Concurrent Clean11Some introductory examples31.1A simple Concurrent Clean program31.2Lists and guards31.3Higher-order functions41.4Strictness annotations41.5Strict Tuples51.6A cyclic example51.7Functions and constructors61.8Input / Output61.9A parallel program82Basic semantics of Concurrent Clean102.1Graph rewriting102.2Guarded expressions142.3Lists and tuples142.4Macro�s153The type system173.1Predefined basic types173.2Predefined type constructors173.3Type definitions173.4New type definitions183.5Type specifications for functions203.6Unique types233.7Untyped Clean274Modules294.1Exporting304.2Importing304.3Definition modules314.4Implementation modules314.5System modules325Input/output handling335.1Functional I/O335.2File I/O355.3Event I/O385.4Menus415.5Windows435.6Dialogs and notices475.7The timer device555.8A drawing program566Annotations606.1Strictness annotations606.2Strictness analysis646.3Process annotations647Changes and Additions72References75AConcurrent Clean Syntax79BDelta Rules81General library entrance (delta)81Operations on booleans (deltaB)81Operations on characters (deltaC)81Operations on integers (deltaI)81Operations on reals (deltaR)82Operations on strings (deltaS)82Miscellaneous operations (deltaM)82

Processor location operations (deltaP)82Version 0.7 operations on files (deltaIO)82CI/O Library84Operations on files (deltaFile)84General operations on the IOState (deltaEventIO)85Definition of the I/O system (deltaIOSystem)86Operations on the timer device (deltaTimer)89Operations on menus (deltaMenu)90Operations on windows (deltaWindow)90Operations on dialogs (deltaDialog)92The file selector dialogs (deltaFileSelect)93Predefined Controls (deltaControls)93Global I/O operations (deltaIOState)94Operations on pictures (deltaPicture)95Operations on fonts (deltaFont)97System dependent constants and functions (deltaSystem)98Index100

CONCURRENT CLEANVERSION 0.8VAN EEKELEN ET AL.1

Concurrent CleanVersion 0.8.4, April 1993Concurrent Clean (Brus et al. (1987), N�cker et al (1991), Plasmeijer & van Eekelen (1993)) is an exper-imental purely lazy functional language suited for evaluation on different kinds of machine architectures,varying from simple computers (like the Apple Macintosh) to highly parallel architectures (such as aParsytec Supercluster).The most important features of Concurrent Clean are:-it is a lazy and purely functional higher order programming language;-it is a strongly typed language (based on the well-known Milner/Mycroft type inferencing scheme(Milner (1978), Mycroft (1984))) including polymorphic types, abstract types, algebraic types andsynonym types, as well as basic types; Also lists and tuples are predefined;-it has a module structure with implementation modules and definition modules including a facilityto implicitly and explicitly import definitions from other modules; it includes predefined modules(libraries) for basic operations (delta rules) on objects of basic types (integers, reals, characters,booleans, strings and files)-sharing of computation can be expressed explicitly by the programmer in a general way including thepossibility to specify cyclic structures;-modern input/output handling (including menu�s, dialogues, mouse and window handling) can bespecified compactly and elegantly on a very high level of abstraction (Achten (1992)).-annotations can be added to a function definition. With these annotations the evaluation order can becontrolled by the programmer: functions can be made (partially) eager instead of lazy. When a func-tion is known to be strict in a certain argument, the argument can be evaluated before the function iscalled. Such functions are in general more efficient. Further speed-ups can be obtained by defining(partially) strict data structures (N�cker & Smetsers (1990)).-it is also possible to split up the execution of the program in parts that are to be evaluated interleavedor in parallel. Processes can be created dynamically with arbitrary process topologies (for instancecyclic structures). The communication between processes does not have to be explicitly defined but ishandled automatically.Concurrent Clean has originally been designed to be used as an intermediate language between arbitrary(eager and lazy) functional programming languages and arbitrary sequential or parallel machine architec-tures. It is designed as a rather simple functional language to make it possible to concentrate on the im-plementation of the basic aspects only, instead of getting lost in the details of a specific full-featured func-tional language.But, Concurrent Clean can also be used as an ordinary functional programming language in which(possibly parallel) computations are expressed in terms of graph rewriting. In contrast with most otherfunctional programming languages Concurrent Clean supports only the most basic aspects of functionalprogramming. Syntactic sugar (such as infix notations or complex list expressions) is mainly excluded.Currently Concurrent Clean can be used as a (simple) programming language in its own right and as in-termediate language between Miranda* and sequential architectures like Sun3, Sun4 and Macintosh aswell as parallel architectures like Transputer based systems. In these systems Concurrent Clean itself isnot translated directly to concrete machine code but to the machine code of an abstract machine called theParallel ABC-machine. This abstract code is either interpreted by a software PABC-machine or compiledto concrete machine code of the host machine.

*MirandaTM is a trademark of Research Software Ltd.

2CONCURRENT CLEAN

The Concurrent Clean SystemThe Concurrent Clean System is the programming environment for Concurrent Clean. Currently the Con-current Clean System contains-a Concurrent Clean to PABC compiler (Smetsers (1989));-a PABC simulator (N�cker (1989)), such that (parallel) programs can be interpreted; it includes facil-ities for tracing, debugging and statistics;-code generators that translate PABC code to native machine code (Groningen (1990,1991), Smetsers(1991), Kesseler (1990,1991)). At this moment versions for both Sun3 and all Macintosh machines(Motorola 680x0) as well as Sun4 (Sparc) are available. Furthermore a code generator for a ParsytecSupercluster transputer rack is available;-a user-friendly Macintosh environment including a project manager with an automatic make facilityand an editor (Wichers Schreur (1989), Huitema & Plasmeijer (1992));-an automatic strictness analyser (N�cker (1990,1992));-a high level I/O interface with the Macintosh toolbox and with the X Window System using the OpenLook“ Interface Toolkit (Achten (1992,1993)).In the near future the Concurrent Clean System will provide:-a code generator for Macintosh�s and Suns communicating via a local area network;-a facility to convert Miranda scripts to Concurrent Clean programs;-the possibility to define and manipulate arrays and records (structures);-further improvements to the efficiency of the sequential code;-an even more user-friendly programming environment for both Macintosh as well as X Windows /Open Look systems. This environment will be programmed in Concurrent Clean.For the final version of the Concurrent Clean System the following extensions are planned:-more syntactical sugar will be added (infix expressions, overloading);-an extension of the type system with a decidable subset of intersection typing (van Bakel (1989,1990, 1993));-high level process annotations that allow the programmer to express parallelism on a higher level;-a tracer/debugger for Concurrent Clean;-an implementation of the Concurrent Clean System in Concurrent Clean.Differences with older versionsThe description of Concurrent Clean given in this manual corresponds with the Concurrent Clean Systemversion 0.8.4. The main differences with Concurrent Clean version 0.8.0, 0.8.1 and 0.8.3 are:-The compiler, code generator, linker and run-time system have been improved.-The I/O interface has been revised completely. It now contains a full implementation of dialogs andhas become available for X Windows / Open Look systems (Sun4).A more detailed description of the differences between Concurrent Clean version 0.8.4 and older versionscan be found in chapter 7 of this manual. Since Concurrent Clean is an experimental language, changesand extensions may be expected in future versions of the language.

1 Æ SOME INTRODUCTORY EXAMPLES3

1Some introductory examplesIn this section we briefly introduce the flavour of Concurrent Clean by showing how some well-knownand less well-known functional programs are written down in this formalism. We assume that the readeris familiar with other functional languages.1.1A simple Concurrent Clean programMODULE Fac;IMPORT delta;MACROStartvalue->20;RULE::Fac INT->INT;Fac 0->1;Fac n->* n (Fac (-- n));::Start->INT;Start->Fac Startvalue;A Concurrent Clean program is composed of modules. Modules are hierarchical. The top-most module isthe main module. In the main module a Start rule should be declared of which the left-hand-side con-sists of the symbol Start and the right-hand-side corresponds with the initial expression (of any type) tobe computed. Evaluation of a Concurrent Clean program will start with the evaluation of the function ap-plication defined in the right-hand-side of the Start rule. The Start rule may have one optional argu-ment (of type UNQ WORLD), which is the environment parameter that is necessary to perform I/O actions(see section 1.8).With the IMPORT statement all predefined arithmetic functions (delta rules) and related types are im-ported. -- (integer decrement) and * (integer multiplication) are examples of such predefined functionsof the predefined type INT.It is possible to define macro�s in Concurrent Clean. The right-hand-side of the macro definition will besubstituted for every occurrence of the left-hand-side of the macro definition at compile time. Parameter-ized macro definitions are also possible.Concurrent Clean expressions are generally written in prefix notation.Rules starting with :: are either new type definitions or type specifications of rewrite rules. In the lattercase the type of the corresponding function is specified. In a Concurrent Clean program all rules for a cer-tain function are called the alternatives for that function. It is required that the alternatives are groupedtogether, separated by semi-colons. The rule alternatives of a function definition are applied in textual or-der.1.2Lists and guardsThe following Concurrent Clean program calculates prime numbers using the Sieve of Eratosthenes.MODULE Eratosthenes;==Eratosthenes’ SieveIMPORT delta;RULE

