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ABSTRACT ' |

Abstract

‘I'his thesis is a about a style of applicative programming, and a program transformation method
that makes programs written in the style more cfficient. 1t concentrates on a single, important source
of clarity and incfTiciency in applicative programs: the use of structurcs to communicate between

componcnts of a program.

One means of increasing clarity is to divide a program into independent components. In listful
style these components communicate by passing intermediate data structurcs. Usually, but not
always, these structurcs are lists: hence the name. Listful programs are typically composed out of
standard list-manipulating functions, such as map, which-applics a function to cach clement of a list
to form a new list. Several rescarchers have advocated a programming style using such functions, but
few have cmphasized the importance of intermediate lists.

Unfortunately, listful style can be very inefficient. This is due to the spacc required to store the
intermediate lists, and the time required to traverse them. Transforming a program into listless form,
in which no intermediate lists (or other structures) are allowed, climinates all incfficiency caused by
listful style. The transformation method is an algorithm for applying Burstall and Darlington style
transformations, based on a simple casc analysis. This listless transforner is completely automatic. It
might be incorporated as part of an optimizing compiler, or as part of a more sophisticated
transformation system.

Several researchers have advocated the used of lazy evaluation with applicative languages. Lazy
evaluation makes it possible to write certain elegant programs that would be undefined or impractical
under cager (normal) evaluation. However, because of its high overhcad cost, lazy cvaluation is
seldom used. Among other things, the listless transformer converts programs with lazy evaluation
semantics into programs that can be executed by an eager evaluator. This "lazy evaluation at
compile-time" makes available the advantages of lazy evaluation without the costs. Thus, when it is
applicable, the listless transformer is superior to lazy evaluation.

However, the listless transfomer. is not always applicable. Given a function definition, the

transformer will succeed in finding an cquivalent definition in listless form if and only if the original

definition can be evaluated using bounded intermediate storage. [fthe function cannot He converted
to listless form, the user may annotate the program to indicate places where intermediate structurcs

may appear.
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ABSTRACT

"Why, anybody can have a brain. ‘lhat's a very mediocre commodity.  Every
pusillanimous creature that crawls on the carth, or slinks through slimy scas has a brain!
Back where I come from we have Universitics - scats of great learning - where men go to
become great thinkers. And when they come out, they think deep thoughts, and with no
morc brains than you have. But - they have onc thing you haven't got -- a diptoma!”

-- The Wizard, to the Scarccrow

(From the MGM release "The Wizard of Oz", copyright 1939 by Loew's Incorporated. Copyright
renewed 1966 by Metro-Goldwyn-Meyer Inc.)
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PREFACE b

Preface

This thesis is about a style of functional programming, and a transformation method that
automatically optimizes programs written in this style. ‘The thesis is writtcn in two parts. ‘The body of
the thesis introduces the style of programming, discusscs onc version of the transformer, and presents
some cxamples. The appendix presents a formal characterization of the class of programs that can be
transformed in this way, and presents a simplified version of the transformer and a proof of its

correctncess.

In the best of all possible worlds, the two parts of this thesis would be integrated into a single
presentation. Time considerations have prevented doing this, and 1 beg the rcader’s pardon for any
difficultics this may causc. This prefacc attempts to lessen the problem, by describing the
rclationship between the two parts, and providing a guide for rcading the thesis.

In the course of proving the correctness of the transformer, [ achieved a much better understanding
of how it works. (This supports the claim that “theoretical” concerns such as formalism often lcad to
practical bencfits as well.) ‘Thus, the appendix provides a description of the transformer that is
perhaps more intuitive and casicr to understand. On the other hand, the transformer described in the
body is an cxtension of the simple transformer described in the appendix; the cxtensions are
necessary for dealing with the examples discussed. Further, the description of the transformer in the

body is more detailed, and follows more closcly the implementation used to test the examples.

One method of reading the thesis is as follows. - Chapter 1B provides an overall introduction, anda
description of the style of programming (listful style) that the thesis is concerned with.l Chapter 2B
discusses background and related work. Chapter 3B introduces the language used in the thesis. The
reader may then skip forward and read the appendix, which assumes no knowledge of body of the
thesis except for chapter 1B. After the appendix, the reader may skip back and read the examples in
chapter 9B and the conclusions in chapter 10B. (The examples use a more complicated formalism
than that in the appendix, but the information in this preface and chapter 7A should allow the reader
to follow them.) Finally, the reader interested in more details can look at the development of the

transformer in chapters 4B to 8B.

The remainder of this scction discusses in more detail the relationship between the material in the
body and the appendix. Further aspects of the relationship are discussed in chapter 7A.

1Within this preface, chapters in the body will be followed by B, and chapters in the appendix will-be followed by A. Thus,
chapter 1B is the first chapter in the body.
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PREFACE
language

Chapter 3B introduces the language, ‘Toy, used in the body. Chapter 4B describes an interpreter
for Toy. as a way of giving a morc rigorous definition of ‘Foy, and because this interpreter is later
modificd to form a part of the transformer (the symbolic evaluator).

