251Part 4Implementationonsequential architectures

Chapter 8CleanChapter 9Translation into CleanChapter 10The abstract ABC machineChapter 11Translating Clean into ABC codeChapter 12Realizing the ABC machine

252IMPLEMENTATIONS ON SEQUENTIAL ARCHITECTURESAn efficient implementation of a functional language can be obtained inmany ways. We shall not give a general overview of the several avail-able methods (e.g. Landin, 1964; Turner, 1979a; Augustsson, 1984;Peyton Jones, 1987). Instead, we shall describe one implementationmethod in detail (Smetsers et al., 1991). We think it is highly illustra-tive to study one particular implementation starting from the level of aparticular full-featured programming language, leading through inter-mediate levels (see Figure P4.1) and finally ending with concrete ma-chine code. Furthermore, the described implementation method is state-of-the-art and has many aspects in common with other methods.So an implementation is described for a particular functional lan-guage (Miranda) based on the model that we consider to be the mostsuited for this purpose: FGRSs. First, the language is translated into anintermediate language (Clean) based on FGRSs. Since the level ofClean is still rather high compared with the level of a concrete machine,a Clean program is translated into code for an abstract stack-based ma-chine (the ABC machine). The abstract machine forms an additionalmore concrete intermediate level enabling a relatively easy productionof interpreters and code generators for various target machines.a

Owing to the intermediate levels, some of the information presentin the original program might get lost, so some loss of efficiency mightbe introduced. This conceptual loss is generally well compensated sinceFive chapters treat the two intermediate levels and the three corre-sponding translations. These transformations are also used in the Con-

Clean is an experimental lazy higher order functional programming language based on functional graph rewriting systems (FGRSs) (seeChapter 5). So Clean is a functional language in which computationsare expressed in terms of graph rewriting. Clean is originally designedas an intermediate language to be used in the compilation path from(eager as well as lazy) functional languages to concrete machine archi

In contrast with most other functional programming languagesClean supports only the most basic aspects of functional programming(see Chapter 1). Syntactical sugar (such as infix notation or sions) is mainly excluded. Clean basically just realizes FGRSs syntactically extended with macros and . However, many additional se-mantic features have been added enabling an efficient and usable im-plementation, e.g. a type system, annotations to control evaluation order, a modular structure and type attributes enabling destructive updates of objects, as well as a library that enables a high-level specifica

Type informa is important for programmers since it will helpthem to design programs which are correct and understandable. But,type information is also important because it can be used to generatecient code. Furthermore, the type information can be used to createa modular environment. The type system of Clean is based on the typesignment system for TRSs as explained in Section 6.3. It includesphic types, abstract types, algebraic types and synonym types,as well as basic types (see Section 8.2). Lists, tuples and function typeWith annotations the evaluation order of a Clean program can befluenced by the programmer: the evaluation can be made (partially)eager instead of lazy. In this way a better space and time behaviour offunctional programs can be obtained in a machine-independent man(see Section 8.3). For efficient solutions of some problems the ability toshare computations and to control the evaluation order is essential. Inthe extended language, Concurrent Clean (see Chapter 15), evenClean�s structure (see Section 8.4) consists of separatetation modules and definition modules, including a facility toimport definitions from other modules implicitly and explicitly. There aredefined modules (libraries) for basic operations (d-rules) on obThe interaction with the outside world has always been hard to incorporate in the functional framework. The Clean type system is ex-tended with the unique type attribute that can be assigned to an objectof any type (see Section 8.5). An object with the unique type attributethat is passed as an argument to a function can, under certain conditions, be reused. Referential transparency is still guaranteed while destructive updates of arrays, files and the like are made possible, resultOwing to these unique types one can specify with the Clean I/Olibrary I/O devices (dialogs, menus, windows and the like) on a veryhigh level of abstraction (see Section 8.6). As much as possible of thelow-level I/O handling is done automatically by the library system. Predefined algebraic data types can be used to specify which devicesshould be activated and how these devices should be initialized. A programmer just specifies which (higher order) function is called when acertain part of an active device is triggered (e.g. a particular menu itemUsing Clean as intermediate language has made it possible tocentrate on the implementation of the basic aspects only, instead ofgetting lost in the details of a specific full-featured functional language.Since Clean is an experimental language, it has been equipped withsome special features that are not found (yet) in other functional lan-guages. Major and minor changes and extensions can be expected infuture versions of the language.