4CONCURRENT CLEAN

::Start->[INT];Start->Sieve (Gen 2);::Sieve [INT]->[INT];Sieve [pr | str]->[pr | Sieve (Filter pr str)];::Filter INT [INT]->[INT];Filter pr [n | str]->Filter pr str , IF = (% n pr) 0->[pr | Filter pr str];::Gen INT ->[INT];Gen n->[n | Gen (++ n)];In Concurrent Clean a comment line can be specified by preceding the line with �==�. Another way ofspecifying comment is enclosing it between comment brackets �<<� and �>>�. These comment bracketscan enclose any number of characters or lines in a Clean program and can be nested.Square brackets are used for denoting lists: [] is an empty list, [a,b,c] a list containing the three ele-ments a, b and c and [a | f] denotes a list consisting of a list f prefixed with an element a. It is alsopossible to prefix a list with more than one element. For example: [a, b, c | f] denotes a list fprefixed by the elements a, b and c.Concurrent Clean is a lazy language, so infinite lists (the result of Gen 2 is the increasing list of all natu-ral numbers starting with 2) are evaluated lazily.In Concurrent Clean conditional expressions are specified by means of guards (see the definition ofFilter). Guards should be considered as an extension of the notion of patterns: an alternative onlymatches when its pattern matches and its guard evaluates to True. A group of alternatives with the sameleft-hand-side (pattern) is considered as one alternative consisting of one or more guarded expressions.Guards are separated from the rest of a guarded expression by an optional comma and the keyword IF. Aguard is a boolean expression in which the infix operators || (conditional or) and && (conditional and)can be used.1.3Higher-order functionsMODULE Map;IMPORT delta;RULE::Square INT->INT;Square x->* x x;::Map (=> x y) [x]->[y];Map f []->[];Map f [a | b] ->[f a | Map f b];::Start->[INT];Start->Map Square [42,43,44];Higher order functions can be used freely. There is no difference between the use of full and partial(curried) applications of functions.Types of higher order functions are specified using => (prefix notation) which corresponds to -> (infixnotation) in languages like Miranda.1.4Strictness annotationsMODULE StrictNfib;FROM deltaI IMPORT <, +, --, -;RULE

1 Æ SOME INTRODUCTORY EXAMPLES5

::Nfib !INT->INT;Nfib n->1 , IF < n 2->+ (Nfib (-- n)) (Nfib (- n 2));::Start->INT;Start->Nfib 20;Strictness annotations (!) can be used to indicate that a function is strict in a certain argument instead oflazy. Such an argument will be evaluated before the corresponding function is called. Generally, more ef-ficient code can be generated for functions with strict arguments of basic types. Only arguments of whichthe forced evaluation cannot influence the termination behaviour of the program may be annotated as be-ing strict. The strictness analyser of the Concurrent Clean System is able to derive the strictness informa-tion for many cases, such as for the example above. So generally there is no need to add annotations byhand.In the example above the predefined delta rules are explicitly imported instead of implicitly as in the pre-vious examples.1.5Strict TuplesMODULE Complex;IMPORT deltaR;TYPE::Complex-> (!REAL, !REAL);RULE::+C !Complex !Complex->Complex;+C (r1,i1) (r2,i2)->(+R r1 r2, +R i1 i2);::*C !Complex !Complex->Complex;*C (r1,i1) (r2,i2)->(-R (*R r1 r2) (*R i1 i2), +R (*R r1 i2) (*R r2 i1));Strictness annotations can also be used in tuple types. These annotations indicate that the correspondingparts of the tuples can be evaluated immediately when the tuples are used. For instance, in case of theabove-standing definition of the addition function +C for complex numbers this implies that the sums ofthe real and imaginary parts are computed directly when this function is called. Such strictness informa-tion cannot be derived by the Concurrent Clean System.1.6A cyclic exampleIn Concurrent Clean it is possible to explicitly express sharing of computation including the possibility tospecify cyclic structures. This last possibility has been used in this example, a solution to the Hammingproblem: calculate the (infinite) list of numbers having only 2, 3 and 5 as prime factors.MODULE hamming;IMPORT deltaI;RULE::Ham->[INT];Ham->y: [1 | Merge (Map (* 2) y) (Merge (Map (* 3) y) (Map (* 5) y))];::Merge [INT][INT]->[INT];Merge f[]->f;Merge []g->g;Merge f:[a|b]g:[c|d]->[a | Merge b g], IF < a c->Merge f d , IF = a c->[c | Merge f d];

6CONCURRENT CLEAN

::Map(=> x y)[x]->[y];Mapf[]->[];Mapf[a|b]->[f a | Map f b];::TakeINT[x]->[x];Take0list->[];Taken[h|t]->[h | Take (-- n) t];::Start->[INT];Start->Take 300 Ham;The Ham function clearly has a cyclic structure. This solution to the Hamming problem runs in lineartime, whereas in a language without the possibility to explicitly specify cyclic structures it is hard to evenachieve a solution that runs in polynomial time.1.7Functions and constructorsIn a language like Miranda a non-matching function will always result in a run-time error. In ConcurrentClean on the other hand non-matching functions are treated as constructors, as long as they do not resultin type conflicts. The following example contains definitions that are used both as functions as well as asconstructors.MODULE Numerals;TYPE::Num->Zero->Succ Num->Pred Num;RULE::SuccNum->Num;Succ(Pred n)->n;::PredNum->Num;Pred(Succ n)->n;::Start->Num;Start->Succ (Succ Zero);The right-hand-side of the Start rule will not match any rule. Still the program is correct, because theright-hand-side of the Start rule is indeed of the wanted type (Num). Succ and Pred are used as func-tions as well as as constructors. As constructor they are of type Num and as functions they yield type Num.1.8Input / OutputTo be able to do window-based I/O a large I/O library has been implemented for Concurrent Clean. Theimplementation of the library is based on a kind of explicit environment passing scheme and guaranteedsingle threadedness by means of an extension of the type system with so-called unique types. Appendix Ccontains a complete overview of the functions and types that are predefined in the I/O library.Interface objects (menus, windows etc.) are defined by means of parameterized constructors of well-chosen algebraic types. The behaviour of the interface objects is defined by its event handlers: programdefined functions that will be called when a certain event occurs on that interface object. These eventhandlers work on a predefined, single threaded environment parameter: the IOState. This environmentparameter takes care of the fact that the functional semantics are not violated.This example shows some of the I/O features that are available in Concurrent Clean. It is a programthat shows the contents of text files in a window. The program defines one menu, named �File�, contain-ing two commands. The �Open...� command presents a standard dialog for the selection of a file and thenshows that file in the window. With the �Quit� command one can quit the program. One window, called�Contents�, is defined by the program. The size of the window can be adjusted and the contents of thewindow can be scrolled in all directions to read the whole text. On the screen of an Apple Macintosh theprogram will present itself as follows:

1 Æ SOME INTRODUCTORY EXAMPLES7(FILES,[STRING]);::UNQ IO->IOState State;The macro�s that enhance comprehension and maintenance. Graphical interface objects have id�s, which can be usedto refer to the object during the interaction.MACROFileID->1;OpenID->11;QuitID->12;WndwID->1;Corner->(0,0);Size->(400,200);MinSize->(100,100);PicDom->((0,0),(500,300));ScrBar->ScrollBar (Thumb 0) (Scroll Space);Space->12;The Start rule is parameterized with the predefined WORLD environment, which contains all other environments.From the world the FILES and EVENTS environments are retrieved. The FILES environment is used to create theinitial program state. The EVENTS environment, which models the event stream, is used together with the menuand window definitions to create the initial I/O state. StartIO starts the interaction. It terminates when one of theevent handlers calls the predefined rule QuitIO (see the Quit function). When StartIO terminates the resultingEVENTS and FILES environments are put back into the world. The definition of the menu system is straightfor-ward. The functions that will be called when the menu items are selected are Open and Quit. The (scrollable) win-dow has two event handlers: Update is called when (parts of) the window need to be redrawn, Quit is called whenthe user requests to close the window.RULE::Start UNQ WORLD -> UNQ WORLD;Start world -> CloseEvents events’ (CloseFiles files’ world’’),(files’,cont):state,(state,events’):StartIO [menu,window] (files,[]) [] events,(files,world’’):OpenFiles world’,(events,world’):OpenEvents world,menu:MenuSystem [PullDownMenu FileID "File" Able [MenuItem OpenID "Open..." (Key ’O’) Able Open,MenuItem QuitID "Quit" (Key ’Q’) Able Quit]],window:WindowSystem [ScrollWindowWndwID Corner "Contents" ScrBar ScrBarPicDom MinSize Size Update [GoAway Quit]];

