Clean ReportPreface

¥History of Clean¥What is special about ConcurrentClean 1.0¥About this report¥Major differences with the previousrelease¥Some remarks on the new Cleansyntax¥notational conventions¥How to obtain Clean¥Authors and Credits¥Current State and Final Remarks

History of Clean

The pure, lazy functional language Concurrent Clean (version 1.0) defined in this reference manual isa major upgrade of the previous release (0.84b) of Clean (Brus et al., 1987; N�cker et al., 1991; Plas-meijer & van Eekelen, 1993).Clean was originally designed as an experimental intermediate language and deliberately kept syntacti-cally as poor as possible to be able to focus on the essential language and implementation issues.This strategy enabled us to study new concepts (such as term graph rewriting (Barendregt et al.,1987), lazy copying (van Eekelen et al., 1991), abstract reduction (N�cker, 1993), uniqueness typing(Barendsen and Smetsers, 1993) without too much implementation effort. The ideas were tested in theClean compiler which could be used on small machines and produced state-of-the-art code (Smetserset al., 1991).The consequence was that people started to use Clean to construct large applications even thoughClean was actually not intended as a programming language. So, it became necessary to turn the ex-perimental intermediate language into a proper practical applicable general purpose functionalprogramming language suited for the development of real world applications.What is special about Concurrent Clean 1.0

Compared with the previous version of Clean we have added a lot of new features based on our ownexperience with writing complex applications (such as the new Clean I/O system). Many of the addedlanguage constructs are similar to those commonly found in other modern lazy functional languages(such as Miranda (Turner, 1985), SML (Harper et al., 1986), Haskell (Hudak et al., 1992) and Gofer(Jones, 1993)). People familiar with these languages will have no difficulty to program in Clean and wehope that they enjoy the compilation speed and quality of the produced code.

i v PREFACE

In addition Clean offers a couple of very special features. Of particular importance for practical use isCleans’ uniqueness typing enabling the incorporation of destructive updates of arbitrary objectswithin a pure functional framework and the creation of direct interfaces with the outside world.Cleans’ "unique" features have made it possible to predefine (in Clean) a sophisticated and efficientI/O library. The Clean I/O library enables a Clean programmer to specify interactive windowbased I/O applications on a very high level of abstraction. The library forms a platformindependent interface to window systems which makes it possible to port window based I/Oapplications written in Clean without modification of source code.In Clean it is possible to create processes. The new Clean I/O library takes advantage of this featuresuch that it is now also has become possible to develop distributed executing interactive appli-cations running on several PC’s/workstations connected in a network. The applications can communi-cate via asynchronous as well as synchronous message passing. Such a distributed applicationcan be developed on one processor on which the processes will run in an interleaved fashion. This isvery handy for testing.The new Clean compiler still combines fast compilation with the generation of efficient code and isavailable on an increasing number of platforms (Mac, PC, Sun).About this report

In this report the syntax and semantics of Clean 1.0 are explained. Although the report is not intendedas introduction into the language, we did our best to make it as readable as possible. People alreadyfamiliar with functional programming will have no problems to develop their applications in Clean. Aquick introduction in functional programming, in Clean (albeit version 0.8) as well as in the underlying im-plementation techniques can be found in Plasmeijer and Van Eekelen (Adisson-Wesley, 1993). Forpeople who are primarily interested in functional programming we recommend Bird & Wadler (1988).In this report we always motivate why we have included a certain feature. These explanations occur atseveral locations. E.g. for each predefined data structure a basic motivation for its introduction is givenin Chapter 8, information on the use and creation of objects of these type can be found in Chapter 4,explanation on what kind of pattern matching facilities are possible in Chapter 6.At several places in this report context free syntax fragments of Clean 1.0 are given. We sometimesrepeat fragments which are also given elsewhere just to make the description clearer (e.g. in theuniqueness typing chapter we repeat parts of the syntax for the classical types). The complete collec-tion of context free grammar rules are summarized in Appendix A.Some of the features mentioned in this report are still under consideration, design and/orimplementation and therefore not incorporated in the current release of the system (seeCurrent State and Final Remarks). They should be regarded as "possible future trends".Major differences with the previous release

Compared with the previous release (0.84b) many important changes have been made (there is a no-ticeable difference between an intermediate language and a programming language).

PREFACEv

The most important changes in the language are:oCleans’ has been changed from an intermediate language to a functional programming language witha syntax in the style of Miranda, Haskell and the like;oso, various small syntactic sugar is added (infix operators, a case construct, local function defini-tions, lambda-abstractions, list comprehensions, lay-out rule, etcetera);ooverloaded functions, type classes and type constructor classes can be defined;orecords and arrays are added as predefined data structure with handy operations (such as an up-date operator for arrays and records, array comprehensions etc.);oa more refined control of strictness is possible (partially strict data structures can be defined for anytype, in particular for recursive types, there is strict let construct);othe uniqueness typing is refined (now polymorphic and inferred, observation of uniquely typedobjects is made easier);oexistentially quantified types can be defined.Also the Clean I/O library has been changed:othe I/O library is improved (with respect to orthogonality, modularity, extendibility, portability);othe I/O library is extended allowing to define interactive processes running interleaved inside oneapplication which can communicate via files, shared data and message passing;oone can define interactive processes which (in the near future) can run distributed on workstationsconnected via a network.The compiler and code generator have been extended and are partly rewritten. Furthermore,othe code generator is improved;owe support more platforms;othe code generator is prepared for parallel and distributed evaluation;Some remarks on the new Clean syntax

Compared with the 0.84 version we have made a lot of syntactic changes to the language. The com-plete redesign of Clean has as consequence that Clean version 1.0 is not compatible with its prede-cessors. A Clean application is available to transform programs written in old Clean into new Clean.The new Clean syntax is similar to the notation found in most other modern functional languages. Sopeople familiar with these languages will have no difficuluties with programming in Clean. However,there are a couple of small differences we want to point out here for people who don’t like to read lan-guage reports.In Clean the arity of a function is reflected in its type. When a function is defined its uncurried type isspecified (to avoid any confusion we want to explicitly state here that in Clean there is no restrictionwhatsoever on the curried use of functions).The standard map function (arity 2) is specified in Clean as follows:map::(a -> b) [a] -> [b]map f []= []map f [x:xs]= [f x:map f xs]In types funny symbols can appear like ., u:, *, ! which can be ignored and left out if one is not inter-ested in uniqueness typing or strictness.

v i PREFACE

Each predefined structure such as a list, a tuple, a record or array has its own kind of brackets: lists arealways denotated with square brackets [�], for tuples the usual parentheses are used (�,�),curly braces are used for records {�}, and arrays look like this {: � :}.There are only a few keywords in Clean leading to a heavily overloaded use of : and = symbols:function::argstype -> restype//type specification of a functionfunction pattern | guard = rhs//definition of a functionselector = graph//definition of a constant/ CAF/graph::type args= type//an algebraic type definition::type args:==type//a type synonym definition::type args//an abstract type definitionmacro args :==rhs//a macro definition (function synonym)notational conventions

The following notational conventions are used in this report. Text is printed in Helvetica 11pts,the context free syntax descriptions are given in Geneva 9pts, examples of Clean programs are given in Courier 10pts,textual explanation to the examples are given in Helvetica 10pts.¥Semantical restrictions are always given in a bulleted (¥) list-of-points. When these restrictions arenot obeyed they will almost always result in a compile-time error. In very few cases the restrictionscan only be detected at run-time (array index out-of-range, partial function called outside the do-main).The following notational conventions are used in the context-free syntax descriptions:[notion] means that the presence of notion is optional{notion}means that notion can occur zero or more times{notion}+ means that notion occurs at least once{notion}-listmeans one or more occurrences of notion separated by comma’sterminalsare printed in bold 12 pts couriersymbolsare printed in italic~is used for concatenation of notions{notion}/~strmeans the longest expression not containing the string strAll Clean examples given in this report assume that the lay-out dependent mode has been chosenwhich means that redundant semi-colons and curly braces are left out (see Section 3.6).How to obtain Clean

Concurrent Clean and the Conurrent Clean Program Development system be used free of charge foreducational purposes only. They can be obtained¥via World Wide Web (www.cs.kun.nl/~clean) or¥via ftp (ftp.cs.kun.nl in directory pub/Clean).

PREFACEvii

It is allowed to copy the system again for educational purposes only under the condition that the wholedistribution for a certain platform is copied, including help files, this language report and the copyrightnotices.For any commercial use of Clean a commercial license is required, which is not free of charge. Informationabout commercial licenses can be obtained by contacting Rinus Plasmeijer (rinus@cs.kun.nl). For com-mercial users we supply additional utility software and give full technical support to assist you to incor-porate Clean and Clean applications in your specific environment.Versions of Concurrent Clean are available for several platforms. The current situation is as follows:PlatformMacintoshMacintoshPCPCPCSunParSyTec

ProcessorMotorolaPowerPCIntelIntelIntelSparcTransputerProc. typeanyany>386>386>386T800OSMacOS vrs 7MacOS vrs 7>OS2 2.0LinuxWindows 95SunOS/Solaris-Window SysMacOSMacOS>OS2 2.0XviewWindows 95Open-Look-Clean version1.01.01.01.01.01.00.8Clean IO lib1.0 /0.81.0 /0.80.80.80.80.8-prim,sec mem3,103,103,103,103,103,104 * n,-assemblernot needednot neededgnugnugnuSun systemlinkerincludedincludedgnugnugnuSun systemCode genSeqSeqSeqSeqSeqSeqSeq, ParAvailablenowsoonsoonlaterplannednownowHow to get started

How to install a Clean system is rather dependent on the kind of platform one is working on. For eachplatform there is a help file which should help you to install properly. There are make files which will dothe project management. We generate native code for all platforms (also for the PowerPC).On the Mac there is a dedicated Clean Programming Development System. We are working on a plat-form independent Clean Programming Development System (yes, written in Clean).Authors and Credits

The Concurrent Clean System is developed by:Peter Achten: Sequential and distributed Event I/O, I/O library support for the Mac.John van Groningen:Clean compiler,Code generators (Mac (Motorola, PowerPC), PC (Intel), Sun (Sparc)),Low level interfaces, all machine wizarding.Martin van Hintum:Program Development System (Clean version).Marko Kesseler:Parallel code generator (ParSyTec (Transputer)).Eric N�cker:Strictness analyser via abstract reduction, I/O library support for OS2.Leon Pillich: I/O library support for the Sun.Sjaak Smetsers: Clean compiler,All type systems (including uniqueness typing and type classes),Ron Wichers Schreur: Program Development System (C version).

viiiPREFACE

Parser, Support, Clean 0.8 to 1.0 Conversion program.Rinus Plasmeijer &Marko van Eekelen: Clean language design.Rinus Plasmeijer: Overall design and implementation supervision.Concurrent Clean and the Concurrent Clean System are a spin-off of the research performed by theresearch group on functional programming languages, Computing Science Institute, at the University ofNijmegen under the supervision of Rinus Plasmeijer.Special thanks to the following people:Christ Aarts, Steffen van Bakel, Erik Barendsen, Henk Barendregt, Pieter Hartel, Hans Koetsier, PieterKoopman, Ronan Sleep and all the Clean users who helped us to get a better system.Many thanks to the following sponsors:-the Dutch Foundation for Applied Technical Sciences (STW);-the Dutch Foundation for Scientific Research (NWO);-the International Academic Centre for Informatics (IACI);-Kropman B.V., Installation Techniques, Nijmegen, The Netherlands.-Hitachi Advanced Research Laboratories, Japan;-the Dutch Ministry of Science and Education (the Parallel Reduction Machine project (1984-1987))who initiated the Concurrent Clean research;-Esprit Basic Research Action (project 3074, SemaGraph: the Semantics and Pragmatics of GraphRewriting (1989-1991));-Esprit Basic Research Action (SemaGraph II working group 3646 (1992-1995));-Esprit Parallel Computing Action (project 4106, (1990-1991));-Esprit II (TIP-M project area II.3.2, Tropics: TRansparent Object-oriented Parallel Information Com-puting System (1989-1990)).Current State and Final Remarks

IMPORTANTSome of the features mentioned in this report are still under consideration, design and/orimplementation and therefore not yet incorporated in the current release of the system.They should be regarded as "possible future trends". Perhaps they will be kicked out, per-haps we incorporate them in slightly different form, perhaps they will be there in full glory inthe next release. We also take the liberty to make small syntactic changes in future versionsof the language.Array comprehensions are not optimized yet and always generate lazy arrays. Arrays cannotbe used as instantiations of type classes / type constructor classes. Only simple variablescan be used as array pattern.For derived members of type classes Clean currently macros are being used which are atthis moment substituted in an early stage of the compilation process. This may cause cripti-cal error messages. It is also annoying since macros cannot be used curried yet.Observation of unique objects is switched off (eg in strict let expressions). This means thatcurrently handling of unique objects is sometimes more tedious than is strictly necessary. Itis not allowed to have multiple let statements in a row.

PREFACEi x

Strings are not yet equivalent to an array of Char.Constructors for which functions are defined do not work.Annotations for parallelism are ignored. The distributed code generator is switched off.Everything exported in a definition module still has to be repeated in the correspondingimplementation module.The code generator is not yet optimal. User defined uniqueness type information is not yetexploitated (no destructive updates yet).The Clean 1.0 library is only available for the Mac. Some of the primitives for message pass-ing (synchroneous send, remote procedure call) are not yet implemented. On the otherplatforms still only the Clean 0.8 library (albeit converted to Clean 1.0 syntax) is available.For a description of the 0.8 system we refer to the Addison-Wesley book (Plasmeijer andVan Eekelen, 1993).Sorry for all this inconvenience, we are working on it.We hope that Clean 1.0 indeed enables you to program your applications in a convenient and efficientway. We will continue to improve the language and the system. We greatly appreciate your commentsand suggestions for further improvements.Rinus Plasmeijer and Marko van EekelenApril 1995Computer Science InstituteUniversity of NijmegenToernooiveld 16525 ED NijmegenThe Netherlandsemail:rinus@cs.kun.nlmarko@cs.kun.nl

Clean ReportContents

PrefaceiiiHistory of CleaniiiWhat is special about Concurrent Clean 1.0iiiAbout this reportivMajor differences with the previous releaseivSome remarks on the new Clean syntaxvnotational conventionsviHow to obtain CleanviHow to get startedviiAuthors and CreditsviiCurrent State and Final RemarksviiiContentsxiIntroduction11.1Key design rules for Clean 1.011.2Short summary of the features of Clean 1.01Basic semantics32.1Graph rewriting32.1.1A small example42.2Global graphs6Lexical Structure93.1Lexical program structure93.2Literals103.3Reserved keywords and symbols113.4Symbols, identifiers and name spaces123.5Scope of definitions133.5.1Scope of definitions given in a definition module133.5.2Scope of global definitions given in an implementation module133.5.3Scope within functions and graphs133.6Lay-out rule14Expressions174.1Expressions174.2Applications174.3Node symbols18 xiiCONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

4.4Graph variables184.5Constant values of basic type184.6Lists and list comprehensions194.7Tuples204.8Records, record selection and record update204.9Arrays, array selection and array update214.10Case expression and conditional expression234.11Lambda abstraction24Defining graphs255.1Graph definitions255.1.1Defining graphs in functions265.1.2Defining graphs on the global level265.3Selectors26Defining functions296.1Defining functions296.2Left-hand side patterns306.2.1Constructor patterns316.2.2Simple patterns316.2.3Variables and wildcards in patterns326.2.4Constant values of basic type as pattern326.2.5List patterns326.2.6Tuple patterns336.2.7Record patterns336.2.8Array patterns346.3Guards346.4Strict let expression356.5Root expression356.6Local definitions35Process annotations37Defining types398.1Types398.1.1Basic types408.1.2Predefined abstract types408.1.3List types418.1.4Tuple types418.1.5Array types418.1.6Arrow types418.2Defining new types428.2.1Defining algebraic data types42Defining algebraic data types with existentially quantified variables438.2.2Defining record types448.2.3Defining synonym types458.2.4Defining abstract data types468.3Typing functions and operators478.3.1Typing curried functions488.3.2Typing operators488.3.3Typing partial functions488.3.4Typing functions with functions on constructor position498.3.5Type consistency49

CONTENTSxiii

8.4Typing overloaded functions and operators498.4.1Defining overloaded function types and concrete instances508.4.2Type classes528.4.2Constructor classes558.5Partially strict data structures and functions568.5.1Strict and lazy context568.5.2Functions with strict arguments568.5.3Algebraic data structures and records with strict arguments578.5.4Strictness annotations on tuple instances57Defining uniqueness types599.1Uniqueness typing599.1.1Basic ideas behind uniqueness typing599.2Defining new types with uniqueness attributes619.3Typing functions and graphs with uniqueness attributes639.3.1Uniqueness and sharing64Multiple references to unique objects649.3.2Meaning of the type attributes in the specification of a function type66Shorthand notation in function type specifications689.3.3Typing curried functions689.3.4Typing functions with functions on constructor positions689.3.5Type consistency69Input / Output handling7110.1The world according to Clean7210.1.1I/O using the console7210.1.2I/O on the unique world72The program state72Starting and stopping an interactive process7410.2File I/O7510.3Event based I/O76Specifying abstract devices76Opening abstractdevices and application of call-back functions7810.4Graphical user interfaces7910.4.1Windows, dialogues and notices7910.4.2Keyboard8010.4.3Mouse8010.4.4Writing and drawing to a window8110.4.5Menus8110.4.6Controls81Defining the position of a Control (also applicable for Windows)82Defining the look of a Control83Defining the size of a Control8310.5Timer handling8410.6Interleaved executing communicating processes8410.6.1Message passing8610.6.3Remote procedure calls8710.7Distributing executing communicating processes87Defining macros8911.1Defining Macro’s89Modules91 xivCONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