(Brus et al., 1987; N�cker et al., 1991b; Van Eekelen et al., 1992)was designed at the University of Nijmegen and it stands for: . Clean is based on functional graph rewriting systems (see ChapClean uses the shorthand notation of graph rewrite rules. Apart fromsome additions for typing and for programming convenience (see Ap-pendix B for a full syntax description of the language) the only synThe keyword RULE indicates that a sequence of graph rewrite rulenitions follows (so that they can be distinguished from otherGuards are added for choosing between rule alternatives (see Sec-Currying is allowed. A curried application is transformed at com-pile-time to an application of an internal �apply rule� (see SectionClean�s basic semantics are treated in Chapter 5 (semantics of FGRSs).When at run-time an empty node is created, in Clean an error mes-

Lean (Barendregt et al., 1988) stands for the Language of East Anglia and gen, jointly designed at both universities. Lean has been used to experiment with

In Clean, the functional strategy can be influenced by using anno-tations that make the evaluation partially eager instead of lazy (seeInput/output is treated in a special way. In order to communicatewith the outside world, the Start rule optionally can have a parame-ter of type UNQWORLD, representing the environment in which theFor practical reasons it is convenient that rules for performing arith-metic on objects of basic types (integers, reals etc.) are predefined. Thenthey can be implemented efficiently with the concrete representaAs in FGRSs prefix notation is used. Rules starting with � are type rules (seeBelow, a list is given of several predefined functions (for a full list ofIn Clean, guards can be added to rewrite rules. A guard is a Boolean ex-pression that can be seen as an extension of the pattern matching mechnism: a rule alternative is only chosen when its pattern matches a sub-graph and its guard evaluates to . Pattern matching always takes place before the guard is evaluated. A guard is separated from the rightthe infix operators (conditional OR) and && (conditional AND) can beused. The arguments of the operators are evaluated from left to right,and parentheses can be used to specify the priorities. Arguments of operators are not evaluated when their value is of no influence on thevalue of the result. For instance, when the first operand of evaluates to, the second operand will not be evaluated: the result will be TRUERule alternatives that have the same left-hand side (but differentguards) can be grouped together separated by arrow symbols (�->�).When the last guarded expression has a guard that always evaluates toTo provide some programming convenience, denotations for lists andLists are denoted as follows: Nil is denoted as [ ], Cons h t as [h | t] and thelist with elements 1, , 3 and 4 is denoted as [1, 2, 3, 4]. Furthermore, � , en | r] denotes a list r prefixed with elements e1 � en. If is a type,Tuples and tuple type constructors are denoted as in Miranda. If 1, � ,

In order to simplify the use of tuples a special syntactical construct isadded that automatically generates projection functions. One can speca definition of a number of node-ids simultaneously by placing a tupleof node-ids before a colon symbol in a node definition. The basic ideaThe meaning of such a construct is that all these node-ids are bound atrun-time to parts of the graph on the right-hand side of the colon sym-bol. This only makes sense if this graph denotes a function that delivers