8CONCURRENT CLEAN

Open is called when the Open... command is selected. It presents a predefined dialog to open a file (SelectInput-File), opens the file (SFOpen), reads it (ReadFile) and shows the contents in the window. First the size of the win-dow�s picture is adjusted (ChangeActivePictureDomain), after which drawing of the contents of the file can takeplace (DrawInActiveWindow). The font of the picture is set (SetFont), the previous content is erased (Erase-Rectangle) and the new content in shown (Display).::Open State IO -> (State,IO);Open (files,oldc) io->((files1,oldc), io1), IF NOT read->(state’, DrawInActiveWindow [SetFont font, EraseRectangle picdom | Display Space cont] io2),(state’,io2):ChangeActivePictureDomain picdom (files3,cont) io1,(len,cont,files3):ReadFile file files2,(open,file,files2):SFOpen name FReadText files1,(read,name,files1,io1):SelectInputFile files io,picdom:((0,0),(xsize, ysize)),xsize:+ 20 (MaximumInList 0 (FontStringWidths cont font)),ysize:+ 20 (* Space len),(dummy,font):SelectFont "Courier" [] 10;Quit is called when the Quit command is selected or the window is requested to be closed. It simply applies the pre-defined function QuitIO to the current I/O state, which causes the interaction to terminate.::Quit State IO -> (State,IO);Quit state io -> (state, QuitIO io);Update is called whenever (parts of) the window need to be redrawn. It calls the function Display to redraw thewindow�s picture.::Update UpdateArea State -> (State, [DrawFunction]);Update area state:(files,cont) -> (state, Display Space cont);ReadFile reads the lines of a file and closes it afterwards. It also returns the number of lines in the file. SFRead-Line reads one line from the file and returns a new FILE on which reading can continue. SFEnd tests for end of fileand SFClose closes the file.::ReadFile FILE FILES -> (INT,[STRING],FILES);ReadFile file files->(0, [], files1), IF SFEnd file->(++ len, [string | rest], files2),(dummy,files1):SFClose file files,(len,rest,files2):ReadFile newf files,(string,newf):SFReadLine file;Display returns a list of draw functions that draw the list of strings in the picture of the window. MovePenTomoves the pen to the indicated position, DrawString draws a string at the current position of the pen.::Display INT [STRING] -> [DrawFunction];Display y [] ->[];Display y [s|r]->[MovePenTo (4,y), DrawString s | Display (+ y Space) r];MaximumInList returns the maximum of a list of integers.::MaximumInList INT [INT] -> INT;MaximumInList max []->max;MaximumInList max [val | rest]->MaximumInList val rest , IF > val max->MaximumInList max rest;1.9A parallel programThe sieve of Eratosthenes is a classical example in which a pipeline of parallel reducers can be created.Those reducers (Sieve’s) hold the prime numbers in ascending order, one in each Sieve. Each Sieveaccepts a stream of integers as its input. Those integers are not divisible by any of the foregoing primes inthe pipeline. If an incoming integer is not divisible by the local prime as well, it is sent to the nextSieve. A newly created Sieve accepts the first incoming integer as its own prime and outputs thisprime and the channel of the next Sieve to a printing parallel reducer. After that it starts sieving. A par-allel reducer called Gen sends a stream of integers greater than one to the first Sieve.

1 Æ SOME INTRODUCTORY EXAMPLES9

MODULE ParallelSieve;IMPORT delta;RULE::Start->[INT]Start->Sieve g,g: {P} Gen 2;::Sieve[INT]->[INT];Sieve[pr | str]->[pr | {P} Sieve ({I} Filter pr str)];::FilterINT[INT]->[INT];Filterpr[n | str]->Filter pr str, IF = (% n pr) 0->[pr | {I} Filter pr str];::Gen!INT->[INT];Genn->[n | {I} Gen (++ n)];With only a few annotations ({I},{P} and !) the desired parallel evaluation is achieved. The strictnessannotation in the type rule of Gen is necessary to achieve efficiency. Leaving out this annotation wouldmean that a structure of applications of ++ to 2 would be sent to the other reducers by the Gen process,which is very inefficient. Leaving out all annotations results in a sequential program that will deliver thesame result as the program of section 1.2.

10CONCURRENT CLEAN

2Basic semantics of Concurrent CleanConcurrent Clean is a lazy functional language based on Term Graph Rewriting Systems (Barendregt(1987a), Smetsers (1993)). This means that functions in a Concurrent Clean program work on graphsinstead of terms (as is usual in other functional languages). In many cases the programmer does not needto be aware of the fact that he/she is manipulating graphs. But, for a good understanding of the underlyingsemantics of Concurrent Clean one needs some basic knowledge about graph rewriting.2.1Graph rewritingA Concurrent Clean program basically consists of a number of graph rewriting rules which specify how a(program) graph has to be rewritten.A graph is a set of nodes. Each node has a defining node-identifier (the nodeid). A node consists of asymbol and a (possibly empty) sequence of applied nodeid’s (the arguments of the symbol). Appliednodeid’s can be seen as references (arcs) to nodes in the graph, as such they have a direction: from thenode in which the nodeid is applied to the node of which the nodeid is the defining identifier.Each rewrite rule consists of a left-hand-side graph (the pattern) and a right-hand-side (rhs) consisting ofa graph (the contractum) or just a single nodeid (a redirection). In Concurrent Clean rewrite rules are notcomparing: the left-hand-side (lhs) graph of a rule is a tree, i.e. there exists exactly one path from the rootto a node of this graph and each node identifier is applied only once.A rewrite rule defines a (partial) function. The function name is the root symbol of the left-hand-sidegraph of the rule alternatives. All other symbols that appear in rewrite rules, are constructors.The program graph is rewritten according to the rules. Initially this program graph is fixed: it consists of asingle node containing the symbol Start, so there is no need to specify this graph in the program explic-itly. The part of the graph that matches the pattern of a certain rewrite rule is called a redex. A rewrite ofa redex can take place according to the right-hand-side of the corresponding rewrite rule. If the right-hand-side is a contractum then the rewrite consists of building this contractum and doing a redirection ofthe root of the redex to root of the right-hand-side. Otherwise only a redirection of the root of the redex tothe single nodeid specified on the right-hand-side is performed. A redirection of a nodeid n1 to a nodeidn2 means that all applied occurrences of n1 are replaced by occurrences of n2.Areduction strategy is a function that makes choices out of the available redexes. A reducer is a processthat reduces redexes that are indicated by the strategy. The result of a reducer is reached as soon as the re-duction strategy does not indicate redexes any more. A graph is in normal form if none of the patterns inthe rules match any part of the graph. A graph is said to be in root normal form when the root of a graphis not the root of a redex and can never become the root of a redex.The default reduction strategy used in Concurrent Clean is the functional reduction strategy. Reducinggraphs according to this strategy resembles very much the way execution proceeds in lazy functional lan-guages: if there are several rewrite rules for a particular function, the rules are tried in textual order; pat-terns are tested from left to right; evaluation of arguments is forced when it is tried to match an actual ar-gument against a corresponding non-variable part of the pattern. A more formal definition of this strategycan be found in (Toyama (1991)).Syntactical conventionsThere are two kinds of identifiers, to wit variables and symbols. Variables begin with a lower-case char-acter, symbols (functions, constructors, objects of a basic type, etc.) do not begin with a lower-case char-acter. So all identifiers that begin with special characters like + or $ are symbols. The alternative defini-

2 Æ BASIC SEMANTICS11 tions of a function must be grouped together (separated by semi-colons), the keyword RULE indicates thata block of graph rewrite rules follows.Basic syntax for rewrite rulesRules=’RULE’ Rule ’;’ {Rule ’;’};Rule=RuleAlt {RuleAlt};RuleAlt=Graph ’->’ GuardedRhss {’,’ NodeDef}’;’;GuardedRhss=GuardedRhs [’->’ GuardedRhss]|Expression;GuardedRhs=Expression [’,’] ’IF’ Guards;Expression= NodeId|[NodeId ’:’] Node;Guards=Guards {’&&’ Guards}|Guards {’||’ Guards}|’(’ Guards ’)’|Expression;Graph=[NodeId ’:’ ] Node {’,’ NodeDef};NodeDef= Nodeid ’:’ Node;Node=Symbol {Arg};Arg= Nodeid|[Nodeid ’:’] Symbol|[Nodeid ’:’] ’(’ Node ’)’;Nodeid=Variable;Instead of the readable shorthand notation that was used in the examples of chapter 1, the syntax also al-lows to use a notation in which the graph structure has been made more explicit as can be seen in the ex-ample in one of the following sections.Static restrictionsAn explicit definition of a node identifier (nodeid) is an occurrence before a colon symbol in a node defi-nition. An implicit definition of a nodeid is any occurrence on the left-hand-side of a rule that is not anexplicit definition. An occurrence of a nodeid is a defining occurrence if it is an occurrence of an explicitor implicit definition. All other occurrences of nodeid’s are applied occurrences. The scope of the nodeidentifier is the alternative (consisting of one or more guarded expressions) of the rule in which the nodeidentifier occurs. In rewrite rules each nodeid must have one unique defining occurrence within its scope.Arities and CurryingIn Concurrent Clean all symbols are defined with a fixed arity. However, a symbol may be applied on anarbitrary number of arguments. If a function is applied with too few arguments the expression is in rootnormal form. When all arguments of a function are present it can be reduced.When a function F is defined with arity n:F a1 a2 ... an -> ar

12CONCURRENT CLEAN then(...((F a1) a2)...) anreduces toF a1 a2 ... anwhich reduces toarThe example in section 1.3 (the Map function) shows the use of curried functions. Another example is thefoldr function:::Foldr (=> t1 (=> t2 t2)) t2 [t1]-> t2;Foldr op r [] -> r;Foldr op r [a|x]-> op a (Foldr op r x);The first argument of the higher order function Foldr (op) is a function that is applied twice on the left-hand-side. Once with two arguments, in which case it can be reduced, and once with zero arguments, in which case itcannot be reduced: it is in root normal form.A small exampleConsider the following rewrite rules:Add Zero zfiz;(1)Add (Succ a) zfiSucc (Add a z);(2)StartfiAdd (Succ o) o,o: Zero;(3)These rules are semantically equivalent to the following set of Concurrent Clean rules in which the graphstructure has been made explicit by adding nodeid’s. Using the set of rules with explicit nodeid’s it will beeasier to understand what the meaning is of the rules in the graph rewriting world.x: Add y z,y: Zerofiz;(1)x: Add y z, y: Succ afim: Succ n,n: Add a z;(2)x: Startfim: Add n o,n: Succ o,o: 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:

aTo distinguish the nodeid�s appearing in the rewrite rules from the nodeid�s appearing in the graph thelatter always begin with a �@�.The initial graph is rewritten until it is in normal form. Therefore a Concurrent Clean program must atleast contain a "start rule" that matches this initial graph via a patspecifies the actual computation.