12.1Definition and implementation modules9112.1.1Kind of definitions allowed in modules9212.1.2Special kind of modules92The main or start module92System definition and implementation modules9312.2Importing definitions9312.3Exporting definitions94Time and space efficiency9713.1Space consumption of Clean structures9713.2Size limitations9813.3Lazy evaluation versus strict evaluation9813.4Destructive updates using uniqueness typing9913.5Graphs versus constant functions versus macros10013.6The costs of overloading10013.7Concurrency10113.8Other efficiency issues101Context-free syntax description103A.1Clean program103A.2Function definition104A.3Graph definition105A.4Graph expression105A.5Macro definition106A.6Type definition106A.7Abstract type definition107A.8Type specification of function107A.9Defining overloaded functions, type classes, constructor classes107A.10Common definitions107Standard library109B.1Cleans’ Standard Environment109B.1.1Operations on values of basic type109StdClass: predefined classes109StdOverloaded: predefined overloaded operations110StdBool: operations on Booleans111StdInt: operations on Integers111StdReal: operations on Reals112StdChar: operations on Characters113StdString: operations on Strings113B.1.2Operations on predefined abstract types114StdList: operations on Lists114StdClassList: operations on Lists requiring classes115StdTuple: operations on Tuples115StdArray: operations on Arrays116StdCharList: operations on lists of characters116StdFunc: operations on polymorphic functions116StdMisc: miscellaneous functions117B.2Operations for parallel evaluation117B.2.1StdProcId: operations for load distribution on ProcIds117B.3Creating interactive processes117B.4Event based I/O119B.4.1StdWindow: window handling119StdWindowDef: the window device121

CONTENTSx v

B.4.2StdControlDef: the control device122StdControlDef: the control device123B.4.3StdMenu: menu handling124StdMenuDef: the menu device126B.4.4StdPicture: drawing in windows126B.4.5StdFont: writing in windows129B.4.6TimerDef: timer handling130StdTimerDef: the timer device131B.4.7StdReceiver: receiver handling131StdReceiverDef: the receiver device131B.4.8StdIOCommon: common definitions132B.4.9StdIOState: global operations on the IO State133B.4.10StdSystem: platform dependent settings134B.5File based I/O135StdFileSelect: selecting files137B.6Built-in functions137B.6.1The built-in functions137Annotated Clean Bibliography141General papers on Concurrent Clean141Papers on the underlying computational model being used141Papers on applications written in Clean142Papers on advanced I/O142Papers on the Clean to PABC compiler143Papers on the abstract machine level143Papers on code generation143Bibliography145Index147

1Introduction

1 . 1 Key design rules for Clean 1.01 . 2 Short summary of the features ofClean

In this section we summarize the key design rules and features of Clean 1.0.1 . 1 Key design rules for Clean 1.0

Key design rules for Clean 1.0 have been:oThe language must be purely functional, higher order and lazy;oThe semantics of the language must be based on graph rewriting systems;oThe language must be suitable for writing real world applications in a very compact and read-able style;oIt must be possible to create programs with an efficiency comparable with C;oDirect and efficient interfacing with the non-functional world must be possible;oOne must be able to control the time and space efficiency of the program;oParallel and distributed evaluation of programs must be possible;oProgram components must be re-usable;oA program (including window based interactive programs) must be fully portable.1 . 2 Short summary of the features of Clean 1.0

The most important features of Clean are:oClean is a lazy, pure, higher order functional programming language with explicit graphrewriting semantics; one can explicitly define the sharing of structures (cyclic structures aswell) in the language;oAlthough Clean is by default a lazy language one can smoothly turn it into a strict language toobtain optimal time/space behaviour: functions can be defined lazy as well as (partially) strict intheir arguments; any (recursive) data structure can be defined lazy as well as (partially) strictin any of its arguments;oClean is a strongly typed language based on an extension of the well-known Milner/Hindleytype inferencing scheme (Milner 1978; Hindley 1969) including the common polymorphic types,abstract types, algebraic types, and synonym types extended with a restricted facility forexistentially quantified types;

2CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995 oType classes and type constructor classes are provided to make overloaded use of functionsand operators possible.oClean offers the following predefined types: integers, reals, booleans, characters, strings,lists, tuples, records, arrays and files;oCleans’ key feature is a polymorphic uniqueness type inferencing system, a special exten-sion of the Milner/Hindley type inferencing system allowing a refined control over the singlethreaded use of objects; with this uniqueness type system one can influence the time andspace behaviour of programs; it can be used to incorporate destructive updates of objectswithin a pure functional framework, it allows destructive transformation of state information, itenables efficient interfacing to the non-functional world (to C but also to I/O systems like X-Windows) offering direct access to file systems and operating systems;oClean is a modular language allowing separate compilation of modules; one defines imple-mentation modules and definition modules; there is a facility to implicitly and explicitly importdefinitions from other modules;oClean offers a sophisticated I/O library with which window based interactive applications(and the handling of menus, dialogues, windows, mouse, keyboard, timers and events raisedby sub-applications) can be specified compactly and elegantly on a very high level of abstraction;oSpecifications of window based interactive applications can be combined such that one can createseveral applications (sub-applications or light-weight processes) inside one Clean application.Automatic switching between these sub-applications is handled in a similar way as under amulti-finder (all low level event handling for updating windows and switching between menus isdone automatically); sub-applications can exchange information with each other (via files, via clip-board copy-paste like actions using shared state components, via asynchronous messagepassing) but also with other independently programmed (Clean or other) applications running onthe same or even on a different host system;oSub-applications can be created on other machines which means that one can define distributedwindow based interactive Clean applications communicating e.g. via (a)synchronous mes-sage passing and remote procedure calls across a local area network;oDynamic process creation is possible; processes can run interleaved or in parallel; arbitraryprocess topologies (for instance cyclic structures) can be defined; the interprocess communi-cation is synchronous and is handled automatically simply when one function demands theevaluation of its arguments being calculated by another process possibly executing on anotherprocessor;oDue to the strong typing of Clean and the obligation to initialize all objects being created run-timeerrors can only occur in a very limited number of cases: when partial functions are called witharguments out of their domain (e.g. dividing by zero), when arrays are accessed with indices out-of-range and when not enough memory (either heap or stack space) is assigned to a Clean applica-tion;oClean 1.0 is supported on several platforms (see the Preface for an overview).

2Basic semantics

2 . 1 Graph rewriting2 . 2 Global graphs

The semantics of Clean is based on Term Graph Rewriting Systems (Barendregt, 1987a; Plasmeijerand Van Eekelen, 1993). This means that functions in a Clean program semantically work on graphs in-stead of the usual terms. In many cases the programmer does not need to be aware of the fact thathe/she is manipulating graphs. Evaluation of a Clean program takes place in the same way as in otherlazy functional languages. The main "difference" between Clean and other languages is that when avariable occurs more than once in a function body, the semantics prescribe that the actual argument isshared (the semantics of most other languages do not prescribe this although it is common practice inany implementation of a functional language). Furthermore, one can label any expression to make thedefinition of cyclic structures possible. So, people familiar with other functional languages will have noproblems writing Clean programs.When larger applications are being written, or, when Clean is interfaced with the non-functionalworld, or, when efficiency counts, or, when one simply wants to have a good understanding of the lan-guage it is good to have some knowledge of the basic semantics of Clean which is based on termgraph rewriting. In this chapter a short introduction into the basic semantics of Clean is given. An ex-tensive treatment of the underlying semantics and the implementation techniques of Clean can be foundin Plasmeijer and Van Eekelen (1993).2 . 1 Graph rewriting

A Clean program basically consists of a number of graph rewrite rules (function definitions) whichspecify how a given graph (the initial expression) has to be rewritten.A graph is a set of nodes. Each node has a defining node-identifier (the node-id). A nodeconsists of a symbol and a (possibly empty) sequence of applied node-id’s (the arguments of thesymbol). Applied node-id’s can be seen as references (arcs) to nodes in the graph, as such theyhave a direction: from the node in which the node-id is applied to the node of which the node-id is thedefining identifier.Each graph rewrite rule consists of a left-hand side graph (the pattern) and a right-handside (rhs) consisting of a graph (the contractum) or just a single node-id (a redirection). In Cleanrewrite rules are not comparing: the left-hand side (lhs) graph of a rule is a tree, i.e. each node identifieris applied only once, so there exists exactly one path from the root to a node of this graph.A rewrite rule defines a (partial) function. The function symbol is the root symbol of the left-hand side graph of the rule alternatives. All other symbols that appear in rewrite rules, are constructorsymbols.

4CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

The program graph is the graph that is rewritten according to the rules. Initially, this programgraph is fixed: it consists of a single node containing the symbol Start, so there is no need to specifythis graph in the program explicitly. The part of the graph that matches the pattern of a certain rewriterule is called a redex (reducible expression). A rewrite of a redex to its reduct can take place ac-cording to the right-hand side of the corresponding rewrite rule. If the right-hand side is a contractum thenthe rewrite consists of building this contractum and doing a redirection of the root of the redex to root ofthe right-hand side. Otherwise, only a redirection of the root of the redex to the single node-id specifiedon the right-hand side is performed. A redirection of a node-id n1 to a node-id n2 means that all ap-plied occurrences of n1 are replaced by occurrences of n2 (which is in reality commonly implemented byoverwriting n1 with n2).A reduction strategy is a function that makes choices out of the available redexes. A reduceris a process that reduces redexes that are indicated by the strategy. The result of a reducer is reachedas soon as the reduction strategy does not indicate redexes any more. A graph is in normal form ifnone of the patterns in the rules match any part of the graph. A graph is said to be in root normal formwhen the root of a graph is not the root of a redex and can never become the root of a redex. In generalit is undecidable whether a graph is in root normal form.A pattern partially matches a graph if firstly the symbol of the root of the pattern equals thesymbol of the root of the graph and secondly in positions where symbols in the pattern are not syntac-tically equal to symbols in the graph, the corresponding sub-graph is a redex or the sub-graph itself ispartially matching a rule. A graph is in strong root normal form if the graph does not partially matchany rule. It is decidable whether or not a graph is in strong root normal form. A graph in strong root nor-mal form does not partially match any rule, so it is also in root normal form.The default reduction strategy used in Clean is the functional reduction strategy. Reducinggraphs according to this strategy resembles very much the way execution proceeds in other lazy func-tional languages: in the standard lambda calculus semantics the functional strategy corresponds to nor-mal order reduction. On graph rewrite rules the functional strategy proceeds as follows: if there are sev-eral rewrite rules for a particular function, the rules are tried in textual order; patterns are tested from leftto right; evaluation to strong root normal form of arguments is forced when an actual argument is matchedagainst a corresponding non-variable part of the pattern. A formal definition of this strategy can befound in (Toyama et al., 1991).2 . 1 . 1 A small example

Consider the following Clean program:Add Zero z=z(1)Add (Succ a) z=Succ (Add a z) (2)Start=Add (Succ o) owhereo= Zero(3)In Clean a distinction is between function definitions (graph rewriting rules) and graphs (constant defini-tions). A semantic equivalent definition of the program above is given below where this distinction ismade explicit ("=>" indicates a rewrite rule whereas "=:" is used for a constant (sub-) graph definition.Add Zero z=>z(1)Add (Succ a) z=>Succ (Add a z) (2)

BASIC SEMANTICS5

Start=>Add (Succ o) owhereo=: Zero(3)These rules are internally translated to a semantically equivalent set of rules in which the graph struc-ture on both left-hand side as right-hand side of the rewrite rules has been made explicit by addingnode-id’s. Using the set of rules with explicit node-id’s it will be easier to understand what the meaningis of the rules in the graph rewriting world.x=: Add y zy=: Zero=>z(1)x=: Add y zy=: Succ a=>m=: Succ nn=: Add a z (2)x=: Start=>m=: Add n on=: Succ oo=: Zero (3)The fixed initial program graph that is in memory when a program starts is the following:The initial graph in linear notation:@DataRoot=: Graph @StartNode@StartNode =: StartThe initial graph in pictorial notation:a

To distinguish the node-id�s appearing in the rewrite rules from the node-id�s appearing in the graph thelatter always begin with a �The initial graph is rewritten until it is in normal form. Therefore a Clean program must at least con-tain a "start rule" that matches this initial graph via a pattern. The right-hand side of the start rulespecifies the actual computation. In this start rule in the left-hand side the symbol Start is used.However, the symbols Graph and Initial (see next section) are internal, so they cannot actually beaddressed in any rule.The patterns in rewrite rules contain formal node-id�s. During the matching these formal nodeid�sare mapped to the actual node-id�s of the graph. After that the following semantic actions are per-formed:The start node is the only redex matching rule (3). The contractum can now be constructed:The contractum in linear notation:The contractum in pictorial notation:

All applied occurrences of @StartNode will be replaced by occurrences of @A. The graph after rewritingis then:

CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

The graph after rewriting:Pictorial notation:

This completes one rewrite. All nodes that are not accessible from @DataRoot are garbage and not con-sidered any more in the next rewrite steps. In an implementation once in a while garbage collection isperformed in order to reclaim the memory space occupied by these garbage nodes. In this example thestart node is not accessible from the data root node after the rewrite step and can be left out.Pictorial notation :

The graph accessible from @DataRoot still contains a redex. It matches rule 2 yielding the expectednormal form:The final graph:Pictorial notation :

The fact that graphs are being used in Clean gives the programmer the ability to explicitly share termsor to create cyclic structures. In this way time and space efficiency can be obtained.2 . 2 Global graphs

Due to the presence of global graphs in Clean 1.0 the initial graph in a specific Clean program is slightlydifferent from the basic semantics. In a specific Clean program the initial graph is defined as:

BASIC SEMANTICS

Graph @StartNode @GlobIdThe root of the initial graph will not only contain the node-id of the start node, the root of the graph to berewritten, but it will also contain for each global graph (see 5.1) a reference to an initial node (initializedwith the symbol Initial). All references to a specific global graph will be references to its initial nodeor, when it is rewritten, they will be references to its reduct.

Lexical Structure

3 . 1 Lexical program structure3 . 2 Literals3 . 3 Reserved keywords and symbols3 . 4 Symbols, identifiers and namespaces3 . 5 Scope of definitions3 . 6 Lay-out rule

In this chapter the lexical structure of Clean is explained. It describes the kind of tokens recognized bythe scanner/parser (Sections 3.1, 3.2 and 3.3).In Section 3.4 the symbols are summarized which are used in the context-free syntax descriptionin the chapters hereafter (they are written in italic in the syntax description).As is common in modern functional languages there is a lay-out rule (off-side rule) in Clean whichpermits the omission of braces and semicolons. This lay-out rule is described in Section 3.6. All exam-ples in this report make use of the lay-out rule.3 . 1 Lexical program structure

LexProgram{ Lexeme | {Whitespace}+ }

LexemeReservedKeywordsee Section 3.3

ReservedSymbolsee Section 3.3

ReservedChar

Literalsee Section 3.2

Identifier

IdentifierLowerCaseId

UpperCaseId

FunnyId

LowerCaseIdLowerCaseChar~{IdChar}

UpperCaseIdUpperCaseChar~{IdChar}

FunnyId{SpecialChar}+

LowerCaseChar

UpperCaseChar

SpecialChar

IdCharLowerCaseChar

Digit

CharDel

StringDel

Whitespacea space character a horizontal tab a newline char a vertical tab

Comment

Comment// AnythingTillNL newline

/* AnythingTill/* Comment AnythingTill*/ * /

/* AnythingTill*/ * /

AnythingTillNL{AnyChar/~newline}no newline

AnythingTill/{AnyChar/~/*no "/*

AnythingTill*{AnyChar/~*/no "*/

AnyCharIdChar | ReservedChar | Special

ReservedChar)

Special\ n \r \ f \b // newline,return,formf,backspace

\ t \\ |\CharDel// tab,backslash,character delete

\StringDel// string delete

\{OctDigit}+// octal number

\x{HexDigit}+// hexadecimal number

OctDigit

HexDigit

3 . 2 Literals

LiteralIntegerDenot

RealDenot

BoolDenot

CharDenot

CharsDenot

StringDenot

IntegerDenot[Sign]~{Digit}+// decimal

[Sign]~0~{OctDigit}+// octal

[Sign]~0x~{HexDigit}+// hexadecimal

Sign+ | - |

RealDenot[Sign~]{Digit~}+ . {~Digit}+[~E[~Sign]{~Digit}+]

BoolDenotTrue | False

CharDenotCharDel~AnyChar/~CharDel.CharDel

CharsDenotCharDel~{AnyChar/~CharDel}+.CharDel

StringDenotStringDel~{AnyChar/~StringDel}~StringDel

Example (literals):Integer (decimal):Integer (octal):Integer (hexadecimal):0x0|0x1|0x2|�|0x8|0x9|0xA|0xB � |-0x1|-0x2| �0|15|0314E10| �Boolean:Character:String:List of characters:’Rinus’]|[’Marko’]|�

3 . 3 Reserved keywords and symbols

Below the symbols are listed which have a special meaning in the language. Some symbols only havea special meaning in a certain context. Outside this context they are ordinary identifiers. In the commentit is indicated for which context (name space) the symbol is predefined.ReservedKeywordin all contexts:

