This PhD.Thesis is the result of a four-year research project conducted at the Department of FunctionalProgramming, the Faculty of Mathematics and Informatics, at the University of Nijmegen as �Assistent-in-Opleiding� under supervision of Professor M.J.˚Plasmeijer. In this chapter we give a survey of the re-search project and its theses.

1Introduction

1.1Functional programming and the Clean project3

1.1Functional programming and the Clean projectFunctional programming languages are often credited for producing concise programs that areeasy to write and understand, are amenable for proving program correctness and for doing pro-gram transformations. The major features of functional programming languages that contributeto these desirable properties are referential transparency, the abstraction from a specific order ofevaluation, higher-order functions, and strong typing.Referential transparency.A programming language is said to be referential transparent if every legal expression inthe language always has the same meaning regardless of its program context and order ofevaluation. By this definition we can distinguish between functional languages that arereferential transparent, the pure functional languages, and those that are not, the impurefunctional languages.Abstraction of evaluation order.A functional program consists of an expression that has to be evaluated according to agiven set of function definitions. In general, the expression contains many reducible ex-pressions, or redexes. In a pure functional language the order in which redexes are con-tracted is irrelevant modulo termination. This implies that functional languages are, intheory, well-suited for parallel evaluation. The evaluation strategy of a language is an al-gorithm that selects redexes. Of the sequential evaluation strategies the lazy and eagerstrategies are the most frequently used. The lazy evaluation strategy evaluates argumentsof a function only if they are needed to contract the function. The eager strategy evaluatesall arguments of a function before the function itself is evaluated.From a theoretical point of view the lazy evaluation scheme is more powerfulthan the eager scheme because the first is strongly normalising, while the second is not.An evaluation strategy is strongly normalising if for every program that has a solution,the normal form, then this solution will be found by the strategy. From a programmingpractical point of view, lazy evaluation increases programming expressiveness (Hughes,1990).Again, we can distinguish functional languages that use a lazy evaluation strate-gy, the lazy functional language, and functional languages that use an eager evaluationstrategy, the eager functional languages.Higher-order functions.In functional languages functions are first-class citizens. This means that they can beused as function arguments. However, they can also be used as components of data struc-tures. The latter gives a further increase in programming expressiveness because it en-ables us to define functions that can apply arbitrary operations on data structures(Hughes, 1990).Strong type systems.Programming languages with strong type systems are invaluable as they ensure programcorrectness with respect to types that can be determined statically. Most functional pro-gramming languages allow the programmer to define complex, recursive, data structureseasily, using algebraic data types and type constructors for lists, tuples, and functions.Type systems enforce a trade-off between static security and flexibility: not all functionalexpressions that make sense can be typed in a given type system, and in this PhD.Thesis

4Introduction we will encounter some of these cases which show up because of the complexity of theI/O system.The functional programming language we consider in this PhD.Thesis is pure and lazy. Due tostrong normalisation lazy functional languages are preferable over their eager relatives. How-ever, lazyness complicates their implementation. In general lazy languages are less time andspace efficient than eager languages, or imperative languages. A lot of research has been con-ducted in this area in the last decades, and is still continuing.One specific approach to investigate and provide solutions to the problems of efficientimplementations of functional languages is the (Concurrent) Clean project. Clean is a sequentiallazy, purely functional programming language (Brus et al., 1987; Groningen et al., 1991;Smetsers et al., 1991; Plasmeijer and van Eekelen, 1993). Concurrent Clean is the parallel exten-sion to Clean (van Eekelen, 1988; van Eekelen et al., 1991; N�cker et al., 1991).At the beginning of this research project, Clean had evolved into the 0.6 version (vanEekelen et al., 1990). During this research the Clean language has gone through gradual and con-siderable changes, resulting in the Clean 1.0 version. All Clean examples in this thesis are pre-sented in the 1.0 syntax. The main features that distinguish Clean from other functional lan-guages are that its semantics is explicitly based on term graph rewriting (Barendregt et al., 1987;Barendsen and Smetsers, 1992; Smetsers, 1993), it has an efficient and powerful strictness anal-ysis (N�cker, 1993; 1994), it has evaluation annotations for partially eager evaluation (N�ckerand Smetsers, 1993) and parallel evaluation, it has a polymorphic Milner/Mycroft type inferenceand verification system extended with uniqueness types (Smetsers et al., 1993; Barendsen andSmetsers, 1993a-b; see also Barendsen, 1995), record types, existential types, type classes andconstructor classes (Plasmeijer and van Eekelen, 1994). Clean is a modular language with ab-stract types based on the module system.In a term graph rewriting system functions are represented by graph rewrite rules, andcomputational expressions are represented by computation graphs. One advantage is that sharingof computations is an explicit and intuitive concept in the system, in contrast with lambda calcu-lus and term rewriting systems. Term graph rewriting obeys the functional semantics. Functionalprograms written in Clean are therefore term graph rewriting systems in disguise. Usually, pro-grammers need not be aware of this fact, but at some occasions its nature shows up in for in-stance the way function types are dealt with and the uniqueness type system.1.2Research objectivesThe Clean project demonstrates that lazy, pure functional programming languages can be com-piled efficiently and result in efficient applications. However, lazy evaluation not only compli-cates the compilation process, but is also an obstacle to the incorporation of input/output (I/Ofrom hereon). Doing I/O in a lazy, pure functional programming language seems to be a contra-diction: pure languages do not have the notion of side-effects and lazy languages lack a precisecontrol of the evaluation order. These are precisely the important aspects for any I/O model. Theobjectives of this PhD.Thesis were roughly the following:¥Can we reconcile I/O with lazy, pure functional languages?¥How should we program interactive functional programs?¥Can I/O be efficiently implemented in a lazy, pure functional language?