Chapter 2A describes the language, T, used in the appendix. T is a subsct of Toy. Chapter 2A also
describes an evaluation model for ‘I' in terms of reduction. "The model is basically simple, but some
complication is needed to define normal-order reduction for cquations that contain constructors on
the left-hand side. ‘This reduction model serves as the basis of the development in chapters 3A and

4A.

Thus, Toy is described by an interpreter model, and T is described by a- reduction model. In cach
casc. the model determines the approach taken in the succeeding development. ‘The reduction modet
has better theoretical foundations (c.g.. the Church-Rosser thcorem), and this aids the more formal

approach of the appendix.

The most important difference between Toy and T is that Toy contains primitives (that is, data
types such as intcgers and operations on them such as addition), whereas T docs not. Of course, one
could implement integers in T using, ¢.g., Peano arithmetic. But this would not take into account the
fact that in practicc computers represent integers in a special way, and have special hardware for
operating on them. Including primitives in Toy greatly increases its practicality.

Chapter 3B is more tutorial than chapter 2A, so it is more suitable as an introduction. But chapter
2A should also be read, since it is a necessary prerequisite for chapters 3A and 4A.

Bounded Evaluation

Chapter 3A describes bounded cvaluation. Roughly speaking, a program is subject (o bounded
evaluation (b.e.) if it can be cvaluated in constant bounded space, not counting spacc uscd by the
input or output. More precisely, the notion of a partition is defined. A partition breaks a term into
an input part, an internal part, and an output part. Reduction on partitions is defincd, analogous to
reduction on terms. A program is b.c. if there existes a constant N such that for every input there
exists a partition reduction to normal form where the size of the intcrnal part of each partition is

bounded by N.

In the body of the thesis, there is no formal concept cquivalent to bounded evaluation. There is
only an informal suggestion that the programs of interest can be evaluated in boundcd space.

Chapter 4A describes evaluation graphs. It is proved that a program is b.c. if and only if it has a

* finite evaluation graph. Further, it is p'rovcd that if a program has an cvaluation graph, then it must
have an evaluation graph with certain properties (canonical, useful, deterministic).
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PREFACE ' _ ,
Again, there is no cquivalent to the material in chapter 4A in the body.
Graph programs and listless form

Chapter SA-describes. graph programs, which are simply a program-like notation for deterministic
evaluation graphs, and fistless machines, which can exccute such programs. Listless machines only
access input structures and create output structures, hence they use no intermediate lists,

Chapter 5B defines listless form, which is a subsct of ‘Toy. Programs in listlcss form only access
input structures and create output structures, hence they use no intermediate lists. (The situation is
slightly more complicated than this, because programs in listless form do use intermediate structurcs
to pack arguments and results of functions and primitives; but this is different from using

intermediate lists.)

: Clearly, graph programs and listless form arc closely related. In particular, input steps in graph
programs correspond to case-expressions in listless form, and output stcps in graph programs
correspond to where-cxpressions in listless form.  If graph programs werce extended to include
primitive steps (as discussed in section 7.4A), these would correspond to fet-expressions in listless

form.

There are some important differences between graph programs and listless form. First, the
definition of graph programs follows naturally from the defintion of cvaluation graphs (and the
results in chapter 4A about such graphs). In contrast, the definition of listless form may at first sight

appear to be a bit arbitrary.

Second, graph programs are in a form that can casily be exccuted by a listless machine. In contrast,
in order to exccute programs in listless form cfficiently. onc must have a compiler that recognizes
certain patterns of recursive function calls (namely, calls that are tail recursive modulo cons) and

compiles them efficiently.

Third, listless form is a subset of Toy, so the transformer in the body performs source-to-source
transformation in one language, Toy. In contrast, graph programs are not programs in T, so the
transformer in the appendix transforms from onc language (T) into another (graph programs). The
greater simplicity of graph programs suggests, in retrospect, that trying to view the listless transformer
as a transformer from Toy into Toy was a mistake, N

The transformer

In the body. chapter 6B introduces the workings of the transformer through two examples.
Chapter 7B describes the transformer algorithm in detail. The appendix describes a somewhat
simpler transformer, in chapter 6A. ' :
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"Both transformers arc very similar in structure. . Input steps in the appendix transformer
correspond W case-extraction in. the body transformer, and output steps in the appendix transformer
correspond to where-cxtraction in the bady transformer. 1f the appendix transformer were extended
to include primitive steps (as'discusscd in scction 7.4A). these would correspond to Jer-extraction in
the body transformer. - Note that the relationship between the two transformers is very similar to the
relationship between program graphs and listless form. ’

Also, the routines used for breadth-first search and for evaluating expressions are very similar in
both transformers. :

The correctness of the transformer in chapter 6A follows almost dircctly from the results proved in
chapter 4A. “The structure of the transformer is simplificd by transforming dircctly into an evaluation
graph rather than into listless form. ‘The close relationship to the theory helps to keep the structure of
the transformer simple and clear.