/ ** // /: : begin of a type definition or type synonym

: = =in a function, graph, alg. type, rec. field

= : in a graph definition

= > in a function definition

-> in a case expression, lambda abstraction

[: cons node

]\ \< -< - : in array gen. in list or array comprehension

{ begin of a record, begin of a block

} end of a record, end of a block

& an update of a record or array

{: begin of an array

:} end of an array

{ * begin of process annotations

*} end of process annotations casebegin of case expression classbegin of type class definition codebegin code block in a syst impl. module definitionbegin of definition module frombegin of symbol list for imports i f begin of a conditional expression implementation begin of implementation module import i n end of strict let expression infixinfix indication in operator definition infixlinfix left indication in operator definition infixrinfix right indication in operator definition instancedef of instance of overloaded function instancesdef of known instances let!begin of strict let expression modulein module header o f in case statement overloaddef of type scheme of overl. function system wherebegin of local def of a function alternative withbegin of local def in a rule alternative

ReservedSymbol in type specifications:

strict type unique type variable unique type between a class type from uniq type var

-> function type constructor

1 2 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

[ ] list type constructor

(,),(,,),(,,,),� tuple type constructors

{::}array type constructor

Booltype boolean

Chartype character

Filetype file

I n t type integer

ProcIdtype process id

Realtype real

Stringtype string

Voidtype void

World in process annotations:

a t followed by processor id a parallel process to normal form

3 . 4 Symbols, identifiers and name spaces

In the context-free syntax description given in this language report the symbols listed below are used.The symbols are identifiers used to name modules, functions, operators, graphs, constructors,(node) variables, field names, macros, types, type variables, uniqueness types, uniqueness typevariables and type classes. The convention used is that variables always start with a lowercase char-acter while constructors and types always start with an uppercase character. The other identifiers mayeither start with an uppercase or a lowercase character.It is allowed to use the same identifier for different purposes as long as the symbols belong to dif-ferent name spaces. Function-, operator-, constructor-, graph-, macro-symbols and node variablesform one name space. Type variables and uniqueness type variables form together another namespace. All other symbols form a name space on their own.Under certain conditions it is allowed to use the same name for different functions and operators(overloading, see 8.4).notice that for the identifiers names can be used consisting of a combination of lower and/or up-percase characters but one can also define identifiers constructed from special characters like +, <, etc.(see 3.1). These two kind of identifiers cannot be mixed. This makes it possible to leave out whitespace in expressions like (same as a + 1). See also 4.3.ModuleSymbLowerCaseIdUpperCaseIdFunnyId

FunctionSymbLowerCaseIdUpperCaseIdFunnyId

ConstructorSymbUpperCaseIdFunnyId

SelectorVariableLowerCaseId

VariableLowerCaseId

MacroSymbLowerCaseIdUpperCaseIdFunnyId

FieldSymbLowerCaseId

TypeSymbUpperCaseIdFunnyId

TypeVariableLowerCaseId

UniqueTypeVariableLowerCaseId

3 . 5 Scope of definitions

The scope is the program region in which an introduced definition (e.g. function definition, type defini-tion) and corresponding names (e.g. function name, variable name, type name, type variable name)has a meaning. Scopes can be nested: within a scope new scopes (program regions) can be de-fined. Within such a nested scope new definitions can be given, new names can be introduced. Asusual it is allowed in a nested scope to re-define definitions or re-use names given in a surroundingscope. A definition given or a name introduced in a (nested) scope has no meaning in surroundingscopes. It has a meaning for all scopes nested within it (unless they are redefined within such a nestedscope).must have different names.3 . 5 . 1 Scope of definitions given in a definition module

The definitions of a definition module have the widest scope. All symbols that are defined in a definitionmodule are also automatically visible (exported) to all other modules. In the latter case imports are re-quired to effectuate the actual scope of a symbol to the other module.Within one module a symbol can be defined (see 12.2) only once within the same scope and withinthe same name space (see 3.4).3 . 5 . 2 Scope of global definitions given in an implementation module

Definitions on the global (= outermost) level (see 3.6, 12.1.1) have in principle as scope the modulethey are defined in, unless they are exported (see 12.3).Type variables introduced on the left-hand side of a (algebraic, record, synonym, overload, class, in-stance, function, graph) type definition have the right-hand side of the type definition as scope.3 . 5 . 3 Scope within functions and graphs

More complex are the scope rules within function and graph definitions (see the Chapters 5 and 6). Inthe picture below the general appearance of a function definition is given and the scope that is intro-duced by the different kind of definitions that can appear.One can deduce from the picture that a new scope is introduced for each function alternative (see 6.1).Within such a function alternative new functions and graphs can be defined locally within a where block(see 6.6). Each of the guarded rule alternatives also introduce a new scope. Within such a rule alterna-tive new functions and graphs can be defined locally within a with block (see 6.6). Each strict let clauseintroduces a new nested scope (see 6.4).

1 4 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

New scopes are also introduced by list and array comprehensions and by case expressions. In a listand in an array comprehension new variables can be introduced when generators are specified. Thesevariables introduces a new scope in the comprehension (from left to right). Each case alternative defini-tion invokes a new scope which is identical to the scope rules of an ordinary function definition as indi-cated in the picture above (see also section 4.10).3 . 6 Lay-out rule

As is common in modern functional languages, there is a lay-out rule in Clean. When the definition of themodule header of a module is not ended by a semicolon a Clean program has become lay-out sensi-tive. The lay-out rule assumes the omission of the semi-colon (’;’) that ends a definition and of thebraces (’{’ and ’}’) that are used to group a list of definitions. These symbols are automatically addedaccording to the following rules:In lay-out sensitive mode the indentation of the first lexeme after the keywords let!, of, where, orwith determines the indentation that the group of definitions following the keyword has to obey. De-pending on the indentation of the first lexeme on a subsequent line the following happens. A new def-inition is assumed if the lexeme starts on the same indentation (and a semicolon is inserted). A previousdefinition is assumed to be continued if the lexeme is indented more. The group of definitions ends (anda close brace is inserted) if the lexeme is indented less. Global definitions are assumed to start in col-umn 0.For reasons of portability it is assumed that a tab space is set to 4 white spaces and that anon-proportional font is used.Example (use of lay-out rule: same example with and without using the lay-out sensitive mode)

DEFINING FUNCTIONS1 5

Expressions

4 . 1 Expressions4 . 2 Applications4 . 3 Node symbols4 . 4 Variables4 . 5 Constant values of basic type4 . 6 Lists and list comprehensions4 . 7 Tuples4 . 8 Records, record selection andrecord update4 . 9 Arrays, array selection and array up-date4 . 1 0 Case expression and conditional ex-pression4 . 1 1 Lambda abstraction

In Clean, expressions are actually graph expressions which define the creation of a (sub-) graph (see2.1). An expression generally expresses an application of a function or constructor to its arguments(see 4.2 - 4.4). For convenience and efficiency special syntax is provided to denote values of datastructures of predefined type (see 4.5 - 4.9). A case clause, conditional expression and lambda ab-straction is added for convenience (see 4.10).4 . 1 Expressions

An expression can be labelled with a selector (see 5.2) which can be used to identify (parts of) thesub-graph expressed. One can optionally demand the interleaved or parallel evaluation of the expres-sion by another process or on another processor (see 7.1 and 10.5).[Process] GraphExpr

GraphExprApplicationsee 4.2

CaseExprsee 4.10

LambdaAbstrsee 4.11

BrackGraphNodeSymbolsee 4.3

GraphVariablesee 4.4

BasicValuesee 4.5

Listsee 4.6

Tuplesee 4.7

Recordsee 4.8

RecordSelectionsee 4.8

A r r a y see 4.9

ArraySelectionsee 4.9

(GraphExprsee 4.2

4 . 2 Applications

Application{BrackGraph}+application

GraphExpr OperatorSymbol GraphExproperator application

OperatorSymbolFunctionSymb

ConstructorSymb

1 8 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

A (graph) application or graph expression in principle consists of the application of a functionconstructor to its (actual) arguments. Each function or constructor can be used in a curried way and cantherefore be applied to any number (zero or more) of arguments (see 8.3 and 9.3). Rewriting can onlytake place if a symbol is applied to a number of arguments equal to the arity of the symbol (see 6.1).All expressions have to be of correct type (see Chapters 8 and 9).All symbols that appear in an expression must have been defined somewhere within the scope inwhich the expression appears (see 3.5).Operators are special functions or constructors defined with arity two (see 8.3.2) which can be ap-plied in infix position. The precedence through ) and fixityinfixleft, infixright, infix) whichcan be defined in the type definition of the operators (see 8.3) determine the priority of the operatorapplication in an expression. A higher precedence binds more tightly. When operators have equalprecedence, the fixity determines the priority. In an expression an ordinary function application has avery high priority (10). Only selection of record elements and array elements (see 4.8 and 4.9) bindmore tightly (11). Besides that, due to the priority, brackets can sometimes be omitted, operator appli-cations behave just like other applications (see 4.2).It is not allowed to apply operators with equal precedence in an expression in such a way that theirfixityconflict.So,whenopoptheoperatorsopandophavethesameprecedenceconflictariseswhenop1isdefinedasinfixrimplyingthattheexpressionmustbereadasa1op(a2 op2 a3) while op2 is defined as infixl implying that the expression must be read as (a1 opopWhen an operator is used in infix position both arguments have to be present. Operators can beused in a curried way, but then they have to be used as ordinary prefix functions / constructors.When an operator is used as prefix function c.q. constructor, it has to be surrounded by brackets.4 . 3 Node symbols

NodeSymbol FunctionSymbolConstructorSymbol

FunctionSymbolFunctionSymb(FunctionSymb

ConstructorSymbol ConstructorSymb(ConstructorSymb

Symbols applied on zero arguments without arguments just form a syntactic unit (for non-operators nobrackets needed in this case). Besides the brackets that can be omitted they behave just like otherapplications (see 4.2).4 . 4 Graph variables

GraphVariableVariableSelectorVariable

There are two kinds of graph variables that can occur in a graph expression: variables (introduced asformal argument of a function, see 6.1 and 6.2) and selector variables (defined in a selector to identifyparts of a graph expression, see 5.2).There has to be a definition for each node variable and selector variable within in the scope of thegraphs expression.4 . 5 Constant values of basic type

A graph expression can be a constant value denoting an object of predefined basic type Int, RealBool, Char or String. These predefined types introduced for reasons of efficiency and convenienceare treated in Section 8.1.1. notice that a string has to be regarded as an array and not as a list of char-

GRAPH EXPRESSIONS1 9 acters. There is a special notation for a list of characters (see 4.6). The denotation of a constant valuemust obey the lexical description given in 3.2.BasicValueIntDenotRealDenotBoolDenotCharDenotStringDenot

4 . 6 Lists and list comprehensions

For programming convenience several ways are offered to create a list structure including list com-prehensions like dot-dot expression and ZF-expressions (recurrent generators are however notprovided). With a generator one can draw elements from a list. With an array generator one candraw elements from an array. One can define several generators in a row seperated by a comma. Thelast generator in such a sequence will vary first. One can also define several generators in a rowseperated by a �&�. All generators in such a sequence will vary at the same time but the drawing of el-ements will stop as soon of one the generators is exhausted. This construct can be used instead of thezip-functions which are commonly used. Selectors are simple patterns to identify parts of a graph ex-pression. They are explained in Section 5.3. Only those lists produced by a generator which match thespecified selector are taken into account. Guards can be used as filter in the usual way. A special nota-tion is provided for the frequently used list of characters. The predefined type list is treated in Section8.1.3.List[[{LGraphExpr}-list [: GraphExpr]]

[GraphExpr [,GraphExpr]..[GraphExpr]

[GraphExpr \\ {Qualifier}-list

LGraphExprGraphExpr

CharsDenot

QualifierGenerators {| Guard}

Generators{Generator}-list

Generator {& Generator}

GeneratorSelector <- ListExpr

Selector <-: ArrayExpr

SelectorBrackPatternfor brack patterns see 6.2

ListExprGraphExpr

ArrayExprGraphExpr

BooleanExpr

BooleanExprGraphExpr

All list elements of a list must be of the same type.A list expression must be of type list.A guard must be of type Dot-dot expressions are perdefined on objects of type Int, Real and Char, but they can also beapplied on any user defined object of enumeration type (see StdClassExample (various ways to define a list with the integer elements 1,3,5,7,9Example (ZF-expression: expr1 yields [(0,0), (0,1), (0,2), (1,0), (1,1), (1,2), (2,0),(2,1), (2,2), (3,0), (3,1), (3,2)] while expr2 yields [(0,0), (1,1), (2,2)]

2 0 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995 expr1 = [(x,y) \\ x <- [0..3] , y <- [0..2]]expr2 = [(x,y) \\ x <- [0..3] & y <- [0..2]]Example (ZF-expression: a well know sort):sort [x \\ x<-ps | x<=p] ++ [p] ++ sort [x \\ x<-ps | x>p]Example (ZF-expression: converting an array into a list):Example (various ways to define a list with the characters ’a’, ’b’ and ’c’):4 . 7 Tuples

Tuples can be created that can be used to combine different (sub-)graphs into one data structure with-out being forced to define a new type for this combination. The elements of a tuple need not be of thesame type. Tuples are in particular handy for functions that return multiple results. The predefined typetuple is treated in Section 8.1.4.Tuple(GraphExpr,{GraphExpr}-list

Example (tuple):("this is a tuple with",3,"elements")4 . 8 Records, record selection and record update

A record is a tuple like algebraic data structure that has the advantage that its elements can be se-lected by field name rather then by position. Destructive updates of unique records is provided. Thetype of a record has to be specified explicitly and curried use is possible (see 8.2).Record{[TypeSymb|][RecordExpr &][{FieldSymbol = GraphExpr}-list]

RecordExprGraphExpr

RecordSelectionRecordExpr.[TypeSymb.]FieldSymb

A new record can be created in the following ways:The first way is to explicitly define a value for each of the fields. The order in which the record fieldsare specified is irrelevant, but all fields have to get a value.The second way is to construct a new record out of an existing one (a functionalrecordupdateLeft from the & (r & f= v is pronounced as: updated with for f the value ) the old record thatis used as blueprint must be of the same type as the record to be constructed. On the right from the the fields are specified in which the new record differs from the old one. The other fields are cre-ated implicitlynotice that the functional update is not an update in the classical, destructive sense since a newrecord is created.With a record selection one can select the value stored in the indicated field. Record selection bindsmore tightly (priority 11) than application (priority 10The record expression must yield an object of a record type.The type of the record must have been defined (see 8.2.2).The field names used in the expression must be the same as the field names defined in the typedefinition of the record, their types must be an instantiation of the corresponding types.When a record is created, all fields have to get a value (either implicitly or explicitly). This impliesthat records cannot be used in a curried way.The type symbol of the record being created can only be left out if there is at least one field name isspecified which is not being defined in some other record.Example (record type definition, record creation and update):function creating a new recordfunction updating a recordSetUser someone = { someone & cleanuser = True }4 . 9 Arrays, array selection and array update is a tuple/record-like data structure in which elements are of the type. Instead of se-lection by position or field name the elements of an array can be selected very efficiently in constanttime by indexing . Destructive updates of unique arrays are provided. In Clean, array indices alwaysstart with 0. More dimensional arrays (e.g. a matrix) can be defined as an array of arrays. The prede-fined type array is treated in Section 8.1.2.A r r a y {:{GraphExpr}-list: }

{ : ArrayExpr & [{ArrayIndex = GraphExpr}-list] [\ \ {Qualifier}-list]: }

{:[ArrayExpr &] GraphExpr \\ {Qualifier}-list : }

ArrayExprGraphExpr

ArrayIndex[{IntegerExpr}-list

IntegerExprGraphExpr

ArraySelectionArrayExpr.ArrayIndex

A new array can be created in a number of ways.First of all there are a number of handy functions for the creation and manipulation of arrays whichare predefined in StdArray (see Appendix B.2.1).Example (type of some predefined functions in StdArray):

// number of elements in arrayAnother way is to simply list the array elementsFinally one can construct a new array out of an existing one (a functionalarrayupdate). Left fromthe & (a & [i] = v is pronounced as: array a updated with for a.[i] the value v) the old arrayhas to be specified. On the right from the the indices are listed in which the new array differs fromthe old one. One can use an array comprehension to list these elements compactly in the samespirit as with an list comprehension (see 4.6).The &-operator is strict in its arguments. Notice that the functional update is not an update in theclassical, destructive sense since a new array is created. However, for reasons of efficiency theupdates are only defined on arrays which are of unique type, such that the update can be donedestructively (!) which in this particular case is safe since the original array is known not to beused anymore (see 9.2).One can even leave out the indices. The size of the array generated is then equal to the size of thefirst array or list generator from which elements are drawn. Drawn elements which are rejected by acorresponding guard result in an undefined array element on the corresponding position.{: CreateArray 5 0 & [0] = 1, [1] = 3, [2] = 5, [3] = 7, [4] = 9 :}{: CreateArray 5 0 & [1] = 3, [0] = 1, [3] = 7, [4] = 9, [2] = 5 :}{: CreateArray 5 0 & [i] = 2*i+1 \\ i <- [0..4] :}{: CreateArray 5 0 & [i] = elem \\ elem <-: {: 1,3,5,7,9 :} & i <- [0..4] :}{: CreateArray 5 0 & elem \\ elem <-: {: 1,3,5,7,9 :} :}{: elem \\ elem <-: {: 1,3,5,7,9 :} :}{: elem \\ elem <- [ 1,3,5,7,9 ] :}With an array selection one can select an array element. When an object a is of type Array, the ithelement can be selected (computed) via a.[i]. Array selection is left-associative: a.[i,j,k] means((a[i])[j])[k]. Array selection binds more tightly (priority 11) than application (priority 10All elements of an array need to be of same type.The array expression on the left of the dot ’’ and to the left of the update ’’ should yield an objectof type array.An array index must be an integer value between and the number of elements of the array-index out of this range will result in a run-time error.It is assumed that arrays are mainly used to achieve optimal speed. A functional updateis therefore for the time being only defined on unique arrays such that these updates cantake place destructively!An array expression must be of type array.Example (array creation, selection, update):

fib = {:CA m 0 & [0]=1,[1]=1,[n]=fib.[n-1] + fib.[n-2] \\ n <- [2..m-1]:}InvPerm a = {:CA (#a) 0 & [a.[i]] = i \\ i <- [0 .. ##a]:}ScaleArray :: a {:a:} -> *{:a:} | Arith aScaleArray x a = {:x * e \\ e <-: a:}MapArray :: (a -> b) {:a:} -> *{:b:}inner :: {:a:} {:a:} -> *{:a:} | Arith a{:vi * wi \\ vi <-: v & wi <-: w :}ToArray list = {: e \\ e <- list :}4 . 1 0 Case expression and conditional expression