Besides the benefit of notational elegance, the list and tuple constructshave the advantage that they indicate special predefined cases that canbe implemented more efficiently than the fully user-defined data struc-tures. In the case of the tuples it might even lead to fewer reductionssince it is not necessary any more to apply a selector function explicitlyClean conceptually uses the functional notation (see Section 4.1.4). Asexplained in Sections 4.8 and 6.3.2, curried applications of functionscan be realized by introducing additional rewrite rules that transformcurried applications into uncurried ones. This method has a disadvantage. Many of these additional �AP-rule� alternatives are needed: onealternative for each function that is used in a curried manner. It is muchThis automatic conversion has been realized in Clean in the foling way: a generic internal rule is predefined (internal here meansthat this _AP rule cannot be used by the programmer explicitly) withwhich curried applications of any symbol are transformed into uncur-The internal rewriting code for _AP provides that when a symbol is sup-plied with a sufficient number of arguments it will be rewritten according to the rule that corresponds to the curried symbol. This allows thegrammer to use symbols with an arbitrary arity or to apply node-idsto arguments. If is defined with arity n, say F a1 a2 ... an -> a, then_AP˚(˚... (_AP (_AP F a1) a2) � ) an duces to F a1 a2 � an. If there are too few arguments the expression is in root normal form (_AP is a partialtion). Since the conversion of curried applications into unones will be done automatically there is no need at all for the program-This facility implies the need for a special predefined type con-structor, the curried function type, denoted by . This predefined typecan be compared with the function type constructor as predefined in Mi-randa, used in prefix notation. So the type => a b stands for a curriedfunction (of arity one) that, when applied to an argument of type a, willproduce a result of type b (pronounce => a b as: curried function from to b). Consequently, the type axioms of the Clean type system includeThe first argument of _AP (i.e. the function that has to be applied) al-ways has to be evaluated in order to compute the result. So _AP is strictWith this syntactic sugar the Hamming example of Chapter 5 can be specifiedin Clean in the following way (with the IMPORT statement, general -rules forIn Clean one can define macros: macros are special rewrite rules thatare rewritten (expanded) at compile-time. Macros can be used to assigna meanful name to a constant or to an expression (graph). They canreduce the number of function calls at run-time. Furthermore, macrosA MACRO block consists of a number of macro definitions of theform Left-hand-side-graph -> Right-hand-side-graph;. At compile-time the right-hand side of the macro definition will be substituted for every oc-rence of the left-hand side. Macros may have parameters, but it is notallowed to specify a pattern on the left-hand side of a macro definiConsequently, a macro rule always consists of a single alternative. It isclear that, at compile-time, the rewriting of the macros should alminate. This is guaranteed by prohibiting macros that are mutuallyClean is a typed language conforming to the type system introduced inSection 6.3. So, in many cases, types in Clean are similar to but not exactly the same as those in Miranda. Note that in Clean each symbol isdefined with a fixed arity. In Miranda functions are always curried andhave at most one argument. As already explained in Section 8.1.4, thetion type => (in prefix notation) is used for curried functions. Another difference is that identifiers are used for type variables instead of*s. Two major differences concern abstract types (in Clean abstracttypes are connected to the module structure; see Section 8.2.2) and typ-As in Miranda, types do not have to be specified explicitly by theprogrammer. For programmers in a hurry, types can be inferred by theClean compiler if type information is left out. However, the program-As a special facility of the Clean system, type checking can beswitched off. In that case specified types are not checked but be correct. When the type of a function is not specified at all, the mostgeneral type is assumed. This facility of Clean can be used to experi-ment with GRS rules that are not typeable in the usual system. It is alsouseful when Clean is used as intermediate language for an unfunctional language, such as SASL (Turner, 1979b). Of course, its use isThe objects that are manipulated in Clean are graphs. With a type defi-tion one specifies certain restrictions imposed on the graphs on which rewrite rules are defined. Syntactically, graph rewrite rules are used todefine types. Semantically there is of course a great difference betweentype rules and rewrite rules. In fact, in Clean types specify restrictionson the underlying term structure, rather than on the specific graph struc-ture. Therefore, all graphs in type definitions have to be irected Types are defined in a block, just like rewrite rules are de-fined in a RULE block. Blocks may be specified in any order. Each typerule must be preceded by a �::�. The function symbol of the type rule iscalled the type symbol. Each time the same type variable is used in aAs in Chapter 2 there are three kinds of type definition that introducenew types: type definitions, synonym type definitions and Algebraic types are specified by means of a type rule where each alter-native has a right-hand side with a root symbol: the conAll the arguments of the constructor are type instances. A type ther a type variable or a dag with a type symbol, as root of which allthe arguments are type instances. The alternatives of an algebraic typedefinition can be separated either by an arrow symbol (�->�) or by a ver-Compare the following (polymorphic) algebraic type definitions with the corSynonym types permit the user to introduce a new name for an already

In Clean, abstract type definitions are only allowed in definition modules (see Section 8.4). Abstraction and hiding are considered to be twosides of a coin. So the module structure is used to hide the concretesignature of the abstract type to the outside world. An abstract type isactually a synonym type or an algebraic type of which the concrete def-inition is hidden in the corresponding implementation module. In thedefinition module only the left-hand side of the type definition is shownas well as the type of the functions defined on the abstract data structure(the abstract signature). To distinguish an abstract type definition froman ordinary type definition a special kind of type block is provided: an

The type of a rewrite rule is either explicitly specified or it is inferred bythe system. When it is explicitly specified the type specification mustprecede the corresponding rewrite rule. The type rule consists of oneUsing free type variables on the right-hand side of a type definition for aSome type errors cannot be detected at compile-time. A partial functioncan be called with an actual argument of the correct type (domain) forwhich no image exists, due to a failing pattern match. An error is gener-At run-time the application of in the start rule will not match. So will notHowever, a failing match does not always have to be wrong. A matchmay fail as long as no type conflicts are caused by this failure and saferewrite rules are being used (see also Section 6.3.2). In FGRSs there isno special situation when a function application does not match any ofthe rewrite rules of the function: the result is a root head normal form.In Clean this is also the case as long as no type conflicts occur and functions are safely typed (see Section 6.3.2). So in Clean functions canappear on a �constructor position�. In Miranda a non-matching functionwill always result in a run-time error: Miranda is a function constructorThe graph Succ (Succ Zero) in the start rule will not match any rule. But, theresulting graph is still correctly typed and has type Num. In Clean Succ andPred have to be defined twice, once as function and once as constructor. Notice that the definitions of the functions Succ and Pred are safe according toBy default Clean rules are reduced using the functional strategy. Thisstrategy may be locally influenced by the use of s added tothe Clean program. Annotations can be considered as parameters of thestrategy function. They are very important if one wants to optimize theIn this section the strict annotations are discussed that can beadded in Clean to the rewrite rules and to type rules with the effect thattimes partially eager evaluation is used instead of lazy evalStrict annotations are important because, in general, functions with an-guments can be implemented very efficiently (see Chapters 10and 11). The largest gain in efficiency is obtained when arguments ofthe basic types are being annotated. Strict annotations are also conve-nient when Clean is used as an intermediate language for eager lan-

