side e�ects areallowed. This is essential, because the optimisation phaseof our compiler is based on equational reasoning.On the other hand, e�ect systems make it very easyto combine programs with di�erent e�ects. In our ap-proach, each di�erent e�ect would correspond to a di�er-ent monad type (one for IO, one for each array manip-ulated, and so on), and it is not so clear how one goesabout combining e�ects.7.2 Linear typesThe implementation of the IO monad given in Section 4is safe because (and only because) the code that manipu-lates the world never duplicates or destroys it. We guar-antee safety by making the IO type abstract, so that userhas no direct access to the world.An alternative is to allow the user access to the world,but introduce a type system that guarantees that theworld can never be duplicated or destroyed. A number oftype systems have been proposed along such lines. Somehave been based on Girard's linear logic (Girard [1987]),and this remains an area of active exploration (Abram-sky [1990]; Guzman & Hudak [1990]; Wadler [1990]). An-other is the type system proposed by the Nijmegen Cleangroup, which is more ad-hoc but has been tested in prac-tical applications similar to our own (Achten, Groningen& Plasmeijer [1992]).

For example, here is the echo program again, written inthe style suggested by the Clean I/O system:echo :: File -> File -> World -> Worldecho fi fo w = if a == eofthen w1else echo (putChar fo a w1)where(w1,a) = getChar fi wCompared to the monad approach, this su�ers from anumber of drawbacks: programs become more cluttered;the linear type system has to be explained to the pro-grammer and implemented in the compiler; and code-improving transformations need to be re-examined to en-sure they preserve linearity. The latter problem may beimportant; Wakeling found that some standard transfor-mations could not be performed in the presence of linear-ity (Wakeling [1990]).The big advantage of a linear type system is that it en-ables us to write programs which manipulate more thanone piece of updatable state at a time. The monadic andcontinuation-passing presentations of arrays given abovepass the array around implicitly, and hence can only eas-ily handle one at a time. This is an important area forfuture work.On the practical side, the Clean work is impressive. Theyhave written a library of high-level routines to call theMacintosh window system, and demonstrated that it ispossible to build pure functional programs with sophisti-cated user interfaces. The same approach should work formonads, and another area for future work is to con�rmthat this is the case.8 Conclusions and further workWe have been pleasantly surprised by both the expres-siveness and the e�ciency of the approach we have de-scribed. For example, we have found that while it is pos-sible to write composable I/O programs in other styles,it is almost impossible not to do so in using the monadicapproach.Plenty remains to be done. We are working on our im-plementation of arrays; this in turn feeds into the abilityto pass structured values in ccalls; we have not yet im-plemented assignable reference types.More importantly, the model we have desribed concernsonly the I/O infrastructure. Much more work needs to bedone to design libraries of functions, built on top of thisinfrastructure, which present a higher-level interface tothe programmer (Achten, Groningen & Plasmeijer [1992];13
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