For programming convenience a case expression and conditional expression is included to make achoice between several alternatives (one can obtain the same effect by defining additional functionsand use the pattern matching mechanism).CaseExprcase GraphExpr of

{ {CaseAltDef}+ if BrackGraph BrackGraph BrackGraph

CaseAltDef[Pattern] {[| Guard] -> FunctionBody}+

[LocalFunctionAltDefs]

In the case expression first the discriminating expression is evaluated after which the patterns aretried in textual order. When a pattern matches the expression the corresponding alternative is chosen.One can define the same kind of patterns as one can also define on the left-hand side of a functiondefinition, inclusive optional guard (see Chapter 6). A new block structure (scope) s created with acase expression (see 3.5).All alternatives in the case expression must be of the same type.When none of the patterns matches a run-time error is generated.In a conditional expression first the boolean expression is evaluated after which either the then- orthe else-part is chosen. The conditional expression can be seen as a special case of the case expres-sion.The then- and else-part in the conditional expression must be of the same type.The boolean expression must yield an object of type Bool

2 4 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

Example (case expression):abort "result of call g x in h is empty"is semantically equivalent to:abort "result of call g x in h is empty"4 . 1 1 Lambda abstraction

If one wants to define a tiny function it can sometimes be convenient to use a lambda abstraction.Since the dot is already used for record and array selection the syntax for lambda abstraction is asfollows:LambdaAbstr\ {Pattern}+ -> GraphExpr

Example (lambda expression):

Defining graphs

5 . 1 Graph definitions5 . 2 Selectors

Graph definitions can appear on the global level and on the right-hand side of a function definition (see5.1) to construct the contractum (see Cleans’ basic semantics in Chapter 2). Graphs can be expressedby a graph expression (see Chapter 4). A selector is a right-hand-side pattern used to identify sub-graphs of a graph (see 5.2).5 . 1 Graph definitions

GraphDefSelector =[:] GraphExpr

When a graph is defined a name is given to (part) of a constant graph expression (see Chapter 4).The definition of a graph can be compared with a definition of constants (data) or a constant(projection) function. However, notice that graphs are constructed according to the basic semantics ofClean (see Chapter 2) which means that multiple references to a graph will result in sharing of thatgraph. Recursive references will result in cyclic graph structures. Graphs have the property thatthey are computed only once and that their value is remembered within the scope they are defined in.Graph definitions differ from constant function definitions (see 6.1). Constant function definitions area special form of a graph rewriting rule: multiple references to a function just means that the same defini-tion is used such that a (constant) function will be recomputed again for each occurence of the functionsymbol madeSyntactically the definition of a graph is distinguished from the definition of a function by the symbolwhich separates left-hand side from right-hand side: "=:" is used for graphs while "=>" is used forfunctions. However, in general the more common symbol "" is used for both type of definitions. Gen-erally it is clear from the context what is ment. Constant definitions are ambiguous. Locally they are default taken to be graph definitions (see 5.1.1), globally they are by default taken to be function defini-tions (see 6.1).Example (Graph versus constant function definition:biglist1 is a graph which is computed only once butwhich consumes a lot of space. biglist2 is a constant function which is computed every time it is appliedbut it consumes only a modest amount of space):[1..10000]a graph[1..10000]a constant function

2 6 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

5 . 1 . 1 Defining graphs in functions

The contractum graph specified on the right-hand side of a rewrite rule (function) which has as root thegraph defined in the root expression (see 6.5) can be composed out of locally definedgraphs(see Cleans’ basic semantics in Chapter 2). A (sub-) graph can be defined in a strict let expression(see 6.4), as local definition in a function body (see 6.6), and as local definition for a rule alternative(see also 6.6).Graphs defined locally will be collected by the garbage collector when they are no longer connected tothe root of the program graph (see Chapter 2).Example (graph definition in a function: the graph labelled last is shared in the function StripNewline andcomputed only once):5 . 1 . 2 Defining graphs on the global level

Graphs can also be defined on a global level.ImplModDef

GraphDef

A global graph definition defines a global constant (closed) graph, i.e. a graph which has the samescope as a global function definition. The selector variables that occur in the selectors of a global graphdefinition have a global scope just as globally defined functions.Special about global graphs (in contrast with local graphs) is that they are not garbage collected duringthe evaluation of the program. A global graph can be compared with a CAF (constant applicativeform): its value is computed at most once and remembered at run-time. A global graph can save execu-tion-time at the cost of permanent space consumption (see Chapter 13).5 . 3 Selectors

A selector is a pattern which introduces one or more new selector variables implicitly defining pro-jection functions to identify (parts of) a graph being defined on a local or global level. One can iden-tify the sub-graph as a whole or one can identify its components. With a wildcard one can indicate thatone is not interested in certain components.SelectorBrackPatternfor bracket patterns see 6.2

When a selector on the left-hand side of a graph definition is not matching the graph on the right-hand side it will result in a run-time error.The selector variables introduced in the selector must be different from each other and not alreadybe used in the same scope and name space (see 3.5 and 3.4).

DEFINING GRAPHS2 7

Remark: a selector can also appear on the left-hand side of a generator in a list comprehension (see4.5) or array comprehension (see 4.8).Example (use of selectors to select record elements).WindowTopAndBottom :: IOState s -> (Int,Int,IOState s)({toplft = (_,top),botrgt = (_,bot)},io‘) = ActiveWindowGetFrame io

Defining functions

6 . 1 Defining functions6 . 2 Left-hand side patterns6 . 3 Guards6 . 4 Strict let expression6 . 5 Root expression6 . 6 Local definitions

In this section function definitions are treated (actually: graph rewrite rules). Operator definitions are re-garded as special kind of function definitions (see 6.1 and 8.3). A function can be preceded by a defini-tion of its type. This is explained in Chapter 8.6 . 1 Defining functions

FunctionDef[FunctionTypeDef] DefOfFunction

DefOfFunction{FunctionAltDef}+

FunctionAltDefFunctionSymbol {Pattern}

{[| Guard] =[>] FunctionBody}+

[LocalFunctionAltDefs]

FunctionSymbol FunctionSymbordinary function

(FunctionSymboperator function

FunctionBody{StrictLet}+

RootExpression

[LocalFunctionDefs] function definition consist of one or more definitions of function alternatives (rewrite rules) whichare tried in textual order. The left-hand side of such a function alternative can serve a whole sequenceof guarded function bodies (called the rule alternatives). Each rule alternative is semantically con-sidered as an individual rewrite rule alternative. A particular rule alternative is chosen for evaluationwhenall patterns on the left-hand side are matching on the corresponding actual arguments of the functionapplication (see 6.2) andthe optional guard (see 6.3) specified on the left-hand side evaluates to TrueWhen a rule is evaluated, first the sub-graphs defined in the strict let expression will be evaluated (see6.4). Hereafter the root expression is evaluated (see 6.5). In each rule alternative one can optionallyspecify local definitions containing the definitions of sub-graphs and functions that have a meaning forthat rule alternative only (the with block, see 6.6). The last rule alternative in a sequence can optionallyalso be followed by local definitions that have a meaning for all preceding rule alternatives belonging tothe same left-hand side (the where block, see 6.6 as well).Function definitions are only allowed in implementation modules (see 12.1).It is required that the function alternatives are textually grouped together (separated by semi-colonswhen the lay-out dependent mode is not chosen).

3 0 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

Each alternative of a function must start with the same function symbol.The function name must in principle be different from other names in the same name space andsame scope (see 3.4). However, it is possible to overload functions and operators (see 8.4).A function has a fixed arity, so in each rule the same number of formal arguments must be specified.Functions can be applied to any number of arguments though, as usual in higher order functionallanguages (see 4.2 and 9.3).Example (function definition):module headerdefinition of the function mapdefinition of the function squaremap square [11000]Constant definitions on the global level are by default taken to be function definitions (see 5.1.2). Byusing "=:" instead of "=" one can indicate that a constant graph CAF ) is defined instead of a graph.An operator is a function with arity two that can be used in infix notation. Operators can be appliedin infix notation (brackets are left out) or as ordinary prefix function (the name has to be surrounded bybrackets).When an operator is used in infix position both arguments have to be present. Operators can beused in a curried way, but then they have to be used as ordinary prefix functions (see also 4.3).Example (operator definition):(o) infixr 9 :: (a -> b) (c -> a) -> (c -> b)An operator has a precedence ( infixl). This is defined in its type (see 8.3.2). See also Section 4.3.6 . 2 Left-hand side patterns

In this section the different kind of formal arguments (patterns) that can be specified on the left-handside of a function definition (rewrite rule definition) are explained. A pattern in general consists of somedata constructor with its optional arguments which on their turn can contain sub-patterns (see 6.2.1). Anode-idvariable can be attached to a pattern which makes it possible to identify the whole pattern aswell as its contents. Bracketed patterns are formal arguments that form a syntactic unit (see 6.2.2 -6.2.6). It is allowed to put redundant brackets on patterns.Pattern[Variable =: ] BrackPattern

BrackPatternSimplePatternsee 6.2.2

PatternVariablesee 6.2.3

BasicValuePatternsee 6.2.4

ListPatternsee 6.2.5

TuplePatternsee 6.2.6

RecordPatternsee 6.2.7

ArrayPatternsee 6.2.8

(GraphPatternsee 6.2.1

It is possible that the patterns turn the function into a partial function (see 8.3.3). When a partialfunction is applied outside the domain for which the function is defined it will result into a run-timeerror. A compile time warning is generated that such a situation might arise.6 . 2 . 1 Constructor patterns

GraphPatternConstructorSymbol {Pattern}Constructorpattern

GraphExpr ConstructorSymb GraphExprConstructor operator

Patterna pattern in brackets

A constructor pattern (see above) in general consists of a data constructor (see 8.2.1) with its op-tional arguments which on its turn can contain sub-patterns. A constructor pattern forces evaluation ofthe corresponding actual argument to strong root normal form since the strategy has to determinewhether the actual argument indeed is equal to the specified constructor.the data constructor must have been defined in an algebraic data type definition (see 8.2.1).Example (algebraic data type definition and constructor pattern in function definition):Node e (Mirror right) (Mirror left)Constructors with arity two (see 6.1, see 8.2.1) can also be defined as infix constructors (or con-structor operator). In a pattern match they can be written down in infix position as well .When a constructor operator is used in infix position in a pattern match arguments have to bepresent. Constructor operators can occur in a curried way, but then they have to be used as ordi-nary prefix constructors (see also 6.2.1 and 4.3).Example (algebraic type definition and constructor pattern in function definition):A symbol occurring in a pattern can also be a symbol that is both defined as a data constructor in an al-gebraic data type and defined as function symbol of a function (see 8.3.4).6 . 2 . 2 Simple patterns

SimplePatternConstructorSymbol

3 2 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

ConstructorSymbol ConstructorSymb(ConstructorSymb

Constructor symbols without arguments just form a syntactic unit (for non-operators no bracketsneeded in this case). Besides the brackets that can be omitted they behave just like other constructorpatterns (see 6.2.1).6 . 2 . 3 Variables and wildcards in patterns

A pattern variable can be a (node) variable or a wildcardPatternVariableVariable

A node variable matches on any concrete value of the corresponding actual argument and does notforce evaluation of this argument. A wildcard is an anonymous node variable ("") one can use to indi-cate that the corresponding argument is not used in the right-hand side of the rewrite rule. All lower caseidentifiers in a graph pattern are (node) variables.All variable symbols appearing at the left-hand side of a function definition must have differentnames.Example (use of pattern variables):synonym type def6 . 2 . 4 Constant values of basic type as pattern

BasicValuePatternBasicValue

A constant value of predefined basic typeInt, Real, Bool, Char or String (see 8.1) can be speci-fied as pattern.The denotation of such a value must obey the syntactic description given in 3.2.Example (use of basic values as pattern):6 . 2 . 5 List patterns

An object of the predefined algebraic type (see 8.1.3) can be specified as pattern.ListPattern[[{LGraphPattern}-list [: GraphPattern]]

LGraphPatternGraphPattern

CharsDenot notice that only simple list patterns can be specified on the left-hand side (one cannot use a dot-dotexpression or list comprehension to define list patterns).All list elements of a list must be of the same type.

Example (use of list patterns, use of guards, use of variables to identify patterns and sub-patterns): mergemerges two (sorted) lists into one (sorted) list.6 . 2 . 6 Tuple patterns

An object of the predefined algebraic type (see 8.1.4) can be specified as pattern.TuplePattern(GraphPattern,{GraphPattern}-list

6 . 2 . 7 Record patterns

An object of type record (see 8.2.2) can be specified as pattern. Only those fields which contents onewould like to use in the right-hand side need to be mentioned in the pattern.RecordPattern{[TypeSymb|] {FieldSymbol [= GraphPattern]}-list

The type of the record must have been defined in a record type definition (see 8.2.2).The field names specified in the pattern must be identical to the field names specified in the corre-sponding type.The type of the record need not to be given if at least one of the field names specified in the patternunambiguously identifies the type of the record being used.Example (use of record patterns):Mirror (Node tree=:{left=l,right=r})Example (the first alternative of function Mirror defined in another equivalent way):Node {tree & left=tree.right,right=tree.left}orNode {tree & left=right,right=left}

3 4 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

6 . 2 . 8 Array patterns

An object of type array (see 8.1.5) can be specified as pattern. notice that only simple array patternscan be specified on the left-hand side (one cannot use array comprehensions). Only those array ele-ments which contents one would like to use in the right-hand side need to be mentioned in the pattern.ArrayPattern{:{GraphPattern}-list: }

{:{ArrayIndex = GraphPattern}-list: }

All array elements of an array need to be of same type.An array index must be an integer value between 0 and the number of elements of the array-. Ac-cessing an array with an index out of this range will result in a run-time error.Example (use of array patterns):Swap :: !*{:a:} !Int !Int -> *{:a:}Swap a=:{:[i]=ai,[j]=aj:} i j = {:a & [i]=aj,[j]=ai:}6 . 3 Guards

BooleanExpr

A guard is a boolean expression attached to a rule alternative that can be regarded as generalisation ofthe pattern matching mechanism: the alternative only matches when the patterns defined on the lefthand-side match its (optional) guard evaluates to (see 6.1). Otherwise the alternative istried. Pattern matching always takes place before the guards are evaluated .The guards are tried in textual order. The alternative corresponding to the first guard that yields True willbe evaluated. A right-hand side without a guard can be regarded to have a guard that always evalu-ates to True (the �otherwise� or �default� case). In StdBool otherwise is predefined as synonym forTrue for people who like to emphesis the default option.Only the last rule alternative of a function alternative can have no guard.It is possible that the guards turn the function into a partial function (see 8.3.3). When a partial func-tion is applied outside the domain for which the function is defined it will result into a run-time error. Acompile time this cannot be detected.Example (function definition with guards):Example (equivalent definition):

6 . 4 Strict let expression

Although Clean is a lazy functional language one can force evaluation of sub-graphs by using a strictlet expression. This can be used to put unique objects in a preliminary context such that they can beobserved before they are destructively updated (see 13.6). By forcing evaluation one can obtain amore time- and space-efficient program (see 13.3). Forcing evaluation can influence the termination be-haviour of the program (a terminating program may be turned into a non-terminating program). See alsoSection 8.5.StrictLetlet! { {GraphDef}+ } in

Before the root expression is evaluated (see 6.5), first the sequence of sub-graphs specified in thestrict let expression is evaluated to strong root normal form. The order in which the sub-graphs specifiedin the strict let expression themselves are evaluated is undefined. One may repeat a strict let expres-sion thus sequentialising evaluation order.If there is a sequence of strict let expressions it is not allowed that a graph expression defined inone let expression refers to a graph expression defined in a next let expression (since such agraph expression should be evaluated after the first one). The other way around is allowed. Seealso 3.5.Example (let! expression forcing evaluation):SquareArrayElem :: *{:Int:} Int -> *{:Int:}6 . 5 Root expression

The expression defining the root of the contractum is called the root expression. Such a right-handside of a rule alternative is either a variable (in the case of a redirection) or a graph expression (in thecase a contractum graph is constructed) (see Cleans’ basic semantics in Chapter 2). not the wholecontractum need to be specified in the root expression. Parts of the contractum (sub-graphs of the con-tractum) can be refined after the root expression (in a local definition) or before (in the strict let expres-sion).RootExpressionGraphExpr

Example (root expression referring to a cyclic graph):where y = [1:merge (map ((*) 2) y) (merge (map ((*) 3) y) (map ((*) 5) y))]6 . 6 Local definitions

For the purpose of introducing definitions with a limited scope both graphs as well as functions can bedefined locally. Local functions are always lifted to the global level by the compiler whereas localgraphs are not lifted and stay on a local level (see 13.5). There are two kinds of local definitionsFirstly, each rule alternative can contain local definitions. They are defined in a withblock introduc-ing a new scope (see 3.5). The definitions given in such a block have only a meaning for the corre-spondingrule alternative

3 6 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

Secondly, as usual in functional languages, one can also define local definitions in a whereblock(a block preceded by the keyword where) that have a meaning for the whole sequence of rule al-ternatives belonging to the same left-hand side (see 6.1).When the sequence of rule alternatives only consists of one alternative the scope and meaning ofboth kind of local definitions is the same and it therefore does not make any difference which kind ofblock is used (in that case the keywords can even be left out if the curly braces are used).LocalFunctionDefs[with] { {LocalDef}+

LocalDefGraphDef

FunctionDef

LocalFunctionAltDefs[where] { {LocalDef}+

Example (local function definition):local function deflocal function def

Process annotations

7 . 1 Process creation7 . 2 Process communication

In Clean one can create processes to influence the efficiency of the program or to obtain a specific dis-tribution of parts of the program across a network of processors. In this chapter the creation interleavedor parallel executing processes are discussed. This done by adding process annotations (Plasmeijerand van Eekelen, 1993) to function applications. In Clean one can also create distributed executing in-teractive applications in Clean. This is discussed in Chapter 10.NOT SUPPORTED IN CURRENT RELEASE.