Annotations let the reduction strategy deviate from the default functional evaluation order, making the evaluation order partially eager instead of lazy. Annotations can be placed in definitions of new types andin type specifications of rewrite rules (global annotations) as well as inthe right-hand sides of the rewrite rules themselves (local annotations).If a strict annotation is specified, the evaluation of the indicated sub-graph is forced. This forced evaluation will also follow the functionalstrategy, yielding a root normal form. After the forced evaluation hasdelivered the root normal form, the reduction process continues with theStrict annotations can only be added safely when it is known thatA strict annotation might change the termination behaviour of a program: before the rewrite rule for F is applied, the reduction of the argument of isforced due to the specified strict annotation. As a consequence, the normalStrict annotations are in general used to force the evaluation of argu-ments of a function in the case that the function is known to be inthese arguments (see Chapter 7). A strict argument can safely be evalIdeally, a programmer should not be bothered at all with annota-tions to gain efficiency. As shown in Chapter 7, a good strictness anal-yser (such as incorporated in the Clean system) can detect many caseswhere strict annotations can be put safely. Therefore, user-defined strictannotations are generally only used when an ultimate gain in efficiencyThe strict annotations in a type specification are called global they change the reduction order for all applications of a particular func-tion. Annotations in a type specification of a function are allowed to beplaced before the type specification of an argument on the left-hand side

Note that the strict annotation will force the evaluation of the first argumentIn reasoning about programs with global strict annotations it willalways be true that the annotated argument is in root normal form whenthe corresponding rule is applied. In the pattern matching phase thisAnother example of a global strict annotation: the Nfib function calculates thenumber of times it is called. is frequently used to determine the number ofStrict annotations can also be placed in type rules to indicate that thecorresponding parts of an argument or a result will always be evaluatedStrict annotations may be used in the same manner in a type syn-onym definition. The meaning of these annotated synonym types can beexplained with the aid of a simple program transformation with whichall occurrences of these synonym types are replaced by their right-handExample of (partially) strict tuple types in a type synonym definition. The def

Allowing tuples to be strict makes it possible to define functions that de-liver multiple results eagerly (i.e. all results already evaluated). This isin contrast with the general lazy case where the evaluation of the argu-ments of a tuple is not forced since the tuple constructor that �glues� theresults together induces a lazy context for these arguments. With a strictannotation it is possible to overrule this laziness. The use of (partially)strict data types can lead to very efficient code (N�cker and Smetsers,Strict annotations in rewrite rules are called . They change only theorder of evaluation for a specific function application. Local strict annotations can be placed anywhere on the right-hand side of a rewrite rule,both on arguments as well as on nodes. If a local strict annotation is puton a node, this is equivalent to putting the annotation on each referenceto that node. When a rewrite rule is applied, all strict annotated nodes ofthe right-hand side of the applied rewrite rule are evaluated before theExample of strict annotations on the right-hand side. For this particular occurrence of Cond (as defined in a previous example) it is indicated that a comEach node on the right-hand side is considered to be either strict(appearing in a strict context: it has to be evaluated to root normalform) or lazy (appearing in a lazy context: not yet to be evaluated toroot normal form). The following rules specify whether or not a particu-Before reducing the root node of the right-hand side all strict nodes

A strictness analyser is incorporated in the Clean system. This analyseris based on abstract (see Chapter 7). The analyser can oftendetermine strictness and is quite fast. When a function is found to bestrict in a certain argument, a global strict annotation is generated auto-matically. Certain strictness information is very difficult to detect. Finding information for tuple types is almost impossible since it would reThe only information that can be derived for the function +C is that it is strictin its arguments (because of the pattern matching). The result of the functionis a tuple that is in root normal form. One generally cannot conclude that theThe following example illustrates the gain in efficiency that is achievedwhen strict annotations are added to a Clean program. Consider the fol-Performing this computation on a MacIIx with a 4Mb heap takes 16.3 s

