37Chapter 2Advanced concepts: Miranda

2.1Defining functions2.2Predefined data structures2.3The type system2.4User-defined data structures andtheir types2.5The use of functions as basicbuilding blocks2.6Interactive programs2.7Top-down functionalprogramming

In this chapter the more sophisticated language features as found inmodern lazy functional languages are discussed. Again Miranda(Turner, 1985) is taken as example language. The intention of thischapter is to show the programming power and notational eleganceprovided by such a state-of-the-art-language.Many of the advanced concepts treated in this chapter can alsobe found in other languages. Those who are already familiar with simi-lar languages like ML (Harper et al., 1986), LML (Augustsson, 1984),HOPE (Burstall et al., 1980), Haskell (Hudak et al., 1992) or others willrecognize most concepts.Examples of simple function definitions using patterns andguarded equations have been shown in the previous chapter. In addi-tion Miranda allows function definitions with a local scope to support amore modular programming style (see Section 2.1). Besides lists, tu-ples are also available as predefined data structures. Furthermore, apowerful and elegant notation based on mathematics is provided togenerate all kinds of lists (Section 2.2). Miranda�s type system hasmany features useful for programming. Functions can be of polymor-phic type (Section 2.3). User-defined data structures (Section 2.4) canbe declared using algebraic type declarations or abstract type declara-tions. The use of (higher order) functions as basic building blocks(Section 2.5) is a useful and reliable method for producing more com-plex functions. Due to lazy evaluation it is possible to write fairly generalinteractive programs in a functional language (Section 2.6). Finally, inSection 2.7 some guidelines are given on how to perform a top-downdesign of a functional program.

38ADVANCED CONCEPTS: MIRANDA2.1Defining functionsThe basic ideas of Miranda are taken from earlier functional languagessuch as SASL (Turner, 1979b). The word �Miranda� is Latin and itmeans �she who is to be admired�.Miranda is a lazy functional programming language featuring thebasic concepts discussed in the previous chapter. Miranda is equippedwith many additional features such as a rich type system that helps theuser to develop meaningful, elegant and compact programs.A Miranda program consists of two parts: a collection of declara-tions, called the script, and an initial expression to be evaluated. Thedeclarations in the script can be function definitions or type declarations.In general, a function definition has the following form:f_name pattern1 pattern2 � patternn = expressionSome examples of valid Miranda expressions:x||an identifier127||a value of type num(eral)True||a value of type bool(ean)’a’||a value of type char(acter)"hello world"||a value of type [char]y * x — 17||an expression of type num using predefined operators[1,5,7,9]||a list of nums[+, —, *, /]||a list of operators of type num -> num -> numfac 3||a function application(any_expression)||an expressionThere are a variety of predefined infix and prefix operators, of variousbinding powers (see below).List of prefix and infix operators, in order of increasing binding power. Thetable reveals that Miranda allows functions of polymorphic type (see Section2.3). Comparison operators can be continued, e.g. 0 <= x < 5.Left associative operators:+ , — , * , / , div , mod , !Right associative operators:++ , — — , : , ^Associative operators:., \/ , &Prefix operators:~ , # , —Continuable operators:> , >= , = , ~= , <= , <OperatorTypeMeaning:* -> [*] -> [*]prefix an element to a list++, — —[*] -> [*] -> [*]list concatenation,list subtraction\/, &bool -> bool -> boollogical OR, AND