2 Æ BASIC SEMANTICS

The patterns in rewrite rules contain formal nodeid�s. During the matching these formal nodeid�s aremapped to the actual nodeid�s of the graph. After that the following semantic actions are performed: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 rewrit-ing is then:The graph after rewriting:Pictorial notation (redirected nodeid is dashed):

This completes one garbage and not considered any more in the next rewrite steps. In an implementation once in a while garbage collection is performed in order to reclaim the memory space occupied by these garbage nodes. In this example the startnode is not accessible from the dataroot node after the rewrite step and can be left out.The graph after garbage collection:Pictorial notation :

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

The fact that graphs are being used in Concurrent Clean gives the programmer the ability to explicitlyshare terms or to create cyclic structures. In this way time and space efficiency can be obtained.

ONCURRENT LEAN

Guarded expressionsIn Concurrent Clean conditional expressions are specified by means of guards. Guards should be considered as an extension of the notion of patterns: an alternative only matches when its pattern matches andits guard evaluates to True. It is important to note that pattern matching always takes place before theguards are evaluated. A group of alternatives with the same left-hand-side (pattern) is considered as onealternative consisting of one or more guarded expressions. The left-hand-side of the guarded expressionsneed only be specified once before the first guarded expression. Guarded expressions are separated by arrow symbols (’->’). When the last guarded expression has a guard that always evaluates to True thatguard can be omitted (the �otherwise� or �default� case).Guards are separated from the rest of a guarded expression by an optional comma and the keyword guard is a boolean expression in which the infix operators || (conditional or) and && (conditional and)can be used. These operators have no priority and are not allowed outside guards. Parentheses can beused in guards to specify the priorities. The operators || and are conditional, which means that whentheir result can be calculated by evaluating their first operand only, the second operand will not be evaluated. For example, when the first operand of || evaluates to True, the second operand will not be evaluated: the result will be True anyway.Note that semantically a guarded expression should be considered as an individual rule alternative. Forinstance, local annotations (see chapter 6) will be considered only if the corresponding guard evaluates toTrue. The same holds for unique objects (see section 3.6): a unique object can be used in several differentguarded expressions without losing its uniqueness property.Example of the use of guards: the Merge function (merge two sorted lists of integers, remove doubles):Lists and tuplesTo provide some programming convenience Concurrent Clean provides two predefined (generic) datastructures, namely lists and tuples. Below the syntax is given. The list notation in Concurrent Clean is almost similar to notations in other functional languages: [1,2,3,4] denotes a list with the four integers1, 2, 3 and 4, is an empty list, [f | r] denotes a list prefixed with an element f and [e1,...| r] denotes a list r prefixed with elements e1...en. Tuples are denoted identically to many otherfunctional languages: the elements of a tuple are listed between parentheses and separated by comma�s.An example of a tuple is (1,’?’,FALSE)

2 Æ BASIC SEMANTICS

From the syntax specification it follows that it is allowed to specify a definition of a number of nodeid’ssimultaneously by placing a tuple of nodeid’s before a colon symbol in a node definition. The meaning ofsuch a construction is that all these nodeid’s are bound to parts of the graph on the right-hand-side of thecolon symbol at run-time. Note that this only makes sense if this graph denotes a function that delivers atuple. This will be verified by the type checker (see chapter 3).The following program contains an example of the use of tuples before a colon symbol in a node definition.Macro�sA disadvantage of using a function definition to assign a name to a constant is that these functions cannotbe used for this purpose in the patterns on the left-hand-side. Though it is not forbidden in ConcurrentClean to use function symbols in patterns there is not much point in specifying a pattern of which an instance is a redex. Because the functional strategy will always reduce that redex before the pattern match

ONCURRENT LEAN ing takes place the pattern will never match the graph. This is the main reason why Concurrent Clean hasbeen extended with so-called macro�s: special rewrite rules that are rewritten (expanded) at compile-time.Apart from the above-mentioned advantage of macro�s it should be mentioned that the use of macro�s instead of non-recursive functions can speed up a Concurrent Clean program because less function callsneed to be done. A disadvantage is that more code will be generated when (parameterized) macro�s areused instead of non-recursive functions.Besides TYPE blocks and RULE blocks also MACRO blocks may occur in a Clean module. A block consists of a number of macro definitions of the form Left-hand-side-graph->Right-hand-side-graph;. At compile time the right-hand-side of the macro definition will be substitutedfor every occurrence of the left-hand-side. Macro�s may have parameters but it is not allowed to specify apattern on the left-hand-side of a macro definition. Consequently, a macro rule always consists of a singlealternative. It is clear that, at compile-time, the rewriting of the macros should always terminate. This isguaranteed by prohibiting macros that are mutually dependent or recursive.Example of the use of macro�s in Concurrent Clean.Macro definitions are similar to synonym type definitions (see section 3.4). The expansion of synonymtypes also takes place at compile-time and recursively defined synonym types are forbidden too. Themajor difference between macro�s and synonym types is caused by the way expansions are performed. Inthe first case graph reduction is used whereas the in second case string reduction is used. Example:The result of expanding the macro Double in the application �Double (Fac100)� is �+ x:(Fac 100)xwhereas the result of expanding Twice in �Twice [INT]� is �([INT],[INT])�.The expansion of the macro�s takes place before type checking. Type specifications of macro rules arenot allowed.

3 Æ THE TYPE SYSTEM

The type systemConcurrent Clean is a typed language (Bakel (1991)). With type information a compiler can generatemuch more efficient code for rewrite rules, in particular when basic types are used in combination withstrictness annotations (see chapter 6). Furthermore type information makes separate compilation possiblewhich is of great practical importance.Since Concurrent Clean is based on functional Graph Rewriting Systems, it was possible to adopt thepolymorphic type system that is also used in Miranda (the Milner/Mycroft (Milner (1978), Mycroft(1984)) scheme). Like in Miranda, types do not have to be specified explicitly by the programmer. However, the programmer is strongly advised to always specify the type of the objects. For programmers in ahurry, types can be inferred by the Concurrent Clean compiler if type information is left out. For programmers who do not worry (and for hackers), type inferring/checking can be switched off. For futureversions of Concurrent Clean we plan a type system based on intersection types (Bakel (1993)) that willbe more liberal than the Milner/Mycroft scheme.Predefined basic typesFor practical reasons it is convenient that rules for performing operations on objects of primitive types(integers, reals etc.) are predefined such that they can be implemented efficiently, preferably by using therepresentation and corresponding operations available on the computer.In Concurrent Clean the following basic types are available (see also appendix B):Basic type:Examples of denotations:Examples of predefined functions:INT1, 2, -56438+, -, =, >=, AND%REAL1.5, 0.314E10+R, -R, =R, >=R, SIN, EXP’a’, ’b’, ’c’, ’\n’, ’\007’+C, -C, =C, >=CBOOLTRUE, FALSENOT, AND, XOR, =BSTRING"This is a string \n"+S, -S, =S, >=S, SLICEPredefined type constructorsLists and tuples are predefined (generic) data structures of Concurrent Clean. For the denotation of listand tuple types special type constructors have been predefined. For lists square brackets (�[� and �]�) andfor tuples round brackets (�(� and �)�) are used. For example: [INT] denotes a list of integers and(CHAR,BOOL) denotes a tuple with a character and a boolean.To be able to specify the type of higher order functions the predefined type constructor �=>� exists. Thisis a prefix, dyadic type constructor that denotes the type of a (curried) function with one argument. Bymeans of currying, functions with more than one argument can be typed. For example: => INT (=>INT INT) denotes the type of a dyadic function working on integers when this function is passed as aparameter to a higher order function.Of course the constructors described above can be used nested. As an example the type specification isgiven of a function that maps a function over a list of pairs, returning a list of result values:Type definitionsThe objects that are manipulated in Concurrent Clean are graphs. Type definitions are therefore rules thatspecify certain restrictions imposed on the graphs on which rewrite rules are defined. Syntactically, typesare defined by graph rewrite rules. Semantically there is of course a big difference between type rules andrewrite rules. In fact, in Concurrent Clean types specify restrictions on terms, rather than on graphs.

ONCURRENT LEAN

Therefore, all graphs in type definitions have to be directed acyclic graphs (dag’s) without explicit sharingof nodes.Syntax for defining types:Types are defined in a so-called TYPE-block, just like rewrite rules are defined in a RULE-block andmacro�s are defined in a MACRO-block. TYPE-blocks, MACRO-blocks and RULE-blocks may be specifiedin any order. Each type rule must be preceded by a ::The root symbol of the type rule is called the type symbol. The nodeid’s that occur in type rules are nowtype variables. Each time the same variable is used in a particular type rule, it stands for the same type.So with the aid of a new type definition containing type variables a set of types can be made rather thanjust a single type.In Concurrent Clean we distinguish type definitions for introducing new types and type specifications forfunctions.New type definitionsFor a type definitionsharing of arguments. The symbol of this node is the symbol. It defines the name of the type.As said before, the nodeid’s that occur in type rules are now type variables. Each type variable must haveexactly one implicit definition, i.e. there must be one applied occurrence of this variable on the left-hand-side of the type rule.There are three kinds of type definitions that introduce new types: synonym type definitions, algebraictype definitions and abstract type definitions.Synonym typesSynonym types are specified by means of a type rule having exactly one alternative of which the righthand-side is a type instance. Mutual dependencies of synonym type definitions are prohibited.Synonym types permit the user to introduce a new name for an already existing type.Example of a type synonym definition in Concurrent Clean:

3 Æ THE TYPE SYSTEM

A more complicated example introduces a generic type that can be used for specifying the type of a dyadic op-erator over arbitrary types:Algebraic typesAlgebraic types are specified by means of a type rule whereof each alternative has a right-hand-side witha unique root symbol: the constructor. All the arguments of the constructor are type instances (see be-low).Atype instance is either a type variable or an acyclic graph that has a root symbol that is a type symbol ofwhich all the arguments are type instances.If a constructor appears in the right-hand-side of a algebraic type rule, the constructor is said to be of thatspecific type.Example of algebraic type definitions in Concurrent Clean. The types NatBool, List and Combi are defined.The constructor Zero is said to be of type Nat. The constructor Succ of type Nat ->Nat etcetera.Alternatives of an algebraic type definition are separated by an arrow symbol (�->�) or by a vertical bar(�|�).Abstract typesAbstract types are specified by means of a left-hand-side graph in a definition module only.To distinguish an abstract type definition from an ordinary type definition a special kind of type block isprovided, called an Example of abstract type definitions in Concurrent Clean, assuming the algebraic type definitions of the exam-ples above:In Concurrent Clean, abstract type definitions are only allowed in definition modules (see chapter 4).