Defining types

8 . 1 Types8 . 2 Defining new types8 . 3 Typing functions and operators8 . 4 Typing overloaded functions andoperators8 . 5 Partially strict data structures andfunctions

Clean is a strongly typed language. The basis of the type system of Clean is the classical polymor-phic Milner/Hindley (Milner 1978; Hindley 1969) type system. This type system is adapted for graphrewriting systems and extended with basic types, algebraic types, existential types, record typessynonym types and abstract types. This more or less standard type system is explained in the Sec-tions 8.1, 8.2 and 8.3.In Clean each classical type is furthermore extended with uniqueness type attributes. This veryspecial and important extension is explained in Chapter 9.Clean allows functions and operators to be overloaded. Type classes and type constructorclasses are provided (which look similar to Haskell (Hudak et al. , 1992) and Gofer (Jones, 1993) butthey work slightly different) such that a restricted context can be assigned to an overloaded function.This is explained in Section 8.4.In Clean types can be attributed with strictness information (see Section 8.5). With these strict-ness information one can turn the default lazy evaluation strategy of Clean into a (partially) strict one.8 . 1 Types

Clean is a strongly typed language: every object (graph) and function (graph rewrite rule) in Cleanhas a type. These types can be explicitly specified by the programmer or they can be inferredautomatically (see 8.3.5). Types can be constructed by taking instances of types which have beendefined explicitly as algebraic type (see 8.2.1), record type (see 8.2.2) or synonym type (see 8.2.3) orby taken instances of a predefined type (see 8.1.1 - 8.1.6). A type instance of a given type is ob-tained by uniformly substituting types for type variables in the given type. A type symbol or type can be preceded by a uniqueness type attribute. This is further explained in Section 9.1.Type[UnqTypeAttrib] TypeConstructor {BrackType}see 8.3, 9.1, 9.2, 9.3, 8.5

BrackType

BrackType[UnqTypeAttrib] SimpleType

SimpleTypeTypeVariable

BasicTypesee 8.1.1

PredefAbstrTypesee 8.1.2

ListTypesee 8.1.3

TupleTypesee 8.1.4

ArrayTypesee 8.1.5

ArrowTypesee 8.1.6

4 0 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

(Type

8 . 1 . 1 Basic types

Basic types are algebraic types (see 8.2) which are predefined for reasons of efficiency and conve-nience: Int (for 32 bits integer values), Real (for 64 bit double precision floating point values), Char(for 8 bits ASCII character values), Bool (for 8 bits boolean values) and String (for an array of char-acters). For programming convenience special syntax is introduced to denote constant values (dataconstructors) of these predefined types (see Section 3.2). Functions to create and manipulate objectsof these predefined abstract types can be found in the Clean library (as indicated below).BasicTypeI n t

Real

Char

Bool

String

8 . 1 . 2 Predefined abstract types

As is explained in Section 8.2.4, Abstract data types are algebraic data types of which the actual def-inition is hidden. In Clean the types World, File, ProcId and Void are predefined abstract datatypes. This means that they are recognized by the compiler and that they are treated special, either forefficiency or because these objects play a special role in the language. Since the actual definition ishidden it is not possible to denotate constant values of these predefined abstract types. There arefunctions predefined in the Clean library for the creation and manipulation of these predefined abstractdata types. Some functions work (only) on unique objects (see Chapter 9).An object of type *World indicates that the world is unique, see 9.1) is automatically created whena program is started. This object is optionally given as argument to the Start function (see 12.2 and10.1). With this object efficient interfacing with the outside world (which is indeed unique) is made pos-sible (see Chapter 10).An object of type File or *File can be created by means of the functions defined in StdFileIO(see Appendix B.5.1). It makes direct manipulation of persistent data possible (see 10.2). The typeFile is predefined for reasons of efficiency: Clean Files are directly coupled to concrete files.An object of type ProcId can be created by means of the functions defined in StdProcId (see Ap-pendix B.3.1). These objects are used in process annotations to allow process creation on an indicatedprocessor (see Chapter 7) in a network topology.The predefined type Void is introduced for don’t care usage, e.g. for instantiating an existentiallyquantified type variable. There is no special denotation for an object of type Void. One can use e.g.an abort statement (see StdMisc) to create an object of type VoidPredefAbstrTypeWorld

File

ProcId

Void

8 . 1 . 3 List types is an algebraic data type predefined just for programming convenience. A list can contain an infi-nite number of elements. All elements must be of the same type. Lists are very often used in functionallanguages and therefore the usual syntactic sugar is provided for the creation and manipulation of lists(see 4.6 and 6.2.5).Lists cannot be annotated as strict or spine strict. To create such lists a new algebraic data typehas to be defined with appropriate strictness annotations (see 8.5.3).ListType[Type

All elements of a list must be of the same type.8 . 1 . 4 Tuple types

A tuple is an algebraic data type predefined for reasons of programming convenience and efficiency(see 13.3). Tuples have as advantage that they allow to bundle a finite number of objects of arbitrarytype into a new object without being forced to define a new algebraic type for such a new object (see4.7 and 6.2.5). This is in particular handy for functions that return several values.The tuple arguments can optionally be annotated as being strict (see 8.5.1). This can be used toincrease the efficiency of a program (see 13.3). The compiler will automatically take care of the conver-sion between lazy and strict tuples where needed (see 8.5.4).TupleType( [Strict] Type, {[Strict] Type}-list

8 . 1 . 5 Array types

An array is an algebraic data type predefined for reasons of efficiency. Arrays contain a finite number ofelements that all have to be of the same type. An array has as property that its elements can be ac-cessed via indexing in constant time. An array index must be an integer value between 0 and thenumber of elements of the array-. Destructive updates of array elements is possible thanks to unique-ness typing. For programming convenience special syntax is provided for the creation, selection andupdating of array elements (see 4.9 and 6.2.8). Arrays have as disadvantage that their use increasesthe possibility of a run-time error (indices that might get out-of-range). Again, see 4.9 and 6.2.8.An array can optionally be annotated as being strict (see 8.5.5). This can be used to increase theefficiency of a program (see 13.3). Strict arrays are considered of being of different type then lazyones. The compiler does not perform conversions between lazy and strict arrays (see 8.5.5).ArrayType{ : [Strict] Type: }

All elements of an array must be of the same type.8 . 1 . 6 Arrow types

The arrow type is used for function objects (these functions have at least arity one). One can usethe Cartesian product (uncurried version) to denote the function type (see 8.3) to obtain a compact no-tation. Curried functions applications and types are automatically converted to their uncurried equivalentversions (see 8.3.1).ArrowType({BrackType}+ -> Type

4 2 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

Example (of an arrow type):being equivalent to:((a -> b -> c) -> [a] -> [b] -> [c])8 . 2 Defining new types

New types can be defined in an implementation as well as in a definition module. Types can only bedefined on the global level. Abstract types can only be defined in a definition module hiding the actualimplementation in the corresponding implementation module (see 8.2.4 and Chapter 11).ImplModDefTypeDef

OverloadingDef

FunctionDef

GraphDef

MacroDef

TypeDefAlgebraicTypeDefsee 8.2.1 and 9.2.1

RecordTypeDefsee 8.2.2 and 9.2.2

SynonymTypeDefsee 8.2.3 and 9.2.3

OverloadingDefOverloadedFunctionTypeDef

TypeInstanceDef

TypeClassDef

FunctionDef[FunctionTypeDef] DefOfFunction

DefModDefTypeDef

AbstractTypeDefsee 8.2.4 and 9.2.4

FunctionTypeDef

8 . 2 . 1 Defining algebraic data types

An algebraic data structure consist of a constant (called data constructor) followed by zero ormore algebraic data structures (of any kind) as argument. Every user defined data structure and dataconstructor must unambiguously have been (pre)defined in an algebraic data type definition. An al-gebraic data type declaration introduces a new data constructors over that type. Severalconstructors can be introduced in one type definition which makes it possible to define alternative datastructures of the same algebraic data type. Constructors of an algebraic data structure can, just likefunctions, be used in a curried way.Polymorphic algebraic data types can be defined by using type variables. The argumentsof the constructor in a type definition are type instances of types that are defined or are being definedrecursively. A type instance of a type T can be obtained by uniformly substituting types for the typevariables in Type symbols and type variables can be preceded by uniqueness type attributes (see 9.2).The arguments of a defined constructor can optionally be annotated as being strict (see 8.5).AlgebraicTypeDef::TypeLhs = ConstructorDef {| ConstructorDef}

TypeLhs [UnqTypeAttrib] TypeSymb {TypeVarDef}

TypeVarDef[E.] [UnqTypeAttrib] TypeVariable

ConstructorDef ConstructorSymb {[Strict] BrackType}

(ConstructorSymb) [Fix][Prec] {[Strict] BrackType}

Fixinfixl infixr infix

PrecDigit

Example (algebraic type definition):| Tue | Wed | Thu | Fri | Sat | SunConstructors with two arguments can, in a similar way as function operators (with fixity (infixl, in-fixr or just infix, default infixl) and precedence (0 through 9, default 9), be defined as infixconstructor. Infix constructors can also be used in prefix position when they are surrounded bybrackets (see 6.1).Example (algebraic type defining an infix data constructor, function on this type):The name of a type must be different from other names in the same scope (see 3.5) and namespace (see 3.4).Types can only be defined on the global level.All type variables on the left-hand side must be different.All type variables used on the right-hand side are bound, i.e. must be introduced on the left-handside of the algebraic type being defined.A data constructor can only be defined once within the same scope and name space. So, each dataconstructor unambiguously identifies its type.When a constructor is used in infix position both arguments have to be present. Constructors canbe used in a curried way, but then they have to be used as ordinary prefix constructors .Defining algebraic data types with existentially quantified variables

Clean incorporates the extension of the Hindley/Milner type system with the possibility of algebraictypes to be existential (L�ufer 1992). An existential algebraic data type definition is an algebraictype definition in which existentially quantified variables are used. These special variables aremarked with "E.". Existential types are useful if one wants to create (recursive) data structures in whichobjects of different types are being stored (e.g. a list with elements of different types). Such kind ofdata structures are for instance used internally in Cleans’ I/O library to store (program and I/O) statesof different types and state transition functions defined on these states in one data structure (see 10.3).Example (existential algebraic type definition and its use):| NodeTree (a, a, a a -> a) (Tree Void) (Tree Void)

F = NodeTree (3,5,(+)) (NodeTree (3.5,5.4,(+)) NilTree NilTree) NilTreeG (NodeTree (obj1,obj2,func) l r) = NodeTree (func obj1 obj1,obj2,func) l rThere are severe limitations imposed on the use of data structures of existential types. Once adatastructure of existential type is created and is passed to another function it is generally statically notpossible to determine what the actual type is of those components of the constructor that correspond tothe existential quantified variables.Therefore, it is not allowed to pass such objects to other functions as argument or result if thesefunctions either require or deliver this actual type. In other words, for the type inference system anexistentially quantified type variable is treated as a type variable that can be unified with a con-crete type (= not a type variable) only at the explicit creation of a data structure of this type with itsdefining data constructor. In all other contexts an existentially quantified type variable can only beunified with non concrete types (type variables).For software engineering reasons it is required that an existentially quantified type variable is in-stantiated with the predefined type Void (see the example above).Components that correspond to the same existentially quantified type variable will have the sametype. So, it is allowed to apply these components in expressions that yield an ordinary type. It is alsoallowed to use the components to create a new object of existential type. Furthermore, it is allowed topass the existentially quantified type variable to polymorphic functions.Apart from the restrictions mentioned above existential algebraic types are not different from stan-dard algebraic types. They can be used e.g. as the basis of record types, synonym types and ab-stract types.8 . 2 . 2 Defining record types

A recordtype is basically an algebraic data type in which exactly one constructor is defined. Specialabout records isthat a field name is attached to each of the arguments of the data constructor;that they cannot be used in a curried way.Compared with ordinary algebraic data structures the use of records gives a lot of notational conve-nience because the field names enable selection by field name instead of selection by positionWhen a record is created all arguments of the constructor have to be defined but one can specify thearguments in any order (see 4.8). Furthermore, when pattern matching is performed on a record, oneonly has to mention those fields one is interested in (see 6.2.6). Existentially quantified type variables(see 8.2.1) are allowed in record types. The arguments of the constructor can optionally be annotatedas being strict (see 8.5). The optional uniqueness attributes are treated in 9.2.RecordTypeDef::TypeLhs = {{FieldSymbol :: [Strict]Type}-list}

As data constructor for a record the name of the record type is used internally.The semantic restrictions which apply for algebraic data types also hold for record types.The field names inside one record all have to be different. It is allowed to use the same field name indifferent records.Example (record definition):

The combination of existentially quantified type variables in record types are of use for an object ori-ented style of programming.Example (using records to create object of same type but which can have different representations):CreateObject1 = {state = [], get = myget, set = myset}CreateObject2 = {state = 0.0, get = myget, set = myset}Set o=:{state,set} i = {o & state = set state i}Start = map (Set 3) [CreateObject1,CreateObject1]8 . 2 . 3 Defining synonym types

Synonym types permit the programmer to introduce meaningful type names for a type instance of anytype. It also enables the type system to give shorter and more understandable error messages.SynonymTypeDef::TypeLhs :== Type

For the left-hand side the same restrictions hold as for algebraic types (see 8.2.1).All type variables used on the right-hand side must have been defined on the left-hand side.Mutual dependencies of synonym type definitions are allowedExample (type synonym definition):

4 6 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995 map2 :: (Operator a) [a] [a] -> [a]Start = map2 (*) [2,3,4,5] [7,8,9,10]8 . 2 . 4 Defining abstract data types

Abstract data type definitions are type definitions appearing in definition modules of which the actualdefinition (the right-hand side of the type definition) is hidden in the implementation module. So, Cleans’module structure is used to hide the actual implementation. When one wants to do something usefulwith objects of abstract types one needs to export functions that can create and manipulate objects ofthis type as well. The concrete implementation of an abstract type can be given in the correspondingimplementation module but it is also possible to define an abstract data structure based on a concretetype as defined elsewhere. This feature enables the definition of operations on abstract data typesover several definition modules which is very convenient for the creation of library packages(such asCleans’ Event I/O library). All implementation modules of such a library package can use the concretedefinition the abstract data type is based on.Abstract data type definitions are only allowed in definition modules (see Chapter 11), their concreteimplementation has to be given either in the corresponding implementation module or it has to beexplicitly imported from another module. The concrete implementation remains invisible for othermodules built on top of the definition module in which the abstract type is defined.In the concrete type either an algebraic type or a record type or a synonym type should be definedwith the same left-hand side as given in the abstract type in the definition module.AbstractTypeDef::TypeLhs

Example (abstract data type):

8 . 3 Typing functions and operators

Although one is not obligated to explicitly specify the type of a function (the Clean compiler can inferthe type) the explicit specification of the type is highly recommended to increase the readability of theprogram.FunctionDef[FunctionTypeDef] DefOfFunction

FunctionTypeDefFunctionSymb :: FunctionType

(FunctionSymb) [Fix][Prec] [:: FunctionType ]

Fixinfixl infixr infix

PrecDigit

FunctionType[{[Strict] BrackType}+ ->] Type [ClassContext]

An explicit specification is required when a function is exported, or when the programmer wants to im-pose additional restrictions on the application of the function (e.g. a more restricted type can be speci-fied, strictness information can be added as explained in Section 8.5, a class context for the type vari-ables can be defined as explained in Section 8.4, uniqueness information can be added as explained inSection 9.3).The Cartesian product is used for the specification of the function type. Cartesian product is de-noted by juxtaposition of the bracketed argument types. For the case of a single argument the bracketscan be left out. In type specifications the binding priority of the application of type constructors is higherthan the binding of the arrow ->. To indicate that one defines an operator the function name is on theleft-hand side surrounded by brackets.Local functions can only be typed if its type does not contain type variables introduced in the typespecification of a surrounding function (there is not a scope rule on types defined).The function symbol before the double colon should be the same as the function symbol of the cor-responding rewrite rule.The arity of the functions has to correspond with the number of arguments of which the Cartesianproduct is taken. So, in Clean one can tell the arity of the function by its type.Example (arity of a function reflected in type):map has arity 2domap has arity zero