DEFINING FUNCTIONS 39~bool -> boollogical negation>, >=, =, ~=, <=, <* -> * -> boolgreater, greater than,equal, not equal,less than, less+, —num -> num -> numplus, minus—num -> numunary minus*, /, div, modnum -> num -> numtimes, divide,integer divide, remainder^num -> num -> numto the power of.(** -> ***) -> (* -> **) -> * -> ***function composition#[*] -> numlength of list![*] -> num -> *list subscriptionThe evaluation strategy in Miranda is lazy. Function alternatives aretried in textual order and the patterns in an alternative are tried from leftto right. This strategy is intuitively easy to understand. However, it isnot truly lazy, i.e. it does not always find a normal form if it exists.Miranda�s evaluation strategy is not truly lazy. Take the following definitions:f 1 [ ]=0f x (a : b)=ainf=infWith the initial expression f inf [1..2] the evaluation in Miranda will not termi-nate since the first argument will be evaluated first. So the strategy will notfind the normal form 1. However, one would expect that a truly lazy strategywould evaluate the second argument of f first, but the strategy of Miranda firsttries to match the patterns of the topmost rule from left to right and therefore itfirst evaluates the first argument of f.Furthermore some specific aspects of Miranda are:¥Named constants in patterns are not possible: you can define afunction linewidth = 80 for usage as a named constant throughoutyour program, but it is not possible to use this constant as a patternon the left-hand side of a function definition: syntactically it wouldbe a pattern variable.¥A string actually is a list of characters; hence "It is fun" is shorthandfor ’I’ : ’t’ : ’ ’ : ’i’ : ’s’ : ’ ’ : ’f’ : ’u’ : ’n’ : [ ]. This implies that one can use thepattern match mechanism for lists to decompose strings.2.1.1Local function definitionsOrdinary functions defined in Miranda have a global scope. This meansthat such a function can be applied in any expression anywhere in the

40ADVANCED CONCEPTS: MIRANDAprogram script. It is also possible to define functions with a local scopeusing a where clause. Such a local function is only defined in the small-est surrounding block. Outside a block such a function is not visible. Inmost programming languages the beginning and the end of a blockstructure are indicated by special keywords such as �begin� or �end�, or inother languages a block is surrounded by parentheses. In Miranda ablock is indicated by the layout of a program: a block consists of all ex-pressions and definitions within one function definition or where clausethat is either directly below or to the right of the first token after theequal sign of the function definition. A token that is outside the block ofa definition is said to be offside (Landin, 1966).The boxes indicate the blocks of, respectively, the function definition and thewhere clause:glob_func a1 � an =expr1 glob_func b1 � bn =expr2 where local_func1 c1 c2 � cm=expr3 local_func2 d1 d2 � ds=expr4

A where clause can contain any number of definitions. The whereclause must be indented, to show that it is part of the right-hand side.primes:: [num]primes =sieve (from 2) sieve (p : x)=p : sieve (filter p x) from n=n : from (n + 1) filter p (a : x)=filter p x, if a mod p = 0

=a : filter p x, otherwise

A disadvantage of the offside rule is that it can lead to errors whennames are changed globally in the script.A not-offside program:f a=gwhere g = 3An offside program:a_meaningful_long_name_for_this_function a = gwhere g = 3

DEFINING FUNCTIONS 41Actually (for purists), it is a consequence of the offside rule that a Mi-randa program is no longer referentially transparent: a uniform substitu-tion can introduce an error and hence change the meaning of a program.One can overcome this problem by using a layout that is safe with re-spect to global name changes.An example of such a safe layout is given below:f a=gwhere g = 32.2Predefined data structuresIn Miranda two kinds of data structure are predefined: lists and tuples.In the first part of this section tuples are discussed and compared withlists which were already introduced in the previous chapter.Modern languages like Miranda and Haskell furthermore offercompact alternative notations to define lists: list comprehensions. Theselist comprehensions offer the possibility of defining lists in a style com-monly used in mathematics. In the second part of this section these no-tations are discussed.2.2.1TuplesThe most important difference between lists and tuples is that the ele-ments of a tuple can have different types while all the elements of a listmust be of the same type. Furthermore a list is a linked list, possibly ofinfinite length. A tuple is just a record with some finite number of fields(Figure 2.1). There must be at least two fields in the tuple. Each fieldcontains an object of a certain type.In Miranda, the notation for lists andtuples is quite similar: brackets are used to denote lists, parentheses areused to denote tuples. Parentheses are also used for disambiguating thestructure of expressions. There is no concept of a 1-tuple, so the use ofparentheses for disambiguating never conflicts with their use for tu-pling.a

In a tuple the elements can have different types. If the elements of a tu-ple are of type 1, T2 � n, the type of that tuple is indicated by (T1, T2As with any other data structure, pattern matching can be used to accesselements. In this way projection functions can be constructed that selectHere follows a summary of the differences between the two prethe length of lists can vary and can even be infinite, the length ofall the elements in a list must be of the same type, the elements in alists are enclosed in square brackets, tuples are enclosed in roundin a pattern match and in a denotation all the elements in a tuplesubscription as in lists is not defined in tuples; however there is thepossibility of extracting elements of a tuple by using patternAs will be shown in Section 2.4, both lists and tuples could havebeen defined as ordinary user-defined algebraic data types. The reasonthat they have been predefined is that they are used so frequently thatboth data structures deserve a compact notation as well as special atten-