ONCURRENT LEAN

An elaborate example of an abstract data type:The concrete definition (signature) of the abstract type has to be defined in the implementation module aseither a synonym type or an algebraic type. This concrete definition is invisible for the outside world.Therefore, for such an abstract data type functions have to be provided that create and manipulate objectsof the abstract type.The signature of the abstract type StackNote that in fact all predefined types can be seen as special cases of abstract types. In chapter 4 more information on definition and implementation modules can be found.Type specifications for functionsEach rewrite rule can be typed explicitly by the programmer. This type specification must immediatelyprecede the corresponding rewrite rule.Syntax for Concurrent Clean rewrite rules with types:A type specification for a rewrite rule is a type rule with the following additional restrictions:the type symbol of the type rule is the same as the function symbol of the corresponding rewrite rule.Both symbols must have the same number of arguments;

3 Æ THE TYPE SYSTEM the right-hand-side as well as the arguments on the left-hand-side are type instances;the type rule consists of one rule alternative;type variables on the right-hand-side that have no defining occurrence are by definition implicitly defined. This means that new type variables may be introduced on the right-hand-side of a type specification which is not allowed in type definitions (see section 3.3)the type specification is correct (see below).In Concurrent Clean a type specification is defined to be (with respect to the Milner/Mycroft typescheme):if for each argument of each symbol the demanded type (i.e. the type that is indicated in the corresponding type specification) is unifiable (i.e. there exists a type that is a type instance of both types)with the offered type (i.e. the actual type of the argument);if for each right-hand-side the offered type is unifiable with the right-hand-side of the correspondingtype specification.The correctness of the type specifications and the rewrite rules is checked at compile time by the typechecker. Conflicts are reported by the compiler and result in an error. The compiler has as special featurethe option to switch type checking off (see section 3.7) which also disposes of the correctness demand oftypes.Example of implicitly defined nodeid’s on the right-hand-side of a type definition for a rewrite rule:F has as result type any list.To illustrate typing in Concurrent Clean an example is given that reverses a list twice:Note that the types in the example are similar but not exactly the same as they would have been in Miranda. Since functions are not implicitly curried in Concurrent Clean, Append is a function with two arguments and not a function with one argument that yields a function that takes the following argument aswould have been the type of a similar definition in Miranda. So, the type definition of Append must beread as: Append is a function with two arguments of type [t] and t and the result of Append is oftype . For an explanation of the type of Twice see the section on typing curried functions.

ONCURRENT LEAN

Typing partial functionsSome type errors cannot be detected at compile-time. If a function is a partial function there is a chancethat such a function is called with an actual argument of the correct type (domain) for which no image exists, due to a failing pattern match. An error is generated at run-time if this leads to a wrong type.Consider the following example:Although the Concurrent Clean program is correctly typed, the function F applied in the start-rule cannot bematched and therefore F 1 will not yield the required type: INT. At run-time, an error is generated.However, a failing match does not always have to be wrong. A match may fail as long as no type conflicts are caused by this failing.Consider the following example:Succ (Succ Zero) in the start rule will not match any rule. Still it is correct because the graph isindeed of the wanted type (Num). Notice that Succ and Pred are used both as functions as well as constructors.As constructors they may appear in the right-hand-side of type definitions and are of type Num. As functionsthey also yield type NumIn general graph rewriting non-matching functions are treated as ordinary constructors. In ConcurrentClean they are acceptable as long as they do not result in type conflicts. The precise conditions underwhich functions are allowed in patterns can be found in (Bakel (1991)). In a language like Miranda a non-matching function will always result in a run-time error.Typing curried functionsIn Concurrent Clean all symbols are defined with fixed arity. However, in a symbol application it is al-lowed to use it with an arbitrary number of arguments (see also section 2.1). With the aid of the predefined internal function _AP a curried function applied on the needed amount of arguments is transformedinto an equivalent uncurried function application. This facility implies the need for a special predefinedtype, the curried function type denoted by =>. This predefined type can be compared with the functiontype as predefined in Miranda, used in prefix notation. So, the type => a b stands for a curried function (of arity one) that, when applied to an argument of type will produce a result of type b (pronounce=> a b as: curried function from a to b).

3 Æ THE TYPE SYSTEM

F -> => t1 (=> t2 (=> ... (=> t t) ... ))withF t1 t2 ... tn -> trif is defined with arity Unique typesA node n of a graph is unique with respect to a node m of if n is only reachable from the root of via and there exists at most one path from to n

An important property of a unique node is the fact that it has a reference count of one. A shared nodewhich has a larger reference count can never be unique with respect to any node. A reference count ofone is however not sufficient for uniqueness with respect to any other node.Unique nodes are very important, because they make it possible to implement side-effects efficiently,without loosing the functional properties of the program. For instance, assume that a node is passed as ar-gument of a certain function application in such a way that the node is unique with respect to that function application: if such a node is accessed via a variable in a pattern of the corresponding rewrite ruleand that variable is not used on the right-hand-side of that rule, it can be considered as garbage and reusedfor building the contractum. Among other things, this technique can be used for the imfunctions to update an array destructively. Also writing to a file or window can be done instantaneously,without any overhead at run time.It would be nice if at compile time the uniqueness of arguments and results of functions could be determined. Unfortunately, this is undecidable. In Concurrent Clean a decidable approximation has been incorporated using unique types (Smetsers et al (1993)). Unique types, defined on graphs, have somesimilarities with linear types, defined on lambda terms (Girard (1987), Wadler (1990)).UNQ type specifications and functionsThe type of a graph in a rewrite rule can have the unique attribute, i.e. the graph can be of type UNQ TIf a graph in a left-hand side or in the right-hand side of a rewrite rule is of type UNQ T, it is guaranteedthat at run-time the corresponding root of the graph is unique with respect to the root of respectively thefunction application or contractum. When this cannot lead to confusion we will use the phrase "a uniquegraph" in stead of "a graph which is unique with respect to the function application cq the contractum".The UNQ type attribute can be added by the programmer to any type to express the restricted use of afunction. To verify the correctness of the use of UNQ attributes the type system has been extended. Thismeans that all applications on the right-hand-side of a function are examined to check that when a param-eter or a result of an UNQ type is demanded, a unique graph of the demanded type is offered. Here, de-manded means that either the corresponding formal parameter of the applied function has an UNQ at-tribute or the result type of the defined function itself is attributed with UNQ. To get a well-typed program, the following four general rules have to be obeyed:

ONCURRENT LEAN

1.Demanded UNQ�s have to be obeyed: when a demanded type T and an offered type T� are unifiable(in the standard sense, ignoring the UNQ attributes) then for each position where in T the UNQ attributes occurs, there has to be a corresponding position in T� with the UNQ attribute.Not well-typed example:In the second alternative, is recursively called with a graph of type INT, while in the type specification of F anargument of type UNQINT (which is more restrictive) is demanded. This will yield a type error. Notice that theapplication Gn is correct. G demands an argument of type INT while G is applied with a graph of type UNQINTSince INT is less restrictive than UNQ INT, this is ok.2.An applied occurrence of a node-id bound to a graph can have the type attribute only if there ex-ists at most one path from the root of the right-hand-side of a rule alternative to that applied occurrence.Not well-typed example: if a function F is specified with the following type:The type specification will be rejected since two paths exist leading from the root of the contractum to the samenode x. The unique argument of the function F will not be unique anymore in the resulting pair.Each function alternative is separately checked for consistency. Example:Although in the definition of F the unique node-id n is used twice this does not lead to a conflict (because onlyone of the guarded expressions will be chosen at run-time).Not well-typed example:Here we clearly have an erroneous situation: in the recursive call of F there are two paths from the root of thecontractum to the node-id n. So, in this recursive call the first argument does not satisfy the specified type ofFIt is not always wrong to use an UNQ-typed graph more than once in one and the same function alterna-tive. A unique node-id may be shared between the guard and the guarded expression belonging to it. Aguard is formally not a part of the right-hand-side of a function definition. A guard is evaluated in ad-vance to determine which of the function alternatives have to be chosen. A guard will yield a boolean result that cannot contain refer nodes. To guarantee that no side-effects occur when evaluatinga guard, a graph that is being used in both guard and guarded expression will loose its unique type attribute in the guard. This enables the non-destructive (observing) inspection of such a graph in a guard.