4 8 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

8 . 3 . 1 Typing curried functions

In Clean all symbols (functions and constructors) are defined with fixed arity. However, in a applica-tion it is allowed to apply them to an arbitrary number of arguments. A curried application of a functionis an application of a function with a number of arguments which is less than its arity (note that in Cleanthe arity of a function can be derived from its type). With the aid of the predefined internal function _AP acurried function applied on the required number of arguments is transformed into an equivalent uncurriedfunction application.The type axiom’s of the Clean type system include for all s defined with arity n the equivalenceof s::(t1->(t2->(�(tn->tr)�)) with s::t1 t2 � tn -> tr8 . 3 . 2 Typing operators

An operator is a function with arity two that can be used in infix position. An operator can be de-fined by enclosing the operator name between parentheses in the left-hand-side of the function defini-tion. An operator has a precedence (0 through 9, default 9) and a fixity (infixl, infixr or justinfix, default infixl). A higher precedence binds more tightly. When operators have equalprecedence, the fixity determines the priority. In an expression an ordinary function application alwayshas the highest priority (10). See also Section 4.3 and 6.1.The type of an operator must obey the requirements as defined for typing functions with arity two.If the operator is explicitly typed the operator name should also be put between parentheses in thetype rule.When an infix operator is enclosed between parentheses it can be applied as a prefix function.Possible recursive definitions of the newly defined operator on the right-hand-side also follow thisconvention.Example (an operator definition and its type):(o) infix 8 :: (x -> y) (z -> x) -> (z -> y)// function composition8 . 3 . 3 Typing partial functions

Patterns and guards imply a condition that has to be fulfilled before a rewrite rule can be applied (see6.2 and 6.3). This makes it possible to define partialfunctions, functions which are not defined for allpossible values of the specified type.When a partial function is applied to a value outside the domain for which the function is defined itwill result into a run-time error.The compiler gives a warning when functions are defined which might be partial. expression (see StdMisc.dcl) one can change any partial function into a because the abort expression can be unified with any type. This can be used to give a slightly bet-ter run-time error messageExample (use of abort to make a function total):= abort "fac called with a negative number"

8 . 3 . 4 Typing functions with functions on constructor position

A symbol can be defined both as function as well as a constructor in an algebraic type (see also 8.3.5).A symbol which is defined in this way can behave like a function (it is rewritten when it matches a func-tion definition) but it can also behave like a constructor (when it does not match the function definition).Such a function can therefore be used as ordinary constructor (functions used on constructor posi-tion), e.g. as pattern in the left-hand side of a function definition. One can also regard it the other wayaround: for a constructor a function is defined as well (constructor for which a function is defined).NOT SUPPORTED IN CURRENT RELEASE.8 . 3 . 5 Type consistency

The type specifications of graphs and functions are inferred at compile time by a type inferencemechanism. However, for software engineering reasons it is highly recommended to always specifytypes explicitly. Explicit type specifications are allowed to be more restrictive than the inferredtypes. In that case the restrictive type is used in all contexts.A type specification must be correct. In Clean a classical type specification for a graph or afunction is defined to be correct if it satisfies each of the restrictions given below:for each argument of each symbol the demanded type (i.e. the type that is indicated in the corre-sponding type specification) is unifyable (i.e. there exists a type that is a type instance of bothtypes) with the offered type (i.e. the actual type of the argument in the application);for each right-hand side the offered type is unifyable with the right-hand side of the correspondingtype specification;an existentially quantified type variable can be unified with a concrete type (= not a type variable)only at the explicit creation of a data structure of this type with its defining data constructor. In allother contexts an existentially quantified type variable can only be unified with non concrete types(type variables);a function symbol which occurs on a constructor position in a pattern must be defined as constructorwith the same type as the function.A correctly typed graph rewriting system specified in Clean will always be safe (Van Bakel et al.1991) i.e. if an expression has type then all reducts of the expression can be typed with 8 . 4 Typing overloaded functions and operators

The names of identifiers in the same scope and name space all have to be different (see 3.4). How-ever, sometimes it is very convenient to overload functions and operators (e.g. ==), i.e. use identi-cal names for different functions or operators that perform similar tasks albeit on objects of differenttypes. One way to simulate overloading is by using records (see 8.2.2). A type class record is anordinary record of which functions are stored which somehow belong to each other. Functions definedon such a record can use the field name of such a record as (overloaded) synonym for any concretefunction stored in the corresponding field. An instantiation of a type class record can be regarded as akind of dictionary in which the concrete function can be looked up.Example (the use of records to simulate type classes): sumlist can use the field name add as synonym forany concrete function obeying the type as specified in the record definition. The operators +., +^, -. and-^ are assumed to be predefined primitives operators for addition and subtraction on the basic types Realand Int

5 0 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

ArithReal = { add = (+.), subtract = (-.) }ArithInt = { add = (+^), subtract = (-^) }sumlist :: (Arith a) [a] [a] -> [a]Start = sumlist ArithInt [1..10] [11..20]A disadvantage of this method is that it is syntactically not so nice (e.g. one explicitly has to pass theclass record to the appropriate function) and that one has to pay a huge price for efficiency (due to theuse of higher order functions) as well. The overloading mechanism in Clean introduces syntactic sugarand tries to avoid the efficiency penalty. The syntax for the definition and creation of this specific use ofrecords enables the Clean system to automatically add them as argument to the appropriate functiondefinitions and function applications. To avoid efficiency loss the Clean compiler will substitute the in-tended concrete function for the overloaded function application where possible. In worst case howeverthe system will indeed have to generate a class record structure which is passed as additional parame-ter as explained above.8 . 4 . 1 Defining overloaded function types and concrete instances

With an overloaded function type definition one defines the type scheme of the overloaded func-tion. The type of a concrete function must be an instance of this type scheme. The special typescheme variable defines in which variable the scheme can vary. With an instance declaration onedefines an overloaded function c.q. operator name to be a synonym for some concrete function oroperator. In the instance definition it is specified which concrete function is ment and for which con-crete type an instance of the overloaded function is created. The type of the concrete function mustbe equal to the overloaded type after uniform substitution of the specified concrete type for the typescheme variable. For a concrete function one can refer to a function which has already been definedelsewhere or one can define a new function right on the spot.OverloadedFunctionTypeDef overload FunctionSymb TypeVariable :: FunctionType overload (FunctionSymb) [Fix][Prec] TypeVariable :: FunctionType

OverloadedFunctionInstanceDef instance FunctionSymb [BrackType[ClassContext]][=FunctionSymb] instance FunctionSymb [BrackType[ClassContext]]

DefOfFunction

One can define as many instances as one like. Instances can be added in any module. One and thesame concrete function can be used as instance for different overloaded functions (as long as the typesmatch).Example (defining an overloaded operator and instantiations with existing concrete operators): The types ofthe concrete operators +^ and +. need to be instances of the type scheme of + (take for the type schemevariable a of the overloaded operator + respectively Int and Realoverload (+) infixl 6 a :: a a -> a

When an overloaded name is encountered in an expression, the compiler will determine which of thecorresponding concrete functions/operators is ment by looking at the concrete type of the expression.From this type the concrete function to apply is determined. All concrete functions/operators of an over-loaded function/operator must therefore be defined on different instances of the type scheme (with ex-ception of the default instance, see below). If it is clear from the type of the expression which one of theconcrete function is ment the compiler will in principle substitute the concrete function application for theoverloaded one such that no efficiency is lost.Example (substitution of a concrete function for an overloaded one): given the definitions above the functionwill be internally transformed intoIf it is not clear from the type of the expression which concrete function is ment (more than one of theconcrete functions fit type technically) the compiler will make specialized versions of the function ofwhich the expression is part of. In principle one version is made for each concrete possible substitu-tion. However, the compiler will avoid making versions which are not being used or which are not impor-tant in terms of efficiency and in any case it will avoid code explosion.Example (creating specialized versions for overloaded functions): assume the following function definition andStart rule:From the context of sumlist it is not clear which concrete instantiation of to be used. So the compiler willin principle generate a special version of sumlist for all possible versions which are needed. In this exam-ple sumlist is only applied to integer lists. So the compiler will only generate a version of sumlist forInts as follows:It is possible to specify a function as default instance (no concrete type instance is specified for thetype scheme variable in the instance declaration in that case) which will be taken when none of theother defined instances happens to be applicable. Since such a function must work for any instancethe type of the default function must be equivalent to the type of the overloaded function. The defaultfunction provides the possibility to define a standard interpretation for an overloaded function.Example (defining a default instance indicating that objects are by default unequal unless specified otherwise)

5 2 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995 overload (==) infix 2 a :: a a -> BoolThe following restrictions apply:The type of a concrete function or operator must exactly match the overloaded type scheme afteruniform substitution of the type scheme variable by the type as specified in the correspondingtype instance declaration.A type instance of an overloaded type must be a flat type, i.e. a type of the form T a1 � awhere a are type variables which are all different.It is not allowed to use a type synonym as instance.All instances other than the default instance of a given overloaded type must differ from each other(be ununifyable with each other).If a default instance is specified the type of the corresponding concrete default function must beidentical to the type of the overloaded function or operator.If the concrete function or operator is not specified in a definition module, it has to be defined in thecorresponding implementation module.The start rule cannot have an overloaded type.Ambiguously overloading is not permitted.8 . 4 . 2 Type classes

When a function is defined in terms of an overloaded function it can occur that the type system cannotdecide which one of the corresponding concrete functions to apply. The new function then becomesoverloaded as well. This has as consequence that an additional restriction must be imposed on the useof such a function. This is reflected in the type of the function.For instance, the functionbecomes overloaded as well because any concrete instance can be applied. So, add can be applied to ar-guments of any type, as long as addition () is defined on them.In a type class definition one gives a name to a set of overloaded functions (this set actually de-fines a type class record, see above). The definition of the overloaded functions themselves can bedirectly specified in the type class definition itself but one can also refer to overloaded functions typedefinitions declared elsewhere. One and the same overloaded function can be a member of differenttype classes. Instances of the overloaded functions are created as described above. There is no hier-archy in type classes.TypeClassDefclass ClassSymb TypeVariable

[where] { {ClassMemberDef}+

[instances {[BrackType[ClassContext]]}-list

ClassMemberDefFunctionTypeDef [MacroDef]

FunctionSymb

TypeClassInstanceDef instance ClassSymb [BrackType[ClassContext]]

[where] { {DefOfFunction}+

Example (definition of a type class):

Example (equivalent definition):overload (+) infixl 6 a :: a a -> aoverload (-) infixl 6 a :: a a -> aIn the definition of the type of a function that has become overloaded one can now refer to a type classto impose a restricted context on the instantiation of a type variable of the function (see 8.3). Such acontext imposes a condition (predicate) under which type variables is allowed to be instantiated. Soone obtains a kind of bounded polymorphism. The function can only be applied if for the correspond-ing concrete type the indicated type classes have been instantiated.FunctionType[{[Strict] BrackType}+ ->] Type [ClassContext]

ClassContext| ClassSymb TypeVariable {& ClassSymb TypeVariable }

Example (use of a type class to impose a restriction on the instantiation of type variable): the function add canonly be applied on arguments for which an instance of the class Arith is defined.Example (instance declaration of which type is depending on same type class): the function sumlist itself canalso be defined as an instance for the overloaded operator working on arbitrary list for which the type classArith is defined on the list elements. sumlist must now be defined as operator because this is expectedfrom an instance of +. With this definition + is defined on lists, and list of lists etc.Cleans’ type system will infer contexts automatically. It will however not express this in terms of typeclasses but simple summarize the collection of functions on which the overloaded function is depending.This is caused by the fact that it is allowed that one function is defined as a member of several typeclasses. If a type class is specified as restricted context the type system will check the correctness ofthe specification (as always a type specification can be more restrictive than is deduced by the com-piler).For an overloaded function which is exported the type (including the context) has to be definedexplicitly by the programmer.The type checker will complain if a concrete application cannot be applied due to the fact that certaininstances of type classes have not been declared.Example (Equality class).

5 4 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995 on listson tuples of arity two(==) (x1,x2) (y1,y2) = x1 == y1 && x2 == y2The members of a class consists of a set of functions or operators which logically belong to each other.It is often the case that the effect of some members (derived members) can be expressed in others.For instance <> can be seen as synonym for not (==). For software engineering (the fixed relation ismade explicit) and efficiency (one does not need to include derived members in the class record) rea-sons it is good to make this relation explicit. In Clean macro definitions can be used for this purpose.Example (Classes with derived members).definition module overloadedWhen an overloaded function is exported a type class record has to be constructed as explained in theintroduction. However, for efficiency reasons it would be nice to know which instances of the type classare known in the implementation module. When a type class is exported one can explicitly define theset of instances which exist for this type class. For any function defined on such a type classone can now deduce that at least these instances are known.Example (Classes with derived members).definition module overloaded definition module StdIntdefinition module StdRealdefinition module example8 . 4 . 2 Constructor classes

Clean offers constructor classes (see Gofer, Jones (1993)) offering the possibility to define anoverloaded function for concrete functions on arbitrary types which are of the same kind. The similarityis expressed by allowing the variable in an overloaded type scheme to stand for type symbols (typeconstructors) as well. The type variable can be instantiated with any concrete type (a user definedtype symbol, a predefined type constructor like the arrow type constructor, list type constructor,, tu-ple type constructor, and array type constructor,) as long as the instantiation of the type scheme re-sults in a "normal" type after uniform substitution.TypeConstructorTypeSymban algebraic type (including records)

(->)an arrow type

[ ] list type

({,}+tuple type

{::}array type

Example (functions with similar behaviour): the well-known function map is generally applied on lists, but a simi-lar function can also be defined on trees.mapT :: (a -> b) (Tree a) -> (Tree b)On overloaded function map with as concrete instantiations mapL and mapT can be defined as follows:overload map t :: (a -> b) (t a) -> (t b)

5 6 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

8 . 5 Partially strict data structures and functions

Clean uses by default a lazy evaluation strategy: a redex is only evaluated when it is needed tocompute the final result. But it is generally much more efficient to calculate arguments in advance (see13.3 and N�cker & Smetsers, 1990, 1993). It gives the possibility to manipulate objects in a registers instead of in a nodes of the graph). Therefore it is possible in Clean in a type definition toannotate the arguments of a function (see 8.3) and of a data constructor (see 8.2) to be strictThis will force the evaluation the arguments to strong root normal form when the function or data struc-ture is used in a strict context (see below).When a strict annotated argument is put in a strict context while the argument is defined in terms ofanother strict annotated data structure the latter is put in a strict context as well and therefore also eval-uated. So, one can change the default lazy semantics of Clean into a (hyper) strict semantics asdemanded. The type system will check the consistency of types and ensure that the specified strict-ness is maintained.One has to be careful though. When strictness annotations are put on arguments representing in-finite computations or infinite data structures the program the termination behaviour of the program mightchange. It is only safe to put strictness annotations in the case that the function or data constructor isknown to bestrict in the corresponding argument which means that the evaluation of that argument inadvance does not change the termination behaviour of the program. The compiler is not able to checkthis.Strict

8 . 5 . 1 Strict and lazy context

Each graph expression on the right-hand side of a rewrite rule is considered to be either strict(appearing in a strict context: it has to be evaluated to strong root normal form) or lazy (appearing ina lazy context: not yet to be evaluated to strong root normal form). The following rules specifywhether or not a particular graph expression is lazy or strict:a non-variable pattern is strict;an expression in a guard is strict;the expressions specified in a strict let expression are strict ;the root expression is strict;the arguments of a function or data constructor in a strict context are strict when these arguments arebeing annotated as strict in the type definition of that function or data constructor;all the other nodes are lazy.Evaluation will happen in the following order: patterns, guard, expressions in a strict let expres-sion, root expression (see also 6.1 and 9.3.4).8 . 5 . 2 Functions with strict arguments

In the type definition of a function the arguments can optionally be annotated as being strict. In reason-ing about functions it will always be true that the corresponding arguments will be in strong root normalform (see 2.1) before the rewriting of the function takes place.Example (a function with strict annotated arguments):

The strictness analyser of the Clean System based on abstract reduction (see N�cker, 1993) is able toderive the strictness of the function arguments for many cases, such as for the example above. Gen-erally there is no need to add strictness annotations for functions by hand.8 . 5 . 3 Algebraic data structures and records with strict arguments

In the type definition of a constructor (in an algebraic data type definition or in a the definition of a recordtype) the arguments of the data constructor can optionally be annotated as being strict. In reasoningabout objects of such a type it will always be true that the annotated argument will be in strong rootnormal form when the object is examined. Whenever a new object is created in a strict context, thecompiler will take care of the evaluation of the strict annotated arguments. When the new object is cre-ated in a lazy context, the compiler will insert code that will take care of the evaluation whenever theobject is put into a strict context.Strictness is a property of a the constructor of a certain type. Generally (with the exception of tu-ples) one cannot create strict versions for an instance of a certain non-strict (predefined) type. For in-stance, to create a spine strict list one has to define a new algebraic data type (see below). To be ableto create strict and lazy version of an array, a lazy as well as a strict abstract data type has been pre-defined.Example (list with a strict elements). The list element will be evaluated when the Cons node is put in a strict con-text .Example (spine strict list).Example (a complex number as record type with strict components).(+) infixl 6 :: !Complex !Complex -> Complex(+) {re=r1,im=i1} {re=r2,im=i2} = {re=r1+r2,im=i1+i2}It is very hard for a strictness analyser to deduce strictness of data structures since this is highly de-pending on the way the data structure is being used. One therefore needs to specify strictness anno-tations for data constructors by hand and one has to ensure that no infinite computations occur.8 . 5 . 4 Strictness annotations on tuple instances

Tuples are predefined algebraic data structures that make it possible to combine several results of arbi-trary type into one structure. A tuple is the only type for which it is allowed to make a strict instance.