Miranda offers three alternative notations to define lists in a style com-monly used in mathematics: by means of dotdot expressions, and recurrent generators. These notations do not offer anyadditional expressive power, but are just syntactic sugar. The advantageof the notations is that they may be used to express certain algorithmsconcisely and elegantly (although the concept of recurrent generators isa bit overdone in our opinion). A disadvantage of the notations is that itmay be less clear how the list will be computed. As a result program-mers may sometimes find their programs to be unexpectedly slow orThe following abbreviations are provided for defining lists whose mem-The following examples show the use of these abbreviations togetherExamples of the use of dotdot expressions with (on the right) an equivalent s give a concise syntax for a general class of iterations(Fraenkel, 1922; Zermelo, 1908). Note that Miranda is dealing with listsThe above must be read as �list of all exp such that qualifiers�. The ex-pression yields a list with elements of the form dictated by . The el-ements are produced by . When multiple qualifiers are specified,they are separated by semicolons. There are two kinds of The � sign denotes that the patterns, of which the variables are loThe function squares yields an infinite list containing (in order) the squares ofall natural numbers. The ZF-expression is read aloud as �list of all n*n such

The function sqlist employs a more complex pattern to yield a list of tuples.With the pattern (x, y) these tuples are generated from that list and used toIf there is more than one generator specified as qualifier, the rightmostThe rightmost generator varies first, so list yields the following list of tuples:A qualifier can also be a filter, i.e. a Boolean expression used to imThe function factors gives the list of all factors of a given number n using aA nice demonstration of the elegance of ZF-expressions is given by the folSince in the case of multiple generators the rightmost generator willvary first, other generators cannot produce new solutions if the right-most generator yields an infinite sequence. Hence, one has to be aware of the possibility that a specification looks fine at first sight, but is notThis �solution� will not yield anything because of the order in which the genThe problem can be solved by diagonalizing generators such that allgenerators have equal priority, i.e. these generators are evaluatedbreadth-first from left to right instead of depth-first. This different typeNow the generators yield a list of tuples in the following way: [(1, 1, 1), (1, 1,Recurrent generators allow the construction of lists from arbitrary recurThe meaning of a recurrent generator is expressed by expanding it to aThe result of is the infinite list [x, f x, f (f x), f (f (f x)), �]. The meaningThe recurrent generator combines the pattern and the second expressioninto a recurrent relation f. This f is iterated with start expression exp

Recurrent generators are special syntactical constructs for a special kindMiranda is a strongly typed language, i.e. every expression and everysubexpression has a type. The type system of Miranda is based upon thetype assignment systems of Milner—Mycroft (Milner, 1978; Mycroft,1984). Explicit type declarations are not required. If the types are notspecified, they are inferred by the compiler by analysing the functiondefinitions. Any inconsistency in the deduced types or any conflict withthe specified types results in a compile-time error message. However,the explicit specification of types is highly recommended. It gives a lotof information about the specified functions. By choosing meaningfulnames for user-defined types (and for all other identifiers used in theThe advantages of adding a type system to a language are twofold.Firstly, it stimulates the programmer to write correct programs: onlycorrectly typed programs are accepted by the compiler. Hence, forexample, if the type of a function application is inconsistent with thetype of the corresponding function definition, a compile-time error isgenerated. In this way the type system is of help in writing programs