3 Æ THE TYPE SYSTEM

Example:Although the node-id n is shared between the guard and both guarded expressions this will not lead to an erroneous situation. After the evaluation of the guard still only one non-garbage reference to exists. The typechecker will assign the type INT (and not UNQINT) to both uses of n in the guard.3.Offered function types with UNQ arguments have to be obeyed: when a demanded type => T T’and an offered type => S S’ are unifiable (in the standard sense, ignoring the UNQ attributes) thenfor each position where in T and T’ the UNQ attribute occurs for an argument of a function type,there has to be a corresponding position in and S’ with the UNQ attribute.4.All occurrences of the same type variable must uniformly be specified with the same type attribute.Example of rules 3 and 4:This variant of Map is defined on functions that take a graph of type UNQx and yield a graph of type UNQ yUMap applies such a function to a unique list (see below) with elements of type UNQxyielding a unique listwith elements of type UNQ yThis function UMap is used in the function WriteAll to map a function FWriteC that writes a characunique file on a list of unique files.It has to be guaranteed that the function is always applied to a unique file. From the type of the stan-dard function Map one cannot deduce whether this condition is fulfilled. Therefore in this example the use ofMap instead of UMap would have been rejected. Notice that there is no distinction between the definition of thefunction Map and UMap, there is only a difference in the specified type.In the current version of Concurrent Clean functions cannot be defined polymorphic in their UNQ attributes. Such a feature would enable the definition of a generic function that can be used both as thestandard Map function and as the UMap function in the example above. In the next version of Clean thiswill be changed.Defining types with UNQ attributes.A programmer can add unique type attributes to any type. In particular, type attributes can be used in thedefinition of new types (algebraic, abstract and synonym types). In this section it is explained what themeaning of such a definition is. As explained below, an important aspect of a unique graph is that it can-not be a part of a graph that is not unique.Predefined type constructorsList, tuples and function types, as well as their sub-types, can have the unique attribute. However, when agraph with type T contains unique parts (which means that the type T has unique subtypes) the graph it-self must be unique (this is called the UNQ propagation rule). Otherwise, there can be multiple pathsleading to this graph which means that its components would not be unique anymore.The propagation rule holds for all types, also for function types. For non-function types UNQ attributespropagate from "inside-out", for function types they propagate from �left-to-right�.Example of the UNQ propagation rule for tuples (analogue for lists):"inside-out" propagation: Consider the type (INT, UNQ CHAR). An instance of such a type is a pair contain- and a unique CHAR. Due to the propagation rule, the pair itself has to be unique as well, i.e. the fulltype specification is: UNQ (INT, UNQ CHAR)

ONCURRENT LEAN

"left-to-right" propagation: Example of UNQ propagation for function types. Assume that F is defined as:The type of the curried function F is: => UNQ INT (=> INT INT). Now consider the curried application . This application has taken a unique integer value. When there are multiple paths leading to F 3 there are alsomultiple paths leading to . So, the full type specification for F is: => UNQ INT UNQ(=> INT INT)In Concurrent Clean it is not necessary to give the full type specification; the propagation of the tributes is performed automatically by the compiler.Synonym typesSynonym types can be used in the usual way.Example:Note that this is not the full type specification. Applying UNQ propagation to achieve the full type specificationgives UNQ UTUPLE UNQ x -> UNQ (UNQ x, UNQ x).Algebraic typesThe following rules guarantee that when unique sub-structures are being used, a consistent (recursive) al1.In algebraic types all occurrences in both left- and right-hand-side of a certain type variable musthave the same type attribute, just like in function types.2.All occurrences of a recursive algebraic type must be attributed uniformly.3.When the root of a right-hand-side of a type alternative is attributed with UNQ, all other type alternatives will get the attribute on their root as well. Moreover, the algebraic type itself (and hence alloccurrences of that type) will get the UNQtribute.Example: The following definition leads to lists that have a unique spine while the elements of such a list neednot to be unique.Due to the UNQ propagation rule the uniqueness of the spine will propagate over the Cons. As a consequence,Nil will get the UNQ attribute (being the root of the other type alternative) as well as all occurrences of List x(being the defined algebraic type). So, the above definition is equivalent with:Again, the compiler is able to deduce the full type itself. For clarity we advise always to specify the left-hand-side completely. The advised definition is:Example: Consider the following definition of a list containing unique elements:

3 Æ THE TYPE SYSTEM

Due to the UNQ propagation rule the uniqueness of list elements will propagate over the Cons. As in the caseabove, the root of both alternatives as well as the algebraic type itself becomes unique and therefore the wholespine. So the complete list has to be unique (lists elements as well as the spine). The full definition is:The advised definition is:Unique types can be used as instantiations of polymorphic types. The meaning of a type T parameterizedwith a unique type is rather obvious: the resulting type is the same as the type that is obtained when theparameters (including the UNQ attributes) are substituted in the definition of TTake for example the following common definition of a list:Then the List UNQ INT is internally expanded to the following full type definition:The substitution of a instantiation in a polymorphic type will not always yield a type as result.Take for example the following definition:Then the type T UNQ INT is internally expanded to the following full type definition:Since the propagation for function types propagates from left-to-right, itself does not become unique.Abstract typesAbstract types only appear in definition modules. They are specified by giving the full type specificationof the left-hand-side of the corresponding type definition in the implementation module.Example of the abstract version of the previous List type which was fully unique:Untyped CleanFull specification of types is recommended to avoid errors and to obtain efficient executables. However,the syntax rules show that one is not obligated to specify the type of the rules. It is even possible to turntype checking off. This means that types that are specified, are not checked but assumed to be correct.One restriction is imposed on untyped programs: such a program may not contain any tuples. However,this is not a serious drawback since the programmer can easily define tuples himself by means of an ap-propriate algebraic data type definition. Furthermore if the type of a function is not specified, it is assumed to be the most general type. So it is up to the programmer to make sure that such a function is applied in a correct manner and that its definition is correct.

ONCURRENT LEAN

For instance, consider the following GRS:This untyped rule is assumed to be of typeThis facility to use Concurrent Clean in an untyped way is included to experiment with GRS rules that arenot typable in the Milner system. Also if Concurrent Clean is used as intermediate language for an untyped language such as SASL (Turner (1979)), it is necessary that the types can be left out. Of course, itis very dangerous to use untyped rules. Furthermore, untyped rules will generally lead to very inefficientcode.Basic type matchingSevere problems will arise in untyped functions when predefined delta rules are being applied with arguments of a wrong type. A facility called basic type matching is provided to assist in run-time type checking. This facility makes it possible to specify a basic type as pattern.The application of predefined rules with wrongly typed arguments can be prohibited with basic type matching:Basic type matching is also particularly useful for writing generic functions.The definition of a generic function for addition using run-time type checking on basic types:Of course, basic type matching only makes sense if compile-time type checking has been turned off. Sucha run-time type check is possible on basic types only (FILE excluded). It is not possible to checkwhether or not an argument is of a particular user-defined type.

4 Æ MODULES

ModulesFor a practical useful language separate compilation is a must. A module structure enables this with thefacility to hide actual implementations of types and functions. This can be used to specify abstract datatypes (see also section 3.4). A Concurrent Clean program can therefore be split in several modules.The syntax rules for modules:A Concurrent Clean program consists of definition modules and implementation module. Each modulehas to be put in a separate file. An implementation module consists of a set of macro, type and rule defini: they only have meaning in the implementation modulethey are defined in. However, with the use of a corresponding definition module, definitions can be exported to other modules. A definition module consists only of a set of type rules for exported types andfor exported functions. Via an import statement such an exported definition can be used in another implementation or definition module.A symbol S is said to be defined in a module M if it appears as root symbol of a rewrite rule, or if it appears in a type definition. A symbol S is said to be declared in a module M if it either is imported fromanother module or is defined in M itself. A symbol S in a module M may be defined only once. If a symbol S is defined in M it cannot be imported from another module. A symbol S can be imported more thanonce only if those imports refer to the same definition.A module M1 depends on a module M2 if there exists a symbol S declared in M1 that is imported fromM2. Cyclic dependencies of definition modules are prohibited, i.e. if a definition module M1 depends onanother definition module M2 then M2 may not depend on M1.In general, each definition module has a corresponding implementation module. An exception is the mainmodule, which only consists of an implementation module. An alternative kind of definition module is thesystemmodule. System modules allow the corresponding implementation module to be not a ConcurrentClean program. System modules are used to implement predefined delta-rules efficiently.

ONCURRENT LEAN

ExportingThe types and rules defined in an implementation module have only a local scope: they only have meaning in the implementation module they are defined in. With the use of a corresponding definition module,definitions can be exported to other modules.A symbol S defined in an implementation module is exported if that symbol is also defined in the corresponding definition module. Both rewrite rules and type definitions (including constructors) can be exported in this way.A rewrite rule defined in an implementation module is if its type is defined in the correspondingdefinition module also. The type in the definition module has to be exactly the same as the type in theimplementation module, including annotations and attributes. The types of the arguments and of the resultof the function symbol must be declared in the definition module.Types defined in an implementation module are exported if they are also defined in the definition module.For an abstract data type only the name of the type is exported but not its definition. In a definition module an abstract type is indicated by specifying the left-hand-side graph of its type rule. In the corresponding implementation module the abstract type is defined either as an algebraic type or as a synonym type.ImportingTo import types or rules one can use an import statement in which the name of the module to import fromand the name of the function or type to be imported is stated. Imported types and rules can be rebeing predefined. The syntax of import statements is as follows:There are two kinds of import statements. Explicit imports are import statements in which every type orrule that has to be imported from a particular module is explicitly mentioned. In this way only these explicitly indicated types and rules are declared within the importing module. Implicit imports are importstatements in which only the module name to import from is mentioned. In this case all symbols that aredeclared in the imported module are imported (and declared). Note that not only all symbols exported bythe indicated module are declared, but also all symbols that on their turn are imported in that definitionmodule. In this case with one simple IMPORT statement all related declarations are imported implicitly.So definition modules can serve as a kind of ’pass-through’. For example, all (arithmetic) delta rules canbe imported easily by importing the module ’delta’:Import restrictions for typesAn algebraic type symbol can only be imported explicitly together with its constructors, i.e. if a moduleM imports an algebraic type T then all the constructors of T (the right-hand-side root symbols of all thealternatives of the type rule for T) should also be imported. Note that when such a symbol is importedimplicitly via an IMPORT statement this is always the case. For a synonym type the same restrictionholds as for an algebraic type. So, if one imports a synonym type T one should also import the type T2 forwhich T is a synonym. An imported abstract data type is comparable with a predefined basic type ofwhich the internal structure remains hidden. Therefore, no further imports are needed.