The same computation (StrAcker 3 7), but now with local strict annotions added (as shown in the definition of StrAcker) will only cost 9.6 s +0.1 s for garbage collection. The gain in efficiency is obtained becausefewer nodes have to be made. In general, it is hard to predict how muchA significant gain in efficiency can be obtained when strict annoare placed in global positions (see the (type) definition of Acker above).The same computation (Acker 3 7) will now only take 1.9 s + 0.0 sgarbage collection. The gain is one order of magnitude compared withthe previous definitions. It is now known that for all applications of thetion the evaluation of the argument is needed, in parular for therecursive call itself. As will be explained in Chapter 11, no nodes aremade at all (hence no garbage collection is needed) because both argu-ment and result are of type INT. The calculation is performed on a stackand registers are used where possible. The speed is comparable with arecursive call in highly optimized C or with the speed obtainable whenthe function is programmed directly in assembler. The example alreadyreveals the cost of lazy evaluation and pure graph reduction comwith eager evaluation using stacks and registers. Fortunately, with thehelp of strictness analysis, much strictness information can be foundautomatically (for instance in the case of the Ackermann function deFor a practical useful language separate compilation is a must. A modu-lar structure enables this with the facility to hide actual implementationsof types and functions. This can also be used to specify abstract datatypes (see also Section 8.2). The Clean modular structure very much re-sembles the Modula2 approach (Wirth, 1982) with one major excepClean�s implicit imports, which simplify the definition of modules thatA Clean program consists of nition modules and imtion modules. In general, each definition module has a corrementation module. An implementation module and its corresponding definition module bear the same module name. Each module isstored in a separate file with the same name as the module, with an ap-

An implementation module consists of a sequence of type and rule def-tions. The types and rules defined in such an implementation modulehave in principle only a local scope: they have meaning only in the im-An executable Clean program should have an implementation moduleIn a definition module one can specify which types and rules (defined inthe corresponding implementation module) are exported, i.e. are madevisible to the outside world. To export a type or a function from an implementation module one has to repeat its type definition in the corsponding definition module. All other definitions in the implementationAn abstract type can be realized by exporting the name of an algebraicor synonym type, but not its concrete realization (see also Sec8.2.2). A definition module does not need to have a corresponding implementation module. This can be useful for defining types on a globallevel. Such a definition module can also serve as a �pass-through�System modules are special definition modules indicated by the key-word SYSTEM instead of DEFINITION. This indicates that the correspond-ing implementation module does not contain ordinary Clean rules, butabstract ABC machine code instead (the ABC machine is explained inChapter 10). This facility makes it possible to program directly in ABCcode. This can be used to increase execution speed of heavily usedfunctions or complex data structures. On demand, the Clean compilerwill substitute the ABC code of a function in-line at the place in whichthe corresponding function is called. In this way execution speed can beincreased even more. An advantage of system modules is that a certainincrease of efficiency can be obtained in a device-independent manner,since ABC code is device independent. It goes without saying that forABC programming advanced knowledge is needed of the code generation schemes and the run-time behaviour of the ABC machine. Impru-dent programming of system modules will generally lead to unpredictable errors. Typically, predefined -rules are implemented as systemVia an import statement an exported definition can be used in anotherplementation or definition module. Imported types and rules can begarded as being predefined. There are two kinds of import statement:Explicit imports are import statements in which every type or rule thathas to be imported from a particular module is explicitly mentioned. Inthis way only these explicitly indicated types and rules are declaredExample of the use of explicit statements: the sieve of Eratosthenes,