There are also some disadvantages in having a typed language. Toobtain the advantages claimed above, it is necessary to determine theconsistency of types at compile-time. It can be proven that it is in gen-eral impossible to determine a proper type for all sensible expressions(see also Chapter 6). Fortunately, powerful type systems such as theMilner—Mycroft scheme used in Miranda can deduce and check thetypes of most expressions. As shown in this chapter later on, some ex-pressions cannot be typed in this system and a compile-time error isgenerated even if the expression made sense. A peculiarity of the com-bination of the Milner type system (type of a function that hasnot been typed) and the way the Mycroft system is used ( atype specified by a programmer) is that in some cases expressions areaccepted when they are explicitly typed by the programmer, but rejectedHence, a type system always limits the number of legal programs.In most cases this limitation is of great help for the programmer, be-cause an illegal program generally contains a program error. But insome more rare cases an illegal program does not contain a programming error at all. It simply could not be handled by the type system. Insuch cases the programmer is obliged to change the program to make itIn Miranda three basic types are predefined: num(bers), bool(eans) andchar(acters). There is no type distinction between integer and floatingpoint numbers: they are both of type num. At run-time integer numbersare taken where possible. They are automatically converted into float-ing-point numbers when needed. It is important to note that due to thenature of floating-point numbers (rounding errors) this automatic con-Complex types can be constructed by using type constructors. make it possible to construct new types by combining existing types. The available type constructors are �[� and �]� (for con-structing lists), � and �)� (for constructing tuples) and �->� (for con-If T1,�,Tn are types, then (T1,�,Tn) denotes the type tuple ofIf T1,T2 are types, then (T1 -> T2) denotes the type function from T1

The best way to understand complex types built with the type con-A useful type system should not restrict the programmer too much. TheIf the function reverse is applied to a list of characters, it will yield a listin which all characters are in reversed order. On the other hand, if ap-plied to a list of numbers, it will yield this list in reversed order too.Hence it would be nice if the type system would allow the use of such afunction for any sort of list. The Miranda system allows such a typewhich indicates that reverse takes a list with elements of an To indicate arbitrary types there is an alphabet of generic s denoted by the symbols *, ** ***, and so on. A variable namecan occur more than once in a type definition. In such a case each occurrence of the same name denotes the same type. Unequal names only in-dicate that the corresponding types can differ from each other (theycould be the same). If a type variable occurs in the type definition of afunction, the type of the function is said to be polymorphic

Generally a programmer will know the type of the function that he orshe is defining. It is not always clear what the type of a concrete func-tion is. For example, consider the function and try to deduce (infer)In order to solve this problem the programmer actually has to performthe same kind of analysis that is performed by the type system incorpo-rated in the Miranda compiler. This is only possible in all cases if thetype system and the type inference mechanism are fully understood bythe programmer. For the moment we shall only present a basic inferencescheme that helps to derive the type of a function in most cases. Typesystems and type inference mechanisms are explained in detail inThe general idea of the inference scheme is the following: first theleft-hand side of a function definition is analysed, making assumptionsfor the type of the function, its arguments and its result. The next step isto analyse this right-hand side using all assumptions already made. Thetype of the result must be compatible with the type of the right-handside. Furthermore, function and arguments must be used consistently inthe right-hand side. This analysis leads to equations that have to beBelow the basic inference scheme is explained in more detail. Forreasons of readability Greek characters are used for type variables in-For the general case f x1 x2 � xn = right-hand side for each argument andfor the result a new type variable is introduced leading to the followingIf a pattern is specified, the corresponding type information is incorpo-

Incorporating pattern information in assumptions for left-hand side type analThe constructor �:� is a constructor of the type list, so the following types areThe right-hand side is analysed using the assumptions made so far, lead-ing to one or more equations. First of all, the assumed result type mustbe compatible with the type of the right-hand side as a whole. Further-more, every application must be type-consistent. So for every occur-rence of an application (function argument) on the right-hand side the required equation for the type of the function, the argument and the resultRemember that all functions are considered to be curried. So for a func-Already known types of functions are used in such a way that foreach application of a polymorphic function in the assumed type freshvariables are taken. When no assumption is available new assumptionsare made introducing fresh variables. Equations are constructed thatspecify the contions that have to be fulfilled to make every applicationRight-hand side type analysis of previous example: hd (x : y) = x. Left-handside assumptions were: (x : y):: [a], x:: , y:: [], result:: a, hd:: [a] -> specting the right-hand side shows that the type must equal the type ofThe equations are solved by substituting for the type variables othertype variables or actual types. In general there are many solutions forthe equations. The solution we want is of course the most general solu-tion. The process of finding such a solution is called unification, and the requested solution is called the most general unifier In Chapter 6 amethod will be given that performs the unification by solving the equaSolving equations for the running example: hd (x : y) = x Assumptions: (x :We could also substitute a1 by yielding the same solution, since the namesof the type variables can be chosen freely. The compiler would have deducedthe type hd:: [*] -> *. A different solution of the equation would have beenfound by substituting both a2 and 1 by num, leading to hd:: [num] -> numThese three steps complete the basic type inference scheme. In thisscheme not all syntactic constructs of Miranda, such as local definitions,type synonyms, algebraic data types, ZF-expressions etc., are taken intoaccount. It is left to the reader to extend the scheme where necesTo illustrate the basic type inference scheme it is applied to the follow-Right-hand side analysis: generally, it is easier to do the innermost applicationTake fresh variables for the type of hd:: [] ->. The type of x is already as-