4 Æ MODULES

Import restrictions for rulesA function symbol can only be imported explicitly in a module if the types of its arguments and the typeof its result have also been declared (imported) in that module.Definition modulesIn a definition module it is generally defined which of the types and rules defined in the correspondingimplementation module are made visible to the outside world. All other definitions in the implementationmodule remain hidden.Example of a definition module:Implementation modulesAn implementation module and a definition module correspond to each other if the names of the twomodules are the same. A definition module can have at most one corresponding implementation module.An implementation module that is not the main module, must have exactly one corresponding definitionmodule.An implementation module must at least contain the definitions of the exported rewrite rules and typesdefined in the definition module. The implementations of the abstract data types that are defined in thecorresponding definition module, are given by defining them in the implementation module as an algebraic or synonym type. For the rewrite rules that are defined in the corresponding definition module, arule definition is given in the implementation module.An implementation module can also contain auxiliary definitions of types and rules that are not visible tothe outside world.Example of an implementation module that could be the implementation module corresponding to the definitionmodule of the previous example:

ONCURRENT LEAN

An implementation module M can be recognised as being the main module or start module because in themodule header of M the keyword IMPLEMENTATION has been left out. The main module has no corresponding definition module. The main module should always contain a declaration of the Start rule,i.e. this rule should either be defined or imported from another module.System modulesystem modules are special definition modules indicated by the keyword SYSTEM instead ofDEFINITION. The corresponding implementation module does not contain ordinary rules, but abstractPABC-machine code instead. This facility makes it possible to program directly in PABC-code, in particular in order to increase execution speed of heavily used functions or complex data structures. At demand, the Concurrent Clean compiler will substitute the PABC code of a function in-line at the place inwhich the corresponding function is called. In this way execution speed can be increased even more.Typically, predefined delta rules for arithmetic and file I/O are implemented as system modules. Systemmodules have as advantage that a certain increase of efficiency can be obtained on a device independentmanner, since PABC-code is device independent. It goes without saying that for PABC programming advanced knowledge is needed of the code generation schemes and the run-time behaviour of the PABC-machine. Imprudent programming of system modules will generally lead to unpredictable errors. For asummary of the PABC code the reader is referred to (N�cker (1989)).

5 Æ INPUT OUTPUT HANDLING

Input/output handlingIncorporating input/output (I/O) in functional languages, causes a number of well-known problems. Thetwo major conceptual problems are the need for side-effects and the need for precise specification ofevaluation order in I/O systems. It is difficult to realise these satisfactory in a functional model whichdoesn�t have the notion of side-effects and lacks the control structures that seem to be necessary whenspecifying I/O. The solution for these problems that has been implemented in Concurrent Clean makes itpossible to program sophisticated I/O features (ranging from file I/O to window-based interactions) in avery elegant way.Functional I/OThe solution to the problems with functional I/O that is implemented for Concurrent Clean (Achten(1992,1993)) is based on a kind of explicit environment passing scheme and guaranteed single threadedness using the UNQ type attribute of section 3.6.Explicit environment passing where neededOne of the solutions for functional I/O is to pass a special predefined environment as a parameter to functions. I/O is always performed on such an environment object (for example a file). Existing environmentpassing schemes either pass the environment to all functions (explicit environment passing schemes) or tonone (implicit environment passing schemes). An important characteristic of those methods is the monolithic nature of the environment object: There is only one such object on which I/O operations must beperformed.The following example illustrates the principle of environment passing by means of a function that writes a listof strings to a file. In this case the environment is a Concurrent Clean FILE. The function FWriteS returns anew FILE environment on which the FWriteStrings function can continue recursively. When all stringshave been written to the file the resulting FILE is returned.In Concurrent Clean a new type of explicit environment passing scheme is used, called explicit environment passing where needed. Rather than passing the environment to all functions the environment ispassed only to functions with side-effects. The main advantage of this approach is that over-specificationof evaluation order can be avoided: Only in those parts of the program in which the evaluation order isimportant (i.e. in which side-effects occur) the evaluation order can be controlled by means of the environment parameter.The second refinement that has been made to the explicit environment passing scheme is that in Cleanthe environment consists of several sub-environments, each used for a particular class of I/O operations.The main advantage of this approach is that unrelated I/O objects can be handled independently. For example, two different files can be handled separately in different parts of the program. With a monolithicenvironment this is impossible: I/O objects are always related to each other then by the monolithic envirent Clean are WORLDFILESFILE and EVENTS. The WORLD contains the other environments. Thereis at most one WORLD in a program, which is provided by the Start rule. From this WORLD the disjointenvironments FILES and EVENTS can be retrieved. The FILES environment represents the state of thefile system and gives access to all files (of type FILE) visible to the program. The EVENTS environment

The Concurrent Clean System only supports the I/O facilities when concrete code is generated. In the simulatorthe very limited I/O operations offered by the deltaIO library (see appendix B) can be used to write interactiveprograms.

ONCURRENT LEAN is used to do so-called event I/O: it makes it possible to create and manipulate menus, windows, dialogsetcetera.The environment hierarchy of Concurrent Clean.Single threaded environmentsFILEconflicts that may arise:FWriteC(file++"a",file++"a")F attributed. For example, =>CHAR (=>UNQFILE UNQFILE). Thereforethe function => UNQFILE(UNQFILE,UNQFILE). Because of theUNQFFWriteStringsabove the file is used single threadedly, but its type should be:FILESEVENTSUNQFILEUNQthreadedly, so the UNQ attribute is not obligatory then. The WORLD environment mus be UNQ attributed inthe Start rule.I/O in Concurrent CleanWORLDFILEFILESEVENTSUNQUNQWORLDFILESEVENTSUNQFILEFILESfuncFILEUNQFILE

5 Æ INPUT OUTPUT HANDLING lowfined in the I/O libraries can be found in appendix C.File I/OFILESFILESenvironment gives access to all files visible to the program. The library module deltaFile contains thefollowing functions to open and close the FILES environment:FILESFILESin a program.FILESStart�source� to a file called �dest� is given. The function that does the actual copying (CopyFile) is given later on.Opening and closing filesdeltaFile(UNQ) s the following predefined functions exist in that module:STRINGdeltaSystem�home� directory will be the current working directory.SFOpensucceeded. FOpenUNQFILEFOpenSFOpena (non-unique) FILE, which may be opened more than once without closing it. FILEs can be used multi-threadedly, which is no problem because it is impossible to write to FILEs. No write functions have beenFILEFShareFILEconverted to FILEFOpencan be used to close (UNQ) FILEs:

ONCURRENT LEAN

UNQFILEfunction exists to change the mode of the file without having to close the file explicitly:FILESa combination of FClose and FOpenCopyFile function promised earlier. Ittakes the path name of two files and the FILES environment as parameters and copies the first file to the second.CopyFileContentopening and closing of the files succeeded (inspection of the booleans suc1 - suc4) have been left out.Because it is certain that the source file will only be read it can be opened with SFOpen. The destination file hasto be opened as a UNQ FILE using FOpenReading from filesCHARINTREALSTRINGFReadLineFReadLineFReadCbyte (a Clean FILE on whicheration. FReadS and FReadLine report failure by returning an empty string.UNQFILEfor FILESFFfuncor that have been converted by means of FShareWriting to filesUNQFILEFILEject is written to the file. The amount of bytes that is written to the file depends on the internal representa-tion of the object. The write functions do not return a boolean reporting success or failure. A special funcFErrorcurred during previous file I/O actions (TRUE means that an error has occurred, FALSE means no error).

5 Æ INPUT OUTPUT HANDLING

Other functions on filesApart from functions that read from or write to files, some other useful functions have been implemented.FEndUNQFILEis also a SFEndFILESFEndalso be used on UNQFILEs, because in guards the FILE looses its UNQ attribute (see section 3.6).FPositionUNQFILEcatUNQFILESFPosition function, that only works on FILEs and that does not return a continuation.FSeekUNQFILEinteFSeekSetFSeekCurFSeekEndalso a SFSeek function, which does the same, but that only works on non-unique FILEThe following function uses the seek and position functions to calculate the size of a file (in bytes):First the file pointer is moved to the end of the file by means of the SFSeek function, after which the position ofthe file pointer (i.e. the number of bytes in the file) is returned by SFPositionAn example of file I/OStartCopyFileStartFILEFILESWORLDFILESStartWORLDOpenFilesFILEUNQFILE and EVENTS).