Implicit imports are import statements in which only the imported module name is mentioned. In this case symbols that are declared (i.e.defined or imported) in the imported module are imported (and hencealso declared in the module that contains the import statement). So notonly are all symbols exported by the indicated module imported, butalso all symbols which in their turn are imported in that definitionmodule. In this aspect the Clean modular structure differs from theModula2 approach. So with one simple statement all relatedrations are imported implicitly. Consequently, definition modulesAll delta-rules can be imported easily by importing the module delta via theplicit import statement: IMPORT delta;. This is due to the fact that predefined definition modules for arithmetic are in their turn implicitly importedSection 2.6 describes the Miranda method of writing interactive pro-grams. However, this approach has many disadvantages. To inwith the operating system the initial expression has to yield special con-structors which have to be interpreted by the run-time system. To ensuretial transparency, certain restrictions are imposed on the kind ofI/O that is permitted (e.g. a file cannot be rewritten). Furthermore, thesolution is rather inefficient and the structure of highly interactive programs can become rather ugly. Generally, there is a direct relation between input and output which is not always clearly visible in the Mi-randa approach: input is converted into a list to read from, output has tobe produced by an eager printing of the result yielded by the initial expression. Since the order in which functions are evaluated is hard topredict, a frequently occurring error consists of the specification of a gram that demands input before a prompt for such is given. So theMiranda solution is not a satisfactory method for writing interactive proOn the other hand, it is not easy to find a good solution. The problem is that certain kinds of destructive updates, which occur for exam-ple in traditional file I/O, would be very nice to have. But one cannothave destructive updates in the functional framework without someHow is it possible to perform destructive updates efficiently with-out violating the functional properties of the program (referentialSince the evaluation of a functional program is unpredictable, howcan one control the order in which destructive updates are per-What kind of problems are caused by functions that perform destructiveupdates? Such functions are, for example, functions that destructivelyupdate an array, instantaneously write to a file on disk or to a windowTake, for example, file I/O. The most obvious and efficient way toform file I/O is by implementing functions that directly read andwrite to a file, such as is common in imperative languages. However, ana�ve implementation of such functions in a functional language wouldconflict with referential transparency. For instance, assume a functhat upon evaluation directly writes a character to a given file. AsThis function takes a character and a file as an argument. However, thecharacter cannot be written into the given file and returned as result be-cause the original file can be shared and used in other function applica-tions. Modification of the argument will therefore also affect the out-come of other computations that share the same argument. The result ofa program will now depend on the evaluation order, and the Church

Assume that the function FWriteC would actually append the given characterto the file it gets as an argument. Now, since the file is used twice in the function body of the result will depend on the evaluation order. It will either be(file++’a’, file++"ab") or (file++"ba", file++’b’). But, if FWriteC does not changethe original file the result would be (file++’a’, file++’b’), independent of theThe destructive update is also in conflict with the standard graphrewriting semantics of FWriteC (see also Appendix B) that prescribesconstruction of a new file (contractum) in the function body with thecontents of the given file and the given character. So each time acharacter is written such a data structure has to be constructed. This is ofcourse very inefficient and it is not the intention either. One rewants to have the possibility of modifying an existing file . The problem becomes even more obvious when one wants towrite to a window on a screen: one would like to be able to draw in an window. In the standard semantics one would be obliged toHowever, under certain conditions destructive updates can be al-lowed. If it can be guaranteed˚that an argument of a particular functionapplication is not used by (shared with) other function applications, thenthe argument becomes garbage if it is not used in the correspondingfunction body. In principle one can destructively update such an argu-ment to construct the function result. This would make it possible toconstruct a function FWriteC that can actually write the character to thegiven file, yielding the updated file. But, such a function can only re-strictively be used. For example, the illegal example above would in-Assume that we can define functions that perform destructive updates insuch a way that the Church—Rosser property of the program is retained.One certainly would not want destructive updates such as interactionwith the user to occur in arbitrary order. How can one ensure that de-structive updates are performed in the intended order? A well-knownmethod is environment passing. The state of the environment one wantsto regard is then coded into an (abstract) object (e.g. a in the case offile I/O). Each function that modifies the environment needs the currentstate of the environment as argument and yields the updated environment as result. In the case of file I/O this means that all functions thatperform file I/O need a file as argument and return an updated file (seeSection 8.5.2 and Appendix B). So such an object has to be passed fromone function to another. When a function performs an update of anment, it must be guaranteed that all previous updates of that argument by other functions have already taken place. So a function that updates an argument must be hyper-strict in this argument, i.e. it mustbe guaranteed that the argument is always in normal form before thefunction is applied. Passing around unique objects from just one func-tion to another is called the single-threaded use of objects. For such usedestructive updates are allowed and they take place in a fixed sequentialCurrently, there are two promising ways to incorporate destructive up-dates as described above in a pure functional language. The first methodis by using monads (Peyton Jones and Wadler, 1993). Monads are ab-stract data structures on which functions are defined in such a way that asingle threaded use of the monad is guaranteed. However, a disadvantage of the method is that one can only manipulate one monad at a time.So, for example, destructive file I/O and destructive array manipulationare hard to combine. In Clean a second method is introduced that doestage but it does require a special type system. Onecan assign a unique type attribute (Smetsers et al., 1993) to an arbiobject that can be used to guarantee that such an object can be deA node n of a graph G is unique with respect to a node m of G if n isonly reachable from the root of G via m and there exists exactly one