Analysis of application: f (f x) leads to: type of f) = (type of (f x)) -> (type of Not all functions can be typed in Milner�s type system (see also ChapterThis function cannot be typed in Milner�s system because cannot have bothThe function definition in the example above cannot be typed. In thiscase one can argue that such functions should not be written. However,although the Milner type system is very powerful compared with thetype systems generally available in more traditional languages, someThe actual argument f is not allowed to have two different types within thebody of the function fun. In this case f has to have type [num] -> num when

Milner�s type inference scheme inherently does not allow internalpolymorphism, where the same object is used with different typeswithin one function definition. Although the deduction scheme used canbe improved for some cases, a satisfactory algorithm for general cases isThe problem mentioned above can be solved by making the polymorphism exExplicit declaration of types makes it possible to declare the type oftwice more restrictively as (num -> num) -> num -> num. In this way a typedeclaration can also be used to impose additional restrictions on a func-tion (the declared type is more restrictive than the general derived type).Another difference between type deduction and type checking is due tothe fact that the type checking algorithm uses an algorithm of Mycroftthat differs from the type deduction algorithm of Milner (this is dis- algorithm of Milner cannot deduce the type of error message will be produced. In this case is used polymorphically in theright-hand side of its own definition, with type instances: char -> [num] and[num] -> [num]. However, when the user explicitly specifies the type of g asg::˚* -> [num] the type checker has no problems handling this case: the speciMaybe it would be better to insist always on explicit specification of

In Miranda it is possible to define a new name for a given type byFor obvious reasons (what should be substituted for what), recursivetype synonyms are not permitted. Type synonyms are entirely transparUsing generic type variables, it is also possible to introduce a newIn the examples above the predefined type [ [num] ] is renamed. It can becalled , but also array (array num). In both cases, an object of thenewly defined type will be checked by the type system against the type[˚[num] ], illustrating that indeed the type synonyms are entirely transpar-ent (which is the only way to handle synonym types in the case that theData structures are defined by defining new types. For this purpose it ispossible to define (polymorphic) types using algebraic type definitionsand abstract type definitions. Such a type specifies all legal occurof the user-defined data structure. With an algebraic data type a newdata structure (like a record) can recursively be defined that is com-posed of existing data structures. Each record contains a discriminatingdata constructor (see also the section on lists in the previous chapter)and zero or more other objects called the arguments of the data con- The data constructor is an identifier (tag) that uniquely identi-fies an object to be of a specific type. Abstract data type make it possi ble to create data structures of which the actual implementations arehidden from the user. On such a data structure only the functionsspecified in the signature can be applied. The concreteA (recursive) algebraic data type definition enumerates the new dataconstructors with their arguments. Every alternative of an algeIn these definitions there are predefined types (num), user-defined algebraictypes (day, numlist, numtree) and user-defined data constructors (Mon, � , SunNillist NumlistNiltree, Node). In Miranda, data constructors have toThe data constructors defined in an algebraic type can be used in function definitions. They appear in expressions to construct new objects ofthe specified algebraic type. They appear in patterns, for instance to discriminate between objects of the same algebraic type or to make projec-tion functions for accessing the arguments of the data constructor. Theinfluence of pattern matching on soundness criteria for type systems isdiscussed in Chapter 6. There it is shown that the use of algebraic dataconstructors as proposed here is indeed sound with respect to the typeUsing data constructors as patterns, the following function yields the mirror