ONCURRENT LEAN

Event I/Olated areproblem appears to be a very complicated task.programmer only specifies what should be done, not how this should be done.s. A device is aall tasks that can be handled automatically, such as highlighting of menus and scrolling of windows.Interactionsinteraction. An interaction is a state transiinitial state, aset of all possible transitions and a final state. Here we transfer these concepts to interactions.The stateUNQIOStateIOStateenvironment is an UNQEVENTSment) and the devices that participate in the interaction:on the EVENTS environment. In this way it is made explicit that all event handling is done by the library.participate in the interaction and the event stream (EVENTS). The devices and the EVENTS are combinedto create the initial IOStateWORLD by means of the following predefined functions from the deltaEventIO module:

5 Æ INPUT OUTPUT HANDLING

The initial program state and the device definitions are of course provided by the program.transition setIOState=>s(=>(IOStates)(s,IOState s). The orvious transition has yielded a complete (normal form) IOStateInteractions are started by the following predefined rule from the deltaEventIOsIOSystemEVENTSIOStateInitialIO=>s(=>(IOStates)(s,IOState, with which the initial settings of the interaction can be defined.StartIOQuitIOdeltaEventIOcurrent IOStateStartIOteraction state, formed by the current program state and the resulting event stream (EVENTS), from whichthe events that have been handled during the interaction have been removed.nestedming environment. A nested interaction is started by the following predefined function:IOStateIOSystem argument a newIOStatetStartIONestIOQuitIONestIOIOStatethe original interaction re-appears. Interactions may be nested arbitrarily deep.Without predefining special functions it is possible to define sequences of interactions: one interaction afSTown program state and devices, can be defined by means of the following function:sstotiosystemsiosystemt

ONCURRENT LEAN event stream. Of course, it is also possible to create sequences of more than two interactions.An example of event I/Oam-dlers are set bold and in italics. In the remainder of this chapter the same conventions will be used.MenuSystemPullDownMenuMenuItem is parameterized with its id, title, key shortcut, selectability and of course its event handler.system:

5 Æ INPUT OUTPUT HANDLING

IOStateStartIO rule. The device definitions are collected in a data structure called IOSystemsections the definition of each of the devices is discussed.Menusfined atIOSystemStartIOMenuDeffied in Clean by the predefined algebraic type MenuDefAPullDownMenu is defined by the following parameters:MenuIdent id�s, but that for example a menu may have the same id as a window or a dialog.MenuTitle: The title of the menu. On the screen menus can be identified by their title.Able) or not (Unable). SeveralSelectStatehas an effect on its appearance on the screen (disabled items often appear dimmed in some way).MenuElementthey are specified in the list.deltaMenuitems. Furthermore, certain types of items can be removed from or inserted into menus during the interaction.Menu itemsFor menu items the algebraic type MenuElement has been predefined:

ONCURRENT LEAN

As can be seen six kinds of menu items have been predefined:MenuItems are �standard� menu items, which can be selected with the mouse or with a . When a menu item is selected the corresponding event handler (MenuFunction) is called.CheckMenuItemMarkStatewhether the item is initially marked.SubMenuItemElements.AMenuItemGroupMenuElementMenuItemGroupItemCheckMenuItemMenuSeparatorMenuItemGroup they are simply ignored.MenuRadioItemsMenu-ItemIdMenuRadioItemsid cannot be found in the list of radio items the first item in the list will be selected.MenuSeparatorAn example of a menu definitionThe Quit item is separated from the other two items by means of a menu separator.

5 Æ INPUT OUTPUT HANDLING cation can have an arbitrary number of windows open. Of these windows at most one is active. The active(Macintosh) window and clarifies some of the terminology used in the rest of this section.ScrollWindowFixedWindowScrollWindowFixedWindowFixedWindowScrollWindowFixedWindowScrollWindowdeltaSystemScrollWindowby the following parameters:

ONCURRENT LEAN

WindowId: An integer uniquely identifying this window. When it is tried to open a window with thedow with the matching id will become the active window.WindowPostion places the window outside the screen an acceptable position will be chosen by the system.WindowTitle: The title of the window.ScrollBarDefThumbScrollpicture domain. When they are not they are automatically adjusted.PictureDomainels).PictureDomainthe module deltaSystemMinimumWindowSizewindow size, or larger than the size of the screen, or larger than the size of the picture domain.InitialWindowSizethan the size of the screen, or larger than the size of the picture domain, it is automatically adjusted toan acceptable value.UpdateFunctionRectangleUpdateAreaDrawFunctionthe window in order of appearance in the list. A DrawFunction is a function of type =>PictureRectanglePicturethe module deltaPictureUpdateAreation is also called when the window is opened, with the complete contents as UpdateAreaWindowAttributesmay be defined in this list. The next section gives a more complete overview of these attributes.window shown in the picture given earlier:

5 Æ INPUT OUTPUT HANDLING

The update function ignores the update area passed to it and just draws �Hello world� in the window.Window attributesFor window attributes the following algebraic type has been predefined:CursorShape, MouseState and KeyboardStatedeltaIOSystemActivateDeactivatethat the deactivate function is called.GoAwaytion is defined by the program the window is simply closed. With the go-away function other responses tosuch a request are possible, such as presenting an alert or quitting the program altogether.MouseMouseStateton and which modifier keys (shift, option etc.) were being held down.Keyboardkeyboard events. All keyboard events are directed to the active window. The KeyboardState containsdeltaSystember of special keys such as the arrow keys.CursorCursorShapedefinition is given the cursor will have the global cursor shape inside the window�s contents.When the StandByWindowmediately after the window has been activated.Drawing in windowsThe library module

ONCURRENT LEAN

DrawFunctiondeltaPicturedeltaFontDrawFunction=>PicturePicturePicturePictureMovePenTo and DrawString are predefined functions from the deltaPicture library module.UpdateFunctionUpdateArea passed tothe UpdateFunction is the visible part of the window�s picture, which makes it possible to redraw theis also possible to retrieve the visible part of a window�s picture explicitly.Changing windows during the interactiondeltaWindowdeltaIOStatedefinition.An example of a window-based interactioncan be drawn with the mouse:

5 Æ INPUT OUTPUT HANDLING

ONCURRENT LEAN

In Concurrent Clean the predefined algebraic type is used to specify dialogs such as the onein the picture:lessdithe beginning of the interaction as modeless dialogs. During the interaction modal as well as modeless dideltaDialogbe explained later on. A PropertyDialog is defined by the following parameters:DialogIdwith the matching id will be activated.DialogTitle: The title of the dialog.DialogAttributes: With these attributes the exact position and size of the dialog can bedelta-SystemStandByDialogcalled stand-by dialog. A stand-by dialog behaves exactly like a stand-by window.SetFunctionResetFunctionDialogInfodeltaDialogDialogInfoDialogItemboxes, pop up menus etc. In the following section the definition of dialog items is treated.

5 Æ INPUT OUTPUT HANDLING

CommandDialogfirst button in the list of dialog items is chosen to be the default button.For each of these kinds the predefined algebraic type contains an alternative:ItemPosLeftCenter or RightRightToXOffsetYOffsetXYItemBoxXYItemBoxtions:

ONCURRENT LEAN

Item 5 (Below 3), (or: Below 4 Item 8 (Below 6)] (or: Below 7The resulting dialog layoutADialogButtonButtonFunctionDialogButtonDialogIconButtonPicture-DomainDrawFunctionDialogIconButton that is not selectable (Unable) actually just defines a picture in the dialog. A diton is pressed this must be specified explicitly in the event handler of the button.StaticTextDynamicTextTextWidthEditTextfined. The text inside the field can be edited using the keyboard and the mouse.ADialogPopUppop up box: a rectangle that shows the currently selected option. The second DialogItemId parameterDialogPopUpRadioItemDefDialogFunctionIOStateDialogFunctionDialogInfoDialogStateDialog-StateDialogStateUNQDialogFunctiondeltaDialog=>DialogStateDialogStateDialogFunctionlog, to change the contents of a DynamicText etc.RadioButtonsDialogPopUpRowsOrColumnsshould appear.The CheckBoxes constructor defines a group of check boxes. With a check box an option can be setRowsOrColumns parameter.No mark). The Cancel button just closes the dialog:

5 Æ INPUT OUTPUT HANDLING

ChangeDynamicText, CheckBoxMarkedCloseActiveDialogdeltaDialog module. Depending on the setting of the check box the dialog will look as follows (when openedas a modal dialog on an Apple Macintosh system):ControlControlLookControlFeelControlState defines

ONCURRENT LEAN

ControlLookSelectStateControlStateControlFeelMouseStateControlStateControl-Statetive for the predefined check boxes:Able & MarkAble & NoMarkUnable & MarkUnable & NoMark

5 Æ INPUT OUTPUT HANDLING

Opening and changing dialogs during the interactionmodeless (property or command) dialog:IOStateIOStatecommand dialogs as modal dialogs:CloseDialogCloseActiveDialogIOStateProperty-DialogOpenModalDialogas a dialog that is already open. When this is tried the open dialog with the same id is activated inAs explained earlier local changes to a dialog can be made through the DialogFunctions of the itemstion has been predefined in the deltaDialog library module:DialogChange=>(DialogStates(IOState s))(DialogStatedeltaDialogChange-DialogDialogChangepearance in the list. When the dialog with the specified id cannot be found the changes are ignored.deltaDialogfunctions can be used as DialogFunctions as well as in the ChangeDialog function.The file selector dialogsdeltaFileSelect. These predefined dialogs can be opened by the following functions:SelectInputFileTRUEFALSEFOpen and SFOpen of the deltaFileule to open the file.SelectOutputFile

ONCURRENT LEAN

SelectInputFileSelectOutputFileTRUEFALSEselected file may be overwritten.

5 Æ INPUT OUTPUT HANDLING library provides notices: simple, modal dialogs containing only text and final buttons:NoticeButtonNoticeButtondeltaDialoglibrary module:This function opens the notice and terminates when the user presses one of the buttons of the notice. It re

ONCURRENT LEAN

IOStateTimerStateTimer-Intervalsible. The TimerState argument of the timer function will then always be one. The following exampleis an irritating program that will beep once per second for one minute:second, the second one just quits the interaction (and the program) after one minute.deltaTimerenable and disable timers, and to change the timer function and interval of timers. Furthermore it containstains functions that return the current time and date.A drawing programdrawn with the mouse.