5 8 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

This can be done by putting strictness annotations in the type instance on the tuple elements that onewould like to make strict. The tuple itself has to be annotated as strict as well. When the correspondingtuple is put into a strict context the tuple and the strict annotated tuple elements will be evaluated.Strictness annotation can be put on any tuple element of any tuple instance. Such an instancecan occur in any type definition (also in a synonym type). The meaning of these annotated synonymtypes can be explained with the aid of a simple program transformation with which all occurrences ofthese synonym types are replaced by their right-hand sides (of course, annotations included).notice that strictness is not a property of a tuple type but of a particular instance of the tupletype. This means that the type system will consider strict and non-strict versions of a tuple as beingequal. The compiler will insert code to convert non-strict tuples into strict version and backwards when-ever this is required.Example (a complex number as tuple type with strict components).(+) infixl 6 :: !Complex !Complex -> Complex(+) infixl 6 :: !(!Real,!Real) !(!Real,!Real) -> (!Real,!Real)when for instance G is defined asthan the following application is approved by the type system:

Defining uniqueness types

9 . 1 Uniqueness typing9 . 2 Defining new types with uniquenessattributes9 . 3 Typing functions, operators andgraphs with uniqueness attributes

A special feature of Clean is that the classical types can be extended with uniqueness type attributesUniqueness typing forms a key feature of Clean (Plasmeijer and Van Eekelen, 1993; Barendsen et al.1993; Barendsen and Smetsers, 1993). It is related to linear type systems (special is the subtype rela-tion on unique types and the input taken from a reference count analyser) with gives the opportunity tointerface Clean programs in a direct and efficient way with the non-functional world while the resultingrectly interface with an operating system, a file system (updating persistent data), with GUI’s libraries,it allows to create arrays, records or user defined data structures that can be updated destructively.The time and space behaviour of a functional program therefore greatly benefits from the uniquenesstyping (see 13.6). The uniqueness type system is polymorphic.The uniqueness type system in Clean 1.0 is an inferencing system capable of deducing unique-ness types automatically. Also in the case of uniqueness typing we advise the programmer to specifytypes explicitly. The type system will infer uniqueness type attributes for all types, not only for thetypes corresponding to the vital objects one is primarily interested in. The deduced types often give alot of extra information on the actual behaviour of a function.9 . 1 Uniqueness typing

Since the uniqueness type system is a rather new phenomenon we explain this type system and themotivation behind it in more detail.9 . 1 . 1 Basic ideas behind uniqueness typing

The uniqueness type system is an extension on top of the classical type system. In the uniquenesstype system a uniqueness type attribute is attached to each classical type (see Chapter 8).Uniqueness type attributes appear both in the definitions of new types as (see 9.2) well as in thetype specification of a function (see 9.3). A classical type can be prefixed by one of the followinguniqueness type attributes:Type[UnqTypeAttrib] TypeConstructor {BrackType}

BrackType

BrackType[UnqTypeAttrib] SimpleType

UnqTypeAttribtype attribute "unique"

UniqueTypeVariablea type attribute variable

6 0 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995 an anonymous type attribute variable

The basic idea behind uniqueness typing is the following. A uniqueness type attribute imposes anadditional restriction on the use of the corresponding object.When in the type specification of a function an argument of type T is attributed with the type at-tribute unique ("*") it is guaranteed by the type system that the function will have private("unique") access to this particular argument (see Barendsen and Smetsers, 1993; Plasmeijer andVan Eekelen, 1993): the object will have a reference count of oneat the moment it is inspected bythe function. It is important to know that there can be many references to the object before thisspecific access takes place. If a uniquely typed argument is not returned again in the function resultit has become garbage (the reference has dropped to zero). Due to the fact that uniqueness typingis static the object can be garbage collected (see Chapter 2) at compile time. In particular it is per-fectly safe for the compiler to reuse the space occupied by the argument to create the function re-sult. In other words: it is allowed to update the unique object destructively without anyconsequences for referential transparencyExample: the I/O library function fwritec is used to write a character to a file yielding a new file as result. Ingeneral it is semantically not allowed to overwrite the argument file with the given character to construct theresulting file. However, by demanding the argument file to be unique by specifyingit is guaranteed by the type system that fwritec has private access to the file such that overwriting the filecan be done without violating the functional semantics of the program. The resulting file is unique as welland can therefore be passed as continuation to another call of e.g. fwritec to make further writing possi-ble.WriteABC tofile = fwritec ’c’ (fwritec ’b’ (fwritec ’a’ tofile))So, a unique file is passed in a single threaded way (as a kind of unique token) from one function toanother where each function can safely modify the file knowing that is has private access to thatfile. The type system makes it possible to let a Clean file and a physical file of the real world beone and the same: file I/O can be treated as efficiently as in imperative languages.The uniqueness typing prevents writing while other readers/writers are active. E.g. one cannot ap-fwritec with a shared file being used elsewhere (it is not possible that both the original as wellas the modified file exist at the same time).For instance, the following expression is not approved by the type system:When there is no uniqueness type attribute attached to a classical type in a function type definition,it is assumed that no uniqueness is required: the corresponding object is assumed to be attributedas "non-unique". Private access to a non-unique argument cannot be guaranteed, the object can be

Compared with the theoretical system as described in Barendsen and Smetsers, 1993), Cleans offers a slightlyrestricted (these restrictions do not impose serieus restrictions for practical applications) simplyfied type systemwhich is reasonably efficient as well.2 Note that it is very natural in Clean to speak about references due to the underlying graph rewriting semanticsof the language: it is always clear when objects are being shared or when cyclic structures are being created.

shared by others. The function is only allowed to have read access (as usual in a functional lan-guage) even if the function happens to be applied with a unique attributed actual argument.The function freadc accepts both a unique as well as non-unique file. This is fine since the function onlywants read access on the file. The type indicates that the result is always a non-unique file. Such as file canbe passed for further reading, but not for further writing anymore.One can also define functions which are polymorphic in their uniqueness type attribute. Suchfunctions will accept both unique as well as non-unique objects (called possibly unique objects).Uniqueness type variables will be uniformly substituted as is the case with ordinary type vari-ables.The function freadc above now accepts both a unique (and then it also yields a unique file) as well as a non-unique file (and then it will also yield a non-unique file). In other words this function is polymorphic in itsuniqueness type attribute indicated by the uniqueness type variable u attached to the ordinary type File. Ifin a concrete application the function is applied to a non-unique file only further reading is possible, if it isapplied to a unique file one can either continue with reading as well as with writing.The anonymous uniqueness type variable is used as a shorthand when the names of theuniqueness type variables do not matter introduced to keep type specifications as readable aspossible (see 9.3).So, uniqueness typing makes it possible to update objects destructively within a pure functional lan-guage. For the development of real world applications (which manipulate files, windows, arrays,databases, states etc.) this is a very desirable property.9 . 2 Defining new types with uniqueness attributes

Uniqueness type attributes generally only appear in a type of a function when destructively update-able objects are being manipulated. However, uniqueness type attributes are actually attached to ev-ery classical type, both in the definition of an algebraic type as well as in a function type. The defaultvalues for the uniqueness attributes are chosen in such a way that one can leave out the attributes ifone don’t care about unicity. The classical notation is also a valid type for Cleans’ type system ex-tended with uniqueness type attributes. As a consequence the uniqueness typing can remain a hiddenfeature when it is of no concern. Even when a classical data type has been defined with no unique-ness in mind, a unique variant can still be instantiated from it.AlgebraicTypeDef::TypeLhs = ConstructorDef {: ConstructorDef}

TypeLhs [UnqTypeAttrib] TypeSymb {TypeVarDef}

TypeVarDef[E.] [UnqTypeAttrib] TypeVariable

ConstructorDef ConstructorSymb {[Strict] BrackType}

(ConstructorSymb) [Fix][Prec] {[Strict] BrackType}

BrackType[UnqTypeAttrib] SimpleType

When uniqueness type attributes are not specified explicitly in the definition of a type, a fresh unique-ness type variable is internally added as attribute to each classical type (is does not matter whether analgebraic, record, synonym or abstract type is being defined), obeying the following general rules:

6 2 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

All occurrences of a classical type variable must be attributed with the same uniqueness type at-tribute within its scope.All identical instantations of a recursive algebraic type must have the same uniqueness type at-tribute within the recursive definition. (uniqueness expansion of a classically defined type): The classical algebraic definition of a list:is internally automatically expanded to::: u:List vFor the instantiation of a uniqueness type variable certain restrictions hold. One of the most importantrestriction is the propagation rule stating that unique objects can only be stored in data structures whichare unique themselves (see Barendsen and Smetsers, 1993; Plasmeijer and Van Eekelen, 1993). Anargument of a type constructor is propagating if in the corresponding algebraic data type definition thecorresponding variable occurs in the right-hand side on a position which is not part of a arrow type nor(part of) an instantiation of a non-propagating variable of another data type.The propagation rule: when an argument of a type is propagating and its uniqueness type vari-able is being instantiated with type , the whole type must be attributed as well.Example (propagation rule): in the type List a given above the argument a is propagating. Now consider thefollowing function:The type system will deduce the following most general type for The function hd can be called with a possibly spine unique list with can furthermore have unique elements.The resulting element is unique if the list had unique elements. The following more restricted types are alsoallowed (to understand the meaning of these types simply substitute the type attributes for the correspond-ing type variables in the definition above in an uniform way):a spine unique list with non-unique elements is demandeda spine unique list with unique elements is demandedthe common (non-unique) list of (non-unique) elementsCounter example (invalid uniqueness type instance not obeying the propagation rule described above):a unique object is not allowed inside a non-unique oneSo, one can define a function on a unique version via a proper instantiation of the automatically at-tached uniqueness type variables. not all imaginable unique instantiations of a classically defined datastructures can be obtained in this way. Sometimes one has to slightly modify the classical type defini-tion to make the proper unique instantiation possible.Example (changing a type definition to make it possible to obtain certain unique instances): assume the follow-ing algebraic type definition and assume that one would like to have an instantiation of this data structurewhere only the left list is a spine unique one:

There is now way to express this since the left list is not an argument of the type. So, one has to redefine e.g.:and instantiate this type with T*[a] [a]If one would like to define algebraic types with even more complicated or restricted uniqueness struc-tures one has to explicitly specify the uniqueness type attributes in the algebraic data type definition.The semantic restrictions mentioned above have to be obeyed. Furthermore:All uniqueness type variables introduced on the left-hand side of a type definition must have differ-ent names.Uniqueness type variables used on the right-hand side of a type definitions must have been intro-duced on the left-hand side.All uniqueness type variables must have at least one occurrence on the right-hand side which is notpart of a recursive instantiation of the algebraic type being defined.To simplify the type system it is not allowed to attribute arrow (function) types in type definitionswith a uniqueness type.For record types, synonym types and abstract types the same restrictions hold as for algebraictypes.When an abstract data type is specified its arguments are assumed to be propagating with a posi-tive sign (see below).Example (algebraic type with user defined uniqueness property):The uniqueness type variable "." and the uniqueness type "*" have a special meaning when beingused in an algebraic data type definition. The "." is introduced for notational convenience and is alwaysuniformly instantiated with the attribute of the type itself. The "*" is reserved to define essentiallyunique objects which means that the type system will never allow such an object to be shared in anycontext.Example (algebraic type with user defined uniqueness types):which is automatically expanded to9 . 3 Typing functions and graphs with uniqueness attributes

The type system of Clean will infer and check the uniqueness type attributes after the classical typesof functions and graphs have been inferred and approved (see 8.3). The uniqueness types inferredby the type system will in general add detailed uniqueness type information to the classical types.

6 4 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

Example (inferred uniqueness type). Consider the standard definition for the append function:infix operatorThe following type will be inferred:(++) infixr 0 :: [.a] u:[.a] -> u:[.a]Which is shorthand for:(++) infixr 0 :: x:[w:a] u:[w:a] -> u:[w:a]Indicating that the new list being constructed is unique if both arguments lists are, the result is spine uniqueonly if the second argument list is spine unique.As explained in Section 9.1, a function can demand a non-unique object, a unique object or a possiblyunique object. Non-unique objects always stay non-unique. Unique or possibly unique objects can re-main unique or possibly unique but they can also loose their unicity depending on how these objectsare being used inside the function body. The uniqueness attributes of the result of a function will de-pend on the attributes of its arguments and how the result is constructed.9 . 3 . 1 Uniqueness and sharing

The uniqueness type system uses a kind of reference count analysis called sharing analysis. Thesharing analysis performed by the Clean system is input for the uniqueness type system to checkuniqueness type consistency (see 9.3.5). The sharing analysis will mark each reference to an object(see 2.1) in a right-hand side of a function definition as not-shared (if this could be shown) or shared(otherwise). When a reference is marked shared by the sharing analysis the corresponding object willbe typed non-unique. So, objects marked shared by the sharing analysis cannot be typed uniqueWhen a reference is marked not-shared the value of the type attribute can become * (if the referencerefers to a unique attributed object) but it can also become not unique or a uniqueness type variable(otherwise).Multiple references to unique objects

The sharing analysis is a liberal system to make manipulation of unique objects as easy as possible.Unique objects do not have to be used in a pure "linear" way. Multiple references are possible to alloweasy inspection (read access) of destructively updateable objects.When there is only one reference in the right-hand side to a certain object (the reference count of theobject is locally one) the reference is marked as not-sharedCyclic structures are marked as sharedA certain reference to an object will be marked as not-shared although there are temporally morereferences to this object it can be shown at compile time that the evaluation order is such that theother references will vanish before the object is accessed via this particular reference. Otherwisesuch a reference will be marked shared.So, the sharing analysis takes the evaluation order into account as far as this is fixed in a functionallanguage. Another reference is not counted by the sharing analysis to determine if a certain reference isshared or not if it is an alternative reference or if it is an observing referenceExample (multiple references to a unique object): The function F demands a spine unique list. And althoughthere are three references to such a list in G the type system will approve the expression. The first reference to the list in the conditional is an observing reference. The other two are alternative references. Whenever Fis called (in either then or else branch) only one reference to the list will be left.G list = if (hd list) (F list) (F (tl list))An alternative reference is not taken into account because the reference will no longer exist whenthe choice between the alternatives has been made. An alternative reference is a reference to the ob-ject that will vanish because:it belongs to a different rule alternative then the reference to be marked;it belongs to a different case alternative then the reference to be marked;it belongs to the other part of a conditional (if) (the then part while the reference to be marked ispart of the elsepart (or the other way around)).An observing reference is not taken into account because it can be shown that the reference will nolonger exist after the observation has taken place. Observing references are very important becausethey enable to inspect values stored in a unique object in such a way that one can still obtain a uniquereference to the object (such that it can be destructively updated). An observing reference is a refer-ence to the object that will vanish because:a.the observation is performed before the reference to be marked as non-shared whileb.it is guaranteed that the reference to the object will vanishIn Clean the following property of the order of evaluation is taken into account to determine ob-serving references (see also 6.1). For each rule or case alternative:for each non-variable part of a pattern the corresponding argument is evaluated to strong root nor-mal form beforethe guard (if present) is evaluated to a boolean beforethe graphs of the topmost strict let expression are evaluated to strong root normal form beforethe graphs of the next strict let expression are evaluated to strong root normal form beforein this way all strict let blocks are handled beforethe root expression is evaluated to strong root normal form in which the first argument (the booleanexpression) of a conditional if) is evaluated before the then or else part.A reference to an object e::Te in an observing expression o::To will vanish if one can deduce from thetype To that e after evaluation cannot contain references to e anymore. This is the case ifTo is of polymorphic type (as is the case with projection functions created via a pattern match, tu-ple/record/array selectors etc.) orTo is a plain basic type, i.e. of type IntRealChar or Bool orTo is of plain algebraic type T a1 � an, i.e. an algebraic type which only contains constructors,objects of plain basic type or objects of the same algebraic type T a� aTo must furthermore be hyper strict, i.e. all its elements must be strict andTo must not be unifyable with any type in TeExample (observing a unique state): the contents of the unique state abc is observed in the pattern match be-fore the state is overwritten in the function body.

Jsr :: InstrId *ABCState -> *ABCStateABCState {abc & cs = CS_push pc cs, pc = address}Example (observing a spine unique list): the unique list is observed in the let-block in which the nth element istaken out of the list.Counter Example: suppose that one wants to extract two elements from the spine unique list. NthElem2 isnot observing because one cannot tell from the type of NthElem2 whether a new spine unique list is re-turned or part of the original spine unique list. To make NthElem2 observing it should return the elementse.g. a strict tuple instead.9 . 3 . 2 Meaning of the type attributes in the specification of a function type

The uniqueness type system is a subtyping system: the attribute unique (*) is regarded as being asub-type of the attribute non-unique ( £ non-unique). So, the type system can coerce unique to non-unique. As with general subtyping, coercions are contravariant with respect to function types. Con-travariance is indicated by the sign. The sign of an argument is determined by the position on whichthe argument occurs in the right-hand side of the type definition. For an algebraic data type, say T a1 �, that does not contain function types, all are on a positive position. For an arrow/function type,say a -> b, however, a is on a positive position and b is on a negative position. For algebraicdata types, say T a, in which function types are contained each can be on a positive position(the sign is +), on a negative position (the sign is -) or on a position which is both negative as well aspositive (the sign is +/-) depending on the use of the corresponding variable in the right-hand sidesof the algebraic data type. note that an argument which has a negative sign cannot be propagating.The coercion from unique to non-unique is only possible if the sign of the corresponding argument ispositiveExample (sign and propagation: has sign and is propagating, has sign and is not propagating):The meaning of the uniqueness type attributes in the type specification of a function is different forpositive (in a function argument) and negative (in a function result) positions.