In a definition of an algebraic data type a new discriminating construc-tor is needed for every new type and for every new alternative. Conquently, it is impossible to define a general Nil. Every new type mustAlgebraic types can also be polymorphic. One or more generic typeIn this way a family of tree types can be defined (including tree num, treebool, tree char, tree (num -> num), and so on). It is important to know that,in principle,all predefined types of Miranda can be defined using poly-morphic algebraic type definitions. So in theory no built-in predefinedtypes are needed. In practice, howsenting all predefined typesAn abstract data type is a hidden (algebraic or synonym) type forwhich functions are defined. These functions are the only way to createand access objects of that specific abstract type. The concrete defof the abstract type and the concrete definitions of the functions, theconcrete signature, are not visible to the outside world. Only the ab-stract type itself and the type of its functions, called the abstract

The concrete definition of the abstract type and the functions defined onit are specified separately. The outside world cannot make use of theFor example: the abstract data type stack can be implemented as a list. Theoutside world cannot make use of this fact: and empty are incomparable obThe implementation equations do not have to appear immediately afterthe corresponding abstype declaration. They can occur anywhere in theIn this section some important functions are given that, due to theirgeneral nature, are often used as basic building blocks in functionalprograms. The availability of higher order functions in combinationwith polymorphic types makes it possible to write very powerful func-tions that cannot be defined in most imperative languages that often usea more rigid type system. These powerful higher order functions can beused as basic building blocks for the creation of more sophistifunctions. Bird and Wadler extensively show the use of higher orderfunctions as basic building blocks in the construction of functional pro-There is a special operator to compose two functions. This associativeoperator is denoted as a single dot �.� and can be used in infix notalike the other operators in Miranda. The composition of two functions,

The operator �.� takes two functions as arguments and yields a newtion: the composition of the two argument functions. The type ofthe composition operator is therefore (** -> ***) -> (* -> **) -> (* -> ***). Therightmost parentheses are not necessary, but they make it more clearthat the composition of two functions yields a function as result. Thistype can be deduced as follows. Look at the function body in the defini-tion of the composition operator: f (g x). Assume that is of type *. Theng must be a function of type (* -> **). Hence f must be of type (** -> ***)Example of function composition. The function is a predefined functionin Miranda that returns the ASCII code of a character. The function decode isalso predefined and returns the corresponding ASCII character when it is applied to a number between 0 and 256. The function nextchar is constructed byusing function composition and yields the next character in the ASCII tableThe predefined operator + is used in a special curried way here. The followingexpressions are all equivalent in Miranda: a + b, (+) a b, (a +) b, (+ b) a. The

The example above also illustrates that a sequence of functions can becombined as one new function using function composition. One can re-gard a composition of the form (fn . fn—1 . � . f1) x as a pipeline of func

There are several handy functions that are frequently used to manipulatelists. In this section an overview is given of these functions and their useThe polymorphic function map is very powerful: it applies anyThe function filter has as arguments a predicate and a list. The result listwill contain only those elements from the argument list that satisfy theThe function has as arguments a number, say , and a list and yields

The function drop when applied to a number, say n, and a list of ele-The function takewhile has a predicate and a list as arguments. It takeselements from the front of the input list as long as they satisfy the predi-The function dropwhile is analogous to , but now the elementsthat satisfy the predicate are dropped. The rest of the list is the result ofThe function zip2 has two lists as arguments and yields a list of pairs.The nth pair of the result list consists of the nth element of the first listtogether with the nth element of the second list. Analogous functions that �zip� three, four, five or six lists together are also useful. The result-The function last yields the last element of a given list. This is the dualThe function init is the dual function of the tail-function tl. It takes a listA frequently used function is the function foldr. foldr is used to apply afunction, say f, recursively in an accumulating way on all elements, sayUsing foldr˚it is easy to give examples defining functions that calculate the

In these examples predefined operators are passed as arguments to the function foldr. To disambiguate this use of a predefined operator with its ordinary