1.2Research objectives5

When considering this project there were many functional I/O systems and languages(Henderson, 1982; Redelmeier, 1984; Stoye, 1984; Perry, 1988; Williams and Wimmers, 1988;Dwelly, 1989; Backus et al., 1990; Thompson, 1990; Turner, 1990). A survey on the history offunctional I/O systems can be found in Gordon (1993), see also Section 2.1 for a brief summary).For a number of reasons we felt that it was justified to initiate a research project of our own onthis matter:In contrast with other functional languages, Clean is a graph rewriting language. Wewanted to know to what extent the existing I/O paradigms were transferable to the Clean lan-guage, and also we wanted to find out if an I/O system based on a graph rewriting languagecould provide new kinds of solutions. In this aspect, the ideas behind the file I/O system of Clean0.6 were different from other functional I/O systems, but we did not know to what extent and if itwould turn out to be a fruitful approach when integrating it with graphical user interfaces (dealtwith in sections 2.4 upto 2.6 and 7.3).Graphical user interface applications seemed to require an approach radically differentfrom traditional teletype, or file, I/O because of its dynamic and complex behaviour. We wantedto see if functional languages were capable of expressing this kind of interaction in a declarative,high-level functional style.It seemed that, when it comes to interacting with the imperative world, all the functionalI/O systems we knew at that time had to sacrifice either or both the elegance and purity of func-tional programming. As we argued in the previous section one of the keys to the success offunctional programming is its abstraction from imperativeness. Finding a good solution to thisproblem has a wide range: by confluence functional languages can be evaluated in parallel. Animperative I/O scheme might ruin this important advantage of functional programming over im-perative programming.Compilers for functional languages, including the Clean compiler, were improving onefficiency compared with imperative languages. To be able to put the Clean language to the test,there was a growing need for �real-world� applications. Real-world applications require good in-teractive facilities. Therefore Clean needed to be extended to support interaction.1.3Research themesThe research objectives put the research project into two directions: to find a functional I/Oscheme that can suitably be incorporated in a graph rewriting language and implemented inClean, and to find a declarative, high-level style of programming interactive applications to mas-ter the complexity and dynamics of such applications. The main research themes that evolvedfrom these two lines are:Environment passing is a natural paradigm for a graph rewriting language. One of the func-tional I/O paradigms is the environment passing paradigm. In this paradigm externalworld resources are defined as ordinary functional values, and operations are defined asordinary function applications. Although this is very functional, it is not straightforwardto incorporate the paradigm in a functional language because one cannot easily maintainthe representation of unique resources by non-unique values. We show that environmentpassing is a natural paradigm for a graph rewriting language, and also that the represen-tation problem can be solved elegantly in such a language.

6Introduction

Interactive applications can be structured as compositions of state transition systems. Graphicaluser interface applications have a dynamic behaviour and the task of programming suchapplications is a complex business. We show that by structuring interactive programs ascompositions of state transition systems we can master the complexity. Graphical userinterface elements such as windows, menus, dialogues, can be integrated fluently in thisframework. This approach results in a declarative style of programming interactive appli-cations. It is important to observe that we can handle the semantics completely within apure functional framework.State transition systems can be used for concurrent interactive processes. The concept of statetransition systems is well suited as an operational definition of interactive processes. Weshow that in a functional framework we can define the corresponding notions of dynamicprocess management, and inter-process communication. Furthermore, we show how toarrange the functional semantics in such a way that we obtain concurrent, deterministic,interactive processes.In the following sections we discuss each of the theses informally and relate them with the con-tents of this thesis.1.4World-as-valueIn this section we introduce the basic I/O paradigm developed in this thesis. We illustrate thesystem by means of a very simple interactive program. This program should first prompt a userfor some keyboard input, read the input, echo the input on screen, and then terminate. So theprogram has two output actions, one input action, and it must terminate. In the imperative pro-gramming language C (Kernighan and Ritchie, 1988) this program looks like this:#include <stdio.h>main(){ char* text; printf("Type a text:\n"); text = gets(text); printf("%s\n",text);}Figure 1.1A simple interactive program in the imperative language C.Novice programmers in an imperative language usually write such programs as their first exer-cise. The order of evaluation is given by the textual order of the commands, separated by thesymbol �;�. The main feature of imperative languages is their implicit, global state, that can beaccessed and updated directly in any part of the program. In the example this is done by the pro-cedures gets and printf.In contrast with imperative languages, books on lazy functional programming languagesusually have to defer I/O until lazy evaluation has been handled because the most acceptedmethod of incorporating I/O in a lazy functional language is to define an interactive program as afunction that transforms an infinite input stream to an infinite output stream.