However, the transformer in chapter 6B and 7B is much more powerful, because it also deals with
primitives (c.g.. data types such as intcgers and operations such as addition). In particular, rewrite
lists were introduced in order to deal with primitives. As mentioned in chapter 7.4A, it appcars that
the transformer in the appendix could be extended to deal with primitives,

'Chaptcr 8B describes some extensions to the transformer. Again, it appears that these extensions
could be adapted to the transformer in the appendix, at the cost of further complication.

Examples

Chapter 9B prescnts some cxamples of usc of the transformer. including some examples inspired
by Unix and the Telegraph Problem. These examples suggest the practical power and limits of the
transformer. The examples depend on the use of primitives. This shows that the transformer
presented in the appendix, aithough useful because it clarifies the underlying ideas, must be extended
to include primitives before it is of practical value.
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Chapter 1
Introduction

Onc cternal frustration of programmers might be expressed like this: cleanliness is and is not next
to godlincss. Cleanly written programs have the desirable prdpc_rties of being casicr to understand,-
show correct, and modify. But a divincly clean program can also be hellishly inefficient.

This is no accident. A major design technique for achieving clarity is modularity. breaking a
problem into independent components. But modularity can often lead to incfficiency, because of the
overhead of communicating between components, -and because it precludes -potential optimizations
across components boundaries. Such optimizations include climinating computations repeated in
multiple components, and one component taking advantage of the represcntation used by another.

" According to this analysis, some current trends in programming mcthodology' (such as structured
programming) arc inhcrently limited, becausé they attempt to develop a program that is
simultancously clear and cfficient. ‘This thesis is concerned with an altcrnate mcthodology that has
attracted much interest: Use applicative programming to write clcan (but inefficient) programs, and
use program transformation to convert them to more cfficient (but less clean) equivalents. (Sce
[Feather 79] and [Scherlis 80] for more detailed versions of these arguments.)

~ Applicative programming is simply the doctrine "side effects should be avoided"” carried to its
extreme: once bound, the value of a variable is never changed. Examples include pure Lisp, the
A-calculus, Backus’ functional language FP, and alarge subset of APL.

Applicative programming is well suited to the program transformation methodology for two
reasons. First, it is good for writing clear initial programs, because it supports a powerful and elcgant
programming style. Second, it is good for pcrformmg transformations, because of its nice

mathematical properties.

Typically, program transformation consists of a scquence of steps, cach of which is source-to-source
(the program is rewritten in the same high-level language) and equivalence preserving (the semantics
of the program does not change). The most widely-known transformation method is the UF (fold-
unfold) method, which was developed mdcpcndently by Burstall and Darlington [Burstall 77a] and
Manna and Waldinger [Manna 75, Manna 79).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



INTRODUCTION ' , 10

Ncither applu..ulvc. progmmmmg nor pmbmm transfornation has achieved widespread, practical
use.  Applicative programs for realistic tasks can be notoriously incfficient. ‘I'ransforming such
programs requires cither intractable heuristic scarches or tedious human guidance.  (Program
verification and automated theorem proving suffer from similar problems.) Allhough there have
been promising results; many rescarch problems remain, .

'I'his thesis is concerned with one kind of applicative programming style, and a transformation.
technique that optimizes programs written in this style. In this style, the components of a program
communicate by passing large intermediate data structures. Since these structures arc often lists, 1
call it fistful style. Listful style is an important source of clarity in applicative programs, and also a
major cause of incfficiency. ‘Transforming programs into /listless form, where-the intermediate
structures arc climinated, removes the incfficiency (at Icast from this source). ‘The transformation
method is an algorithm for applying Burstall and Darlington style transformations, based on a simple
casc analysis. ‘This listless transformer is completely automatic. [t might be incorporated as part of an
optimizing compiler, or as part of a more sophisticated transformation system.

Incorporating the transformer in a compiler should allow a wider range of applicative programs to
be compiled cfficicntly. This, in turn, should contribute to gaining practical cxpcricncc‘that can be
used to cvaluate the utility of applicative programming. (I believe that there are too many claims
made about the desirability of applicative programming, and too few tests of these claims in practice.)

Incorporating the listless transformer into a more sophisticated transformation system should free
the user from various "low-level” transformation concerns. The listless transformer is concerned
mainly with issucs of "plumbing": how valucs arc communicated betwecn the ‘components of a
program. Providing tools which dcal with this concern frecs the user to concentrate on deeper issues

of algorithm design.

One technique that has. been advocated in connection with applicative programming is lazy -
evaluation [Henderson 76, Friedman 76]. Lazy evaluation is so named because expressions are not
evaluated until needed. Typically in listful style, one function produces a list that another function
consumes. Lazy evaluation causes the two functions to behave like coroutines, where the producer
computes each clement only when the consumer rcquires it.

. Lazy evaluation semantics has several advantages over the eager semantics assumed by most
programming languages. These advantages arc particularly well suited to listful style, as will be

cxplained later. For this reason, the thesis assumes a lazy evaluation semantics for user programs.

On the other hand, lazy evaluation implementations have both advantages and disadvantages with
respect to traditional eager implementations. The major disadvantage is a high overhead cost, which
usually outweighs the advantages of lazy evaluation.

As will be scen, the listless transformer eliminates all of the incfficicncy costs of liaful style,
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