This example shows how to design an algorithm for computing theThe result list represents a set of elements, so it is not allowed to have morethan one occurrence of an element. powerset [1,2,3] can be made out of set [2,3] by adding 1 to every element of the powerset[2,3] and concatenat-The above example contains a halting criterion: powerset [ ] = [ [ ] ]. Thedefinition also clearly reflects the above described method for makingThe definition of foldr has three formal arguments. These arguare in the following way related to aspects of a recursive definition. The halting criterion, in the definition of foldr called (derived from init), canbe defined as [ [ ] ], like the halting criterion in the recursive definition.The relation between the powerset of list (x : xs) and the list xs can bepowersofar stands for the result of the powerset of the list without the new eleSo combining the halting criterion with a constructive inductive recurRequiring that a functional program is interactive at first sight seems tobe in contrast with referential transparency. An interactive system doesnot always react in the same way on the same input value. Take for ex-ample a program that repeatedly gets a value as input and outputs thesum of all the values so far. Such a program reacts differently when itgets the same value two times in a row. However, it always reacts in thesame way on the whole input so far. This observation leads to the con-clusion that interactive programs can be written in a functional language by considering the input as an argument that is a conceptually in-finite list of values (called a stream). The output is also a stream: theresult of the program. Owing to lazy evaluation such infinite lists can behandled. On the input side this means that not all the input has to begiven at once. On the output side it means that those parts of the resultthat are already available can be printed. Together this allows interac-Combining both input and output it is possible to write a programthat gives a prompt (part of the result is already evaluated), reads avalue (the head of an infinite input list is needed for the evaluation), re-sponds and prompts again. One has to take care that the rest of the inputlist is passed as a parameter to functions that require input and further-

Generally some kind of state is adapted due to the input. Furthermore, one hasto be able to indicate that a certain argument is actually the input of the program. In Miranda the input of the program can be indicated in the initial exsion by specifying $— as an argument. So a typical call of the functionA program that repeatedly checks an input line for palindromicity (a word orsentence is a palindrome if it is the same as its reverse, e.g. �able was I ere Isaw elba� is a palindrome). The basic function is rather simple using the preExtending the program for interactive use requires some extra definitions inwhich the interaction with the user is defined. The program will prompt for an

The function is defined using the basic functions tl, takewhile anddropwhile defined previously. Note that this is not a very efficient program: itwould have been more efficient to define a new function that combined thedefinitions of takewhile and dropwhile producing both results together. TheIn Koopman (1987) it is shown how using this method one can writestrongly interactive programs like an editor. The basic structure of, forThis command interpreter parses a command line and produces directly afunction (not some encoding for a function) that performs the required operaA disadvantage of the given method for writing interactive func-tional programs is that every part of the output has to be part of the re-sult of the whole program on the top level. As a consequence it is not atrivial task to change a program in such a way that for a specific func-tion that is used somewhere in an expression the value of its aris printed every time the function is called. A change like that, whichcan be of interest for tracing or debugging, requires a change of theFurthermore, it does not seem to be very practical to program filehandling and menu and mouse-driven applications with the facilitiesthat are provided by Miranda. In the language Concurrent Clean a dif-ferent method for writing interactive programs is given that offers the

There is already much knowledge about programming in imperativeprogramming languages. The two most important programming stylesGenerally, when a large program is developed, several layers ofabstraction are created. Each layer of abstraction is based on layers on alower level of abstraction. Each layer has its own locally defined dataIn a style one starts with the lowest layer upwards tothe next layer and finally one defines the top layer. In this style one de-signs data structures and the corresponding operations on them that aremade available for the next layer. In a top-down style it is exactly theother way around. The problems left in each layer are solved in the nextlayer. In this way one refines the problems step-wise down to the basiclevel. Generally both methods are mixed when large programs are de-veloped. One could say that with the bottom-up approach one designsthe programming tools needed on a certain level of abstraction, whereasThese programming styles, commonly used to develop imperativeprograms, can also be used for the development of functional proFor a bottom-up style of programming one can use, for instance, ab-stract data types. An example of their use was given in Section 2.4.3.The kind of data structures and operations will strongly depend on thekind of problem one has to solve. Top-down programming is based onstep-wise refinement, which means that a problem is divided into sublems if there is no simple way to write down the solution directlywith the help of basic language constructs. In functional programminglanguages there is an excellent way to glue those partial solutions to-gether, for solutions will consist of function definitions, and funccan be composed using function composition or function applicaAnd of course, there is no danger of side-effects. Furthermore the strongtyping provides an extra test of whether the functions are comThe check-list in Table 2.1 may be useful for designing functional pro-grams. The check-list consists of seven parts that reflect the commonphases of a top-down program design. Each phase consists of issues tothink about when designing a program. It is not strictly necessary towork out all the issues nor to do them in the given order: experiencedprogrammers can merge some of these steps or do them unconsciously