1.4World-as-value7

In this PhD.Thesis we take an alternative route to incorporate I/O in a lazy functional lan-guage. This method, the explicit multiple environment passing scheme is introduced and de-scribed extensively in Chapter 2. Here we introduce the scheme informally and illustrate it bymeans of the above programming task. For brevity, we coin the term world-as-value as a short-hand synonym for the explicit multiple environment passing scheme.In the world-as-value paradigm the relations between program and global state that areimplicit in the imperative style of programming are made explicit. Components of the globalstate are made explicitly visible as environments. An environment is an abstract, specialised datastructure that encodes the state of a specific part of the world. Operations on that part of theworld are represented by functions that take the corresponding environment and yield a new en-vironment in which the change is encoded.The top environment of the Clean environment hierarchy is the special type World in thetype system of Clean. It is an abstract type and there is no denotation to obtain a value of thistype. The only way a program can obtain a value of type World is as an argument of its mainfunction. A program that takes a World environment is enforced to yield one as the result, sointeractive programs are functions of type WorldfiWorld.Operations on the world environment are collected separately in the I/O libraries ofClean. This is similar to the treatment of basic type operations in Clean: the basic type construc-tors (integers, reals, booleans, characters, strings) are elements of the type system, while the op-erations on these values are collected in corresponding modules). It is also similar to the ap-proach of most programming languages to define a standard I/O library (Wilson and Clark,1993). Figure 1.2 gives the interactive program, but now in the world-as-value paradigm.import StdFileStart :: World -> WorldStart world = world3where world1 = printf "Type a text:\n" world (text,world2) = readline world1 world3 = printf text world2Figure 1.2The interactive program now as a world-as-value program.The advantages of representing real-world objects by values in a functional language are that se-quences of operations are defined naturally by data dependency, and that computations that arenot data dependent can, in principle, be evaluated in parallel. The importance of the latter factshould be stressed: even if one is not interested in parallelism, data independency is importantbecause it also relieves programmers from having to think of the order of evaluation where thisis not necessary.For the latter reason we have given the world in Clean a composite structure letting itconsist of a number of sub environments. Amongst others, the world contains a file system envi-ronment, of type Files. The file system environment itself contains the individual file envi-ronments of type File. Environments are independent: operations on one environment do nothave an effect on another environment. Figure 1.3 sketches this situation in a diagram. BecauseWorld is an abstract data type it is easy to change the internal structure of the world without theneed to change all programs. This makes the approach flexible with respect to future changes.

8Introduction

Figure 1.3The composite structure of the world according to Clean.stdiotinuation passing style or a monadic style, on top of this bare style.Figure 1.4The simple interactive program in Clean’s world-as-value paradigm.tribute �*acalso Barendsen, 1995).polymorseqplied to both a unique as well as a non-unique second argument, provided the argument functionsx] x x, and [*x*x] *x *seqft�ttt˚t�t˚˚t

1.4World-as-value

[u:xu:x] u:xu:x in which u is a uniqueness attribute variable. Because in the uniqueness type[.x.x] .xtweenceedThe effect is that correct provaluniquefluence each other.1.5Structured programming with state transition systemsa declarative style in which graphical user interfaces can be integrated smoothly.The main motivation for this point of view is given by the observation that one can definethe behaviour of an interactive program in terms of responses to user activities. The response of aprogram depends on an internal state. In general, a response changes the state of the program andstate and do output.whenstatecorrecom�File�, consists of one menu item, named �quit�. With this menu item the function named lected, theprorespond as the associated function�.The

10Introduction setoff. Therefore the expression init may denote a value of arbitrary type.OpenIO. Given the initial proOpenIOOpenIOQuitIO to its program state causing OpenIO, and therefore the program, to terminate.functions OpenIO, QuitIO, and seqPIO.gebraic data types are defined by an optionally parameterized type constructor. The arguments ofboldfaceConsNilrecord

1.5Structured programming with state transition systems11

,�,x,�,xdefinitions of a function.manand should not depend on whatever platform it is running.Figure 1.6grams.compiled but not rewritten, looks like on these systems.