A property of a unique node is the fact that it has a reference count(in-grade) of one. A shared node which has a larger reference count thanone clearly cannot be unique with respect to any node. A referencecount of one is, however, not sufficient for uniqueness with respect toany other node: there can still be more paths leading to such a node. As-sume that a node is passed as argument of a certain function apin such a way that the node is unique with respect to that function application: if such a node is accessed via a variable in a pattern of the corresponding rewrite rule and that variable is not used on the right-hand sideof that rule, it can be considered as garbage and reused for building theIt would be nice if at compile-time the uniqueness of arguand results of functions could be determined. Unfortunately, this is undecidable. In Clean a decidable approximation has been incorporatedusing unique types. Unique types (Smetsers et al., 1993), defined on, have many similarities with linear types, defined on (Girard, 1987; Wadler, 1990). An important difference is that Clean�sunique types give information about the way a specific function has tobe (e.g. this function has to be called with an argument that isused in a linear way) while other linear type systems give informationabout the way expressions are being used in the function body (e.g. thisThe type of a graph in a rewrite rule can have the unique type at-tribute, i.e. the graph can be of type . If a graph on a left-handside or on the right-hand side of a rewrite rule is of type UNQ T, it isguaranteed that at run-time the root of the corresponding graph isunique with respect to the root of, respectively, the function applicationor contractum. When no contractum is specified, a result of type UNQ Tmeans that a redirection is performed to an object that was unique withrespect to the root of the function application. When this cannot lead toconfusion the phrase �a unique graph� will be used instead of �a graphThe UNQ type attribute can be added by the programmer to anytype to express the restricted use of an object of that type. To verify thecorrectness of the use of UNQ attributes the type system has been ex-tended. This means that all applications on the right-hand side of afunction are examined to check that when a parameter or a result of aUNQ type is demanded, a unique graph of the demanded type is offered.Here, demanded means that either the corresponding formal parameterof the applied function has a UNQ attribute or the result type of the de-fined function itself is attributed with UNQ. To get a well-typed pro-An applied occurrence of a node-id bound to a graph can have theUNQ type attribute only if there exists at most one path from theroot of the right-hand side of a rule alternative to that applied ocNot well-typed example. The type specification of the function defined below will be rejected since two paths are leading from the root of the contrac tum to the same node x. The unique argument of the function is not uniqueany more in the resulting pair. So the following types for would be acEach function alternative is separately checked for consistency. Although inthe definition of below the unique node-id n is used twice this does not leadIt is not always wrong to use a UNQ-typed graph more than once inone and the same function alternative. A unique node-id may between the guard and the guarded expression belonging toit. The reason is that a guard is evaluated in advance to determinewhich of the function alternatives has to be chosen. A guard willyield a Boolean result that cannot contain references to UNQ nodes.To guarantee that no destructive updates occur when a guard isevaluated, a graph that is being used in both guard and guarded ex-pression will lose its unique type attribute in the guard. This en-ables the non-destructive (observing) inspection of such a graph ina guard. This property for guards can be generalized to a moregeneral property for uniqueness connected to the order of evalua-Although the node-id n is shared between the guard and both guarded expressions this will not lead to an erroneous situation. After the evaluation of theguard still only one non-garbage reference to n exists. The type system willDemanded s have to be obeyed (with an exception for functypes, see below): when a demanded type and an offered type are unifiable (in the standard sense, ignoring the UNQ atthen for each position where in the UNQ attribute occurs, thereNot well-typed example. F is recursively called with a graph of type while in the type specification of an argument of type UNQ INT is deFor demanded function types with UNQ arguments the offered ar-gument type need not be unique: a demanded type => UNQ T T’ andan offered type able (when in the standard sense, ig-When a UNQ type is offered but not demanded, this offered type isaccepted (with an exception for function types, see below). Thiscan be explained by the fact that a UNQ type imposes an additionalrestriction on the way the object is used. If this restriction is notdemanded by the context this is of course fine. It does mean thattype conversions have to take place. An offered object of type UNQ is automatically converted to type if this type is demanded fromTake the previous example and consider the application of G demands anargument of type INT while is applied with a graph of type UNQ INT. Thetype system will automatically convert the UNQ INT to an INT and will thenOffered unique function types are never converted: when a typeUNQ=> T T’ is offered, the demanded type must be of type UNQ => S