In addition to this check-list it is useful to pay attention to the followingdo not combine too many function compositions as this may makeTake again the roman number problem from the previous chapter. Acloser look shows that the designed function romtonum is not very ro-bust. It assumes that its argument will always be a correct roman num-ber. With the help of the check-list below a function will be designedthat decides whether a list of characters represents a correct romannumber. Not all the points of the check-list are worked out because mostof the points are trivial for experienced programmers (in an imperativelanguage) and they do not differ much from the way one could handlethem in the design of an imperative language. Names of subproblemsIt is important to know what exactly a roman number is. From theRoman ciphers consist of the following characters: M D C, LThese characters have values, respectively: 500 100 50The characters in the roman numbers are always sorted fromthe highest value to the lowest from left to right, with the ex-

Desired result: A function that decides whether a list of charactersLet us call the desired function isroman; it will be of type [char] ->According to the description of the problem, IVI is a correct romannumber (5). However, this is not true. An extra constraint on Roman numbers has to be added, namely that roman numbers are al-Formulate the specification with the help of mathematics or aromnumber is a non-empty character sequence that obeys the syntaxof roman numbers. The syntax of roman numbers is as follows (aBNF-like notation (Backus—Naur form) is used; literals are put be-

Apart from a global test for non-emptiness for each syntax rule

It is much more efficient to combine the functions for checking andfor calculating the value described in this chapter and in the previ-ous chapter into one function that runs through the character se-quence only once. So the design (and in fact even the task definiImplement the designed algorithm (including the data structuresand their operations) into a Miranda script with comments, signifi-

Check types, design critical test function. For example, test theCheck comments and names on consistency with (revised) func-Check the significance of names, check the comments to see ifSummarize what you have learned about designing an algorithmTo avoid running through a list structure more times than neces-sary it is in many cases more efficient to combine function defini-tions that manipulate a list structure into new function definitionsthat produce multiple results, e.g. in a tuple. Accordingly, the algo-The functional programming language Miranda extends the basicconcepts with syntactical sugar incorporating most of the ad-The language has a nice, purely functional fully based onPattern matching can be used in combination with guarded equa-Local function definitions can be defined in a nested way inside theData structuring facilities are given by the presence of lists, Milner�s type inference algorithm provides strong polymorphic. However, for some cases Mycroft�s type checking algo-With these sophisticated features one can write compact and ele-The elegant mathematical style of programming common in thefunctional programming community still requires, of course, a pro-

Define a function takesum that takes two functions f:: num -> num, g::For instance, if ) = 2, g(x) = x + 1 and n = 2 than the result must

Write functions that compute the following lists using list compre-(a) All 5-tuples of integers such that their sum is less than 7 and(b) All perfect natural numbers (natural numbers that are equal toThe function yields the number of times a given characteris appearing in a finite list of characters. Define numchar (a) withWrite a function that yields all solutions of the eightqueens problem: the queens should be put down on a 8 * 8 chess-A binary search tree is an AVL-tree if for every node v in T: —1<= depth (right (v)) — depth (left (v)) <= 1 with depth, right and defined as usual. The balance factor of a nodedepth (right(v)) — depth (left (v)). So in an AVL-tree the balance factor of ev-ery node is —1, 0 or +1. Inserting or deleting a node cannot be donein the way it is done in ordinary binary search trees. The AVL-treemay not be balanced any more after a deletion or insertion. In sucha case there is a node with balance factor +2 or —2. Define an ab-

Write a small editor. An editor operates on a set of lines, called thebuffer. Implement the buffer as an abstract data type with appropriate operations (get_line, remove_ line). An editor should be able toshow lines, insert lines, delete lines and change lines (replace aWrite an interactive program that can play the Mastermind game.The program has to guess a secret code of 4 numbers (0—9). Foreach guess given by the program a player returns how many num-bers appear in the code and how many of these numbers are on aIn the final program in Section 2.7 an error is given if the argumentis incorrect. So the function cannot be used in a context in whichthe programmer wants to specify what has to be done for incorrectarguments. Write a function that produces a tuple with a booleanindicating the correctness and a number indicating the value if the