When no uniqueness type attribute is specified explicitly the default attribute non-unique is takenby the type system (notice that there is no explicit notation for this attribute in Clean).For a (sub-) arguments on a positive position no type attribute means that the corresponding (sub-) argument is expected to be non-unique. When the function is actually applied with a unique typed(sub-) argument it will be coerced by the type system to a non-unique type.On a negative position the absence of a type attribute indicates that uniqueness of the corre-sponding result cannot be guaranteed. Such a result might be shared and therefore it cannot begiven to a function demanding it as unique argument.Example (the uniqueness type attribute of a classical type is by default not unique):When the uniqueness type attribute is derived or specified explicitly the following holds.On a positive position it means that the corresponding (sub-) argument is required to be unique.The function can only be applied with a unique () typed (sub-) argumentOn a negative position it indicates that uniqueness of the corresponding result is guaranteed.Another valid restricted type for the identity function is the following type which indicates that the functioncan only be applied on a unique argument and that it will return a unique object:When a uniqueness type variable is derived or specified explicitly the following holds.On a positive position it means that the corresponding (sub-) argument can be unique as well asnon-unique (this is also called possibly unique). Uniqueness type variables in the type specifica-tion of functions are very useful for the specification of uniqueness consistency between the argu-ments and the result of polymorphic functions.On a negative position a bound uniqueness type variable (i.e. a uniqueness variable which isintroduced on a positive position) means that the uniqueness will depend on the uniqueness at-tribute of the corresponding argument(s) in the actual function call (see below).When free uniqueness type variables appear in the result type of a function it means that thecorresponding result can be regarded as unique as well as non-unique. So, one can deduce fromthis that a unique result is returned.Example (inferred uniqueness types of functions). The inferred most general type of the identity function isgiven below. It indicates that, when a (non-)unique argument is given to the identity function, the result willbe (non-)unique as well (and of the same classical type). The previous types for I are restricted versions ofthis most general inferred type (uniformly instantiate with non-unique or with

1 Remark: In the classical type system sources of non-polymorphism are a user specified restrictedtype in the type specification of a function or denotations of objects that are predefined or user-definedin an algebraic data type. For uniqueness types the only source of non-polymorphism (read: *) is thespecification of a restrictive type by the user or in a library (e.g. FWriteC

6 8 CONCURRENT CLEAN LANGUAGE REPORT- DRAFT 23 May 1995

Shorthand notation in function type specifications

The anonymous uniqueness type variable "." can be used in a function type instead of a unique-ness type variable in cases the name does not matter. Since each classical type variable has to beattributed uniformly, one can prefix each of them with a dot to indicate that they are actually attributedwith a uniqueness type variable. For notational convenience one furthermore need only to specify the(possible) uniqueness of the innermost structure. The system will infer the propagation consequencesfor the surrounding structures.Example (use of the anonymous uniqueness type variable).which is equivalent withmap :: (u:a -> v:b) w:[u:a] -> x:[v:b]9 . 3 . 3 Typing curried functions

When a curried function is applied to a (possibly) unique element the resulting function type must beunique (a curried function in this aspect acts like a constructor). This behaviour is reflected in the prop-agation property for curried functions: the arrow type of a curried application of a function with atleast one argument is attributed as follows:if one of the arguments has uniqueness attribute not being non-unique then the resulting arrow typemust have attribute otherwise the resulting arrow type is attributed as being non-unique.it is not allowed to ever share on object of arrow type which is attributed with * (it is said to be es-sentially unique). This restriction implies that an essentially unique function cannot be coerced to anon-unique function type. This has as consequence that an essentially unique function cannot bepassed as argument to a function that will share the essentially unique function inside its functionbody.The propagation property reflects the fact that a curried function can be regarded as a kind of datastructure.Example (essentially unique functions cannot be coerced to a non-unique function). Consider again the in-ferred type of the function mapThe type specification shows that a non-unique function is demanded. This means that map cannot becalled with an essentially unique function (i.e. a curried function which has "eaten" unique arguments). Andindeed, one can see in the definition of map that its first argument becomes shared in the function body.9 . 3 . 4 Typing functions with functions on constructor positions

NOT SUPPORTED IN CURRENT RELEASE.

9 . 3 . 5 Type consistency

The (uniqueness) type specifications of graphs and functions/operators are inferred at compile timeby the uniqueness type inferencing mechanism. Explicit uniqueness type specifications are al-lowed to be more restrictive than the inferred types. In that case the restrictive type is used in all con-texts.A uniqueness type specification must be correct. It is assumed that the underlying classical typespecification is already correct (see 8.3.5). So, only the attached uniqueness type attributes have tobe taken into consideration for uniqueness type consistency. Each occurrence of a uniqueness type at-tribute is assumed to have a sign (see 9.3.2) and is propagating or not (see 9.2).Each node is typed with respect to uniqueness by instantiating uniqueness variables:All occurrences of a classical type variable must be attributed with the same uniqueness type at-tribute within its scope.For each argument of the node symbol, the type attribute has to be sharing consistent i.e. its at-tribute must be non-unique if the argument has been marked shared by the sharing analysis (see9.3.1).The instantiated type (the offered type) must be coercible (with * £ u: £ non-unique) to theenvironment type of the node symbol (the demanded type).Coercions are defined as follows:a non-arrow type offered is coercible to a type demanded if all the arguments, sub-argu-ments and results of the type constructors are coercible with respect to the sign of theirposition; for sign + this means that offered £ demanded, for sign - this means that de-manded £ offered and for sign – it means that both offered £ demanded and demanded £offered (so, demanded = offered);an arrow type offered is coercible to a type demanded if the type attributes of offeredand demanded (so, demanded = offered) are the same and the arguments, subargumentsand the result are coercible as well. Consequently, unique arrow types can never beshared in a context.When an argument of a type is propagating and its uniqueness type variable is being instantiatedwith type *, the whole type must be attributed * as well (see 9.2).Furthermore, if the node contains a curried application of a function symbol then the propagationrule for curried functions has to be taken into account (see 9.3.3).

10Input / Output handling

1 0 . 1 The world according to Clean1 0 . 2 File I/O1 0 . 3 Event based I/O1 0 . 4 Graphical user interfaces1 0 . 5 Timer handling1 0 . 6 Interleaved executing communicat-ing processes1 0 . 7 Distributing executing communicat-ing processes

In this Chapter the new Clean I/O system version 1.0 is described. This system is currently avail-able only on a limited number of platforms (see the Preface). On other systems the Clean I/O systemversion 0.8 is distributed. For a description of the 0.8 system we refer to the Addison-Wesley book(Plasmeijer and Van Eekelen, 1993) or to the appendix of the "Gentle Intro in Clean" as included withthe Clean 1.0 distribution.Cleans’ Uniqueness Type System makes it possible to update objects destructively. As explained inSection 9.1 one can use this property to create Clean functions which have direct read and write ac-cess on files. In the same way one can define functions for all communication with the outside world: forfile I/O, window based I/O, communication with the operating system, interface with C etc.Since we want Clean programmers to write programs on a high level of abstraction in a declara-tive style, we wanted to offer more than just an interface to C. We do not want to burden the program-mer with the low level details of how I/O is handled on a specific platform. To make this possible a so-phisticated I/O system has been predefined in Clean. It provides a way for the programmer to specifyinteractive programs on such a way that window based interactive programs can be developed veryeasily. All low-level event handling and window management is handled automatically. The specifica-tion is platform independent. Programs can be ported to other machines without modification of codewhile the resulting program will obey the specific look and feel offered by the underlying operating sys-tem. Although the I/O system cannot support everything one can imagine, it is powerful enough formost applications. The I/O system can also easily be extended or modified by the (system) program-mer to support wishes we did not think of.I/O handling in Clean is done via an explicit multiple environment passing scheme to enforce thecorrect order of evaluation (see 10.1) while destructive updateability in a pure functional language isrealized by using uniqueness typing (see Chapter 9).Files can be directly accessed for reading and writing (see 10.2). Graphical User Interfaces canbe specified by defining abstract devices using a predefined algebraic data type (see 10.3 and 10.4).Timers can be defined to perform time dependent actions (see 10.5).The system offers the possibility to combine (independently developed) interactive applications(processes) into one new Clean application. The different sub-applications are executed in an inter-leaved manner (see 10.6). One can switch between these applications (like in a multi-finder) and ex-

7 2 CONCURRENT CLEAN LANGUAGE REPORT- 23 May 1995 change information between them. Sub-applications can communicate via files (e.g. via copy-pasting),via global states interactions can have in common or via message passing (see 10.6).It is in principle also possible to create sub-applications running on a different processor (see10.7). In this way distributed applications can be made running in parallel on different machines con-nected via a network. Such distributed programs can be tested and developed on one processor andwith one change in the code and a recompilation turned into the desired distributed version.1 0 . 1 The world according to Clean

Clean programs can run in two modes.1 0 . 1 . 1 I/O using the console

The first mode is a console mode. It is chosen when the Start rule is defined as a nullary function.initial expressionIn the console mode, that part of the initial expression (indicated by the right-hand side of the Startrule) which is in root normal form (also called the head normal form or root stable form), is printed as soonas possible. The console mode can be used for instance to test functions.1 0 . 1 . 2 I/O on the unique world

The second mode is the world mode. It is chosen when the optional additional parameter (which is oftype *World) is added to the Start rule and delivered as result.The world which is given to the initial expression is an abstract data structure, an abstract world oftype *World which models the concrete physical world as seen from the program. The abstractworld can in principle contain anything we want, anything what is of importance for a functional programto interact during execution with the concrete world. The world can be seen as a state and modificationsof the world can be realized via state transition functions defined on the world or a part of the world. Byrequiring that these state transition functions work on a unique world the modifications of the abstractworld can directly be realized in the real physical world, without loss of efficiency and without losingreferential transparency (see Chapter 9).The concrete way in which one can handle the world in Clean is determined by the system program-mer. One way to handle the world is by using the predefined Clean I/O library which can be regardedas a platform independent mini operating system. It makes it possible to do file I/O, window based I/O,dynamic process creation and process communication in a pure functional language in an efficient way.The program state

For programming convenience the world is further refined in the Clean I/O system as follows.Figure (the world according to Clean).

INPUT / OUTPUT HANDLING7 3 ab-stractsub-worlddependent from another part: one can modify one without influencing another.*Filesidea of sub-worlds can be further refined as required, e.g. one can retrieve a file of type *File fromfirst has to close it.eventevent(window-based)localworking on these sates are stored in the IOState as well.But, of course, an application does not only manipulate the world, it probably has to manipulate its ownstate is split-up into two categories:for each process.can exchange information (e.g. to realize inter process communication via shared data such as clip-which all top level state transition functions in Clean work. These states are collected in one record, thestateprocessp L o c a l pPublicthe data shared with other processes in the same groupp F i l e s pIOState

7 4function OpenIO. The function OpenIO is called a process control function. Such a function takes careof all low level event handling in the following way.worldeventqueue and file system from this world.are stored by the process control function in the IOState.Now the process control function will repeatedly examen the event queue to see if there is an eventon top of the queue matching a description given in one of the stored abstract device specifications.When a matching event is found the corresponding state transition function stored in the description(see again 10.3) is applied on the current process state of the program thus yielding a new processstate.process) terminates yielding the final process state.applied to the initial process state until the final process state has been reached.The function OpenIO is of following type.OpenIOIODefioDefInitioDefAboutInitIOQuitIOExample

7 51 0 . 2

*Filesuniqueall*FilefilesFile).run-timecan be closed and re-opened later on. A file which is opened as read-only can be opened as manythese files have become garbage.ther reading (it gets the same status as files which are initially opened as read-only).the module StdFileIO (see ??).ExampleStdFileIOf o p e n f c l o s e s f o p e n File I/O is handled very efficiently because the uniqueness typing allows direct access to the actual file.There is no limitation on the kind of file handling which is allowed (e.g. seeks are possible).fwritecsfreadcExample"source""dest"FReadData(FWriteDatatem and IOState.

7 61 0 . 3

StdEventIOIOStatemodern computer systems. Examples of abstract devices are: windows (including dialogues) for win-timersdevicecomponentsmenukeyboardmousecontrolsbuttonssub-menusmenu items and so on.

offered in which the programmer can define the relevant properties of the concrete devices that are be-generally consists of:

7 7constructor with a meaningful name to indicate the desired device/device component (eg Pull-DownMenuTitleString);sub-componentsmenu etc) which are defined in the same declarative style;a state transition function (called the call-back function) to be applied on the current process statewhen the device (component) is triggered by a corresponding event (eg one can trigger an abstractmenu element by selection of the corresponding concrete menu element with the mouse);tional parameter is not specified);ExampleitalicMenuDefM e n u MenuElementSubMenuItemMenuItemMenuSeparatorMenuAttributeM e n u I d MenuSelectStateMenuShortKeyMenuAltKeyMenuMarkStateMenuFunctionMenuModsFunctioncess control functions like OpenIO to generate the demanded action on the screen.ExampleMenuDefnewopenclosesavesaveAsQuitIONotice that the specification is not static but dynamic: any expression which yield an instance of MenuDef willdo.

7 8"File"MenuItemMenuFunctionMenuShortKeyMenuItemMenuFunctionMenuShortKeyMenuItemMenuFunctionMenuShortKeyMenuSelectStateMenuSeparatorMenuItemMenuFunctionMenuShortKeyMenuSelectStateMenuItemMenuFunctionMenuSelectMenuSeparatorMenuItemMenuFunctionMenuShortKeyThe specification method is constructed in such a way that not more has to be specified as strictly nec-programs.

gebraic description of the device into the IOState and it activates the correponding concrete devices they are specified as active) and draws them on the screen (if they have a visual representation).Figureto a given window. Each menu has a private state again which can be used to remember specific menusettings. So each device / device component can be regarded as a kind of object containing informationwhich is relevant for that object and which can only be accessed by that object.OpenMenus

7 9OpenIOqueue matching the stored abstract device specifications. If this is the case, the corresponding call backThe first parameter depends on the kind of call-back function. For instance, a call-back function invokedby a mouse click will also get information on the current position of the mouse. All call-back functions getcan be determined (with the new states as returned by the previous call-back function called) given thefunction to another. A process terminates when the function QuitIO is applied on the IO state.Each call-back function can of course change the process state but it can also change the definitions ormodified dynamically (that is why they all can have a special label for identification).1 0 . 4 dialogueswindowdeviceStdWindowDefpicturekeyboardmouse10.4.3) as component and can furthermore contain several controls (buttons and the like, see 10.4.5).There is a special lay-out language to control the lay-out of controls and windows (see 10.4.6).1 0 . 4 . 1

Windows are the basic medium through which interactive applications and users communicate. An ap-windowsactivestructure user input to applications: a window may accept keyboard and/or mouse input. Controls (e.g.slider controls) can be put into the window such that very complicated windows can be defined.Figure

8 0OpenWindowchange window settings dynamically (e.g. to close a window, see further StdWindow in the appendix).OpenWindowOpenModalWindowCloseWindowWindowDefDialogWindowW i n d o w DialogWindowWindowOpenModalWindowto perform interactions with that window until this window is closed.StdWindowDefcomplete list). With the attributes one can attach special call back functions, e.g. to handle mouse clicksand mouse handling (10.4.3).Inside a window controls like buttons and the like can be positioned (Control Definitions). Controls aretreated in section 10.4.6.1 0 . 4 . 2 Keyboard attribute.WindowAttributeWindowKeysSelectStateAbleUnAbleare directed to the active window (of which there is only one). The KeyboardState contains all informa-which of the modifier keys were being held down at that time.KeysFunctionKeyboardStateKeyCodeKeyStateKeyUpKeyDownKeyStillDownModifiers

8 11 0 . 4 . 3 Mouse

MouseFunctiontribute.WindowAttributeWindowMouseMousefunction(see also controls in 10.3.6 to handle the clicks on bottons and so on). The MouseState contains infor-was a click, a double-click, a triple-click or a release of the mouse button and which modifier keys (shift,option etc.) were being held down.MouseFunctionMouseStateMousePositionButtonStateButtonUpButtonDownButtonDoubleDownButtonTripleDownButtonStillDown1 0 . 4 . 4

StdWindowfor example:DrawInWindowDrawFunctionDrawFunctionspearance in the list. A large set of functions has been predefined in the module StdPicture, such as:MovePenToDrawStringbrary module StdFontExampleMovePenToDrawStringStdPicture1 0 . 4 . 5 Menus

StdMenumenudeviceStdMenuDef

8 2menu-item, menu radio-item or a sub-menu. See further the intro of 10.3.OpenMenus1 0 . 4 . 6 Controls

Besides that one can draw pictures and write text in a window one can put controls like bottons and thetonsbuttonsfied by the programmer, see StdControls). A group of controls can be combined to form a unit which iscalled a CompoundControlFigure