With the well-typed rules above the expression G (F StdErr) would be rejected. The type of UNQ (=> CHAR UNQ FILE) owing to the left toFurthermore, offered types with arguments have to beobeyed: when a demanded type => T T’ and an offered type => UNQS S’ are unifiable (in the standard sense, ignoring the UNQ at-tributes) then they are not unifiable taking UNQ into account. TheThis variant of Map is defined on functions that take a graph of type UNQ and yield a graph of type applies such a function to a unique list(see below) with elements of type UNQx yielding a unique list with elementsof type UNQ . This function UMap is used in the function WriteAll to map afunction FWriteC that writes a character into a unique file on a list of uniquefiles. It has to be guaranteed that the offered function FWriteC is always applied to a unique file. From the type of the standard function Map one cannotdeduce whether this condition is fulfilled. Therefore in this example the use ofMap instead of UMap would have been rejected. Note that there is no distinction between the definition of the function Map and UMap: there is only a difWhen functions are allowed to be polymorphic in their UNQ attributesone can define a generic Map function that can be used both as the stan-A programmer can add unique type attributes to any type. List, tuplesand function types, as well as their subtypes, can have the unique at-tribute. Furthermore, type attributes can be used in the definition of newtypes (algebraic, abstract and synonym types). In this section it is ex-An important aspect of a function application containing a uniquegraph is that it cannot be a part of a graph that is not unique with respectto that function application. In other words, when a graph with type contains unique parts (which means that the type has unique subtypes)the graph itself must be unique (this is called the UNQ propagarule). Otherwise, there can be multiple paths leading to this graph which means that its components would not be unique any more. Thepropagation rule holds for all types, and also for function types. Fornon-function types UNQ attributes propagate from inside-out, for func-tion types it propagates from left to right. In Clean, it is not necessaryto give the full type specification; the propagation of the UNQ attributesExample of �inside-out� propagation: consider the type (INT, UNQ CHAR). Aninstance of such a type is a pair containing an and a unique CHAR. Due tothe propagation rule, the pair itself has to be unique as well, i.e. the full typeExample of �left to right� propagation: take typed as :: F UNQ INT INT ->; the type of the curried function is => UNQ INT (=> INT INT). Now consider the curried application F 3. This application has taken a unique intevalue. When there are multiple paths leading to F 3 there are also multiplepaths leading to 3. So F 3 has to be unique as well. Hence, the full type specApplying UNQ propagation to achieve the full type specification for this exThe following rules guarantee that when unique substructures are beingAll occurrences in both left- and right-hand sides of a certain typeAll occurrences of a recursive algebraic type must be attributedWhen the root of a right-hand side of a type alternative is attributedwith UNQ, all other type alternatives will get the UNQ attribute ontheir root as well. Moreover, the algebraic type itself (and hence all

Due to the UNQ propagation rule the uniqueness of the spine will propagateover the Cons. As a consequence, Nil will get the UNQ attribute (being theroot of the other type alternative) as well as all occurrences of List x Owing to the UNQ propagation rule the uniqueness of list elements will propagate over the Cons. As in the case above, the root of both alternatives as wellas the algebraic type itself become unique and therefore so does the wholespine. So the complete list has to be unique (lists elements as well as theUnique types can be used as instantiations of polymorphic types. Themeaning of a type T parametrized with a unique type is rather obvious:the resulting type is deduced from the type obtained by substituting the

The substitution of a UNQ instantiation in a polymorphic type will notAbstract types with UNQ attributes are specified by giving the full typespecification of the left-hand side of the corresponding type definitionUsing the UNQ type attribute, single-threaded use of file I/O and (in Clean called event I/O) can be assured. In this way incrementalupdates of persistent data are made possible (see Section 8.6.2). Specifi-cation of modern I/O that uses modules, windows, menus and the likecan be done on a very high level of abstraction by making use of thepredefined Clean library (Achten et al., 1993) that heavily uses UNQ UNQ

UNQEVENTSof type UNQ FILES (the file system) from which in its turn objects of typeFILEUNQWORLDOpenFilesagain by the rule CloseFiles. Once the file system has been retrieved fromFILE

FSeekUNQFILEFReadDataCopyFCopyCharsUNQFILE windowdevicepictureUNQ menudevicedialogvicetimerdeviceinteracIOStatehiddenIOStateEVENTS deltaEventIODeviceSystemwhichStartIOStartIOs0DoIO

0IOState0DoIOenn+1IOStaten+1IOState0IOState0computed. Below the simplified implementation of is given usingen+1enIOStaten+1QuitIOIOQuitIOIO_State

LifeGameRemoveCellAddCellwindow timerStateIOState

The execution of the program starts here. A window is created, to access a nullitalic

DrawCellIOStateIOChangeIOStatePlay lazyprogrammingClean can also be used as language in the compilationlistst u functionsannotationslazyprogrammerany object. The type system ensures that such an object can only behigh-levelwindows 1nn LifeGameAddCellInitialCopyFStdIOStdErrStdIO8.128.13