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One

INTRODUCTION

This book is about implementing functional programming languages using
lazy graph reduction, and it divides into three parts.

The first part describes how to translate a high-level functional language
into an intermediate language, called the lambda calculus, including detailed
coverage of pattern-matching and type-checking. The second part begins with
a simple implementation of the lambda calculus, based on graph reduction,
and then develops a number of refinements and alternatives, such as super-
combinators, full laziness and SK combinators. Finally, the third part
describes the G-machine, a sophlsucated implementation of graph reduction,
which provides a dramatic increase in performance over the implementations
described earlier.

One of the agreed advantages of functional languages is their semantic
simplicity. This simplicity has considerable payoffs in the book. Over and
over again we are able to make semi-formal arguments for the correctness of
the compilation algorithms, and the whole book has a distinctly mathematical
fiavor ~ an unusual feature in a book about implementations.

Most of the material to be presented has appeared in the published
literature in some form (though some has not), but mainly in the form of
conference proceedings and isolated papers. References to this work appear
at the end of each chapter.

1.1 Assumptions

This book is about implementations, not languages, so we shall make no
attempt to extol the virtues of functional languages or the functional
programming style. Instead we shall assume that the reader is familiar with
functional programming; those without this familiarity may find it heavy

1



2 Chapter 1 Introduction

going. A brief introduction to functional programming may be found in
Darlington [1984], while Henderson [1980] and Glaser et al. [1984] give more
substantial treatments. Another useful text is Abelson and Sussman [1985]
which describes Scheme, an almost-functional dialect of Lisp..

An encouraging consensus seems to be emerging in the basic features of
high-level functional programming languages, exemplified by languages such
as SASL [Turner, 1976], ML [Gordon et al., 1979], KRC [Turner, 1982],
Hope [Burstall et al., 1980], Ponder [Fairbairn, 1985], LML [Augustsson,
1984], Miranda [Turner, 1985] and Orwell [Wadler, 1985]. However, for the
sake of definiteness, we use the language Miranda as a concrete example
throughout the book (When used as the name of a programming language,
‘Miranda’ is a trademark of Research Software Limited.) A brief intro-
duction to Miranda may be found in the appendix, but no serious attempt is
made to give a tutorial about functional programming in general, or Miranda
in particular. For those familiar with functional programming, however, no
difficulties should arise.

Generally speaking, all the material of the book should apply to the other
functional languages mentioned, with only syntactic changes. The only
exception to this is that we concern ourselves almost exclusively with the
implementation of languages with non-strict semantics (such as SASL, KRC,
Ponder, LML, Miranda and Orwell). The advantages and disadvantages of
this are discussed in Chapter 11, but it seems that graph reduction is probably
less attractive than the environment-based approach for the implementation
of languages with strict semantics; hence the focus on non-strict languages.
However, some functional languages are strict (ML and Hope, for example),
and while much of the book is still relevant to strict languages, some of the
material would need to be interpreted with care.

The emphasis throughout is on an informal approach, aimed at developing
understanding rather than at formal rigor. It would be an interesting task to
rewrite the book in a formal way, giving watertight proofs of correctness at
each stage. :

1.2 Partl: Complling High-level Functional Languages

It has been widely observed that most functional languages are quite similar to
each other, and differ more in their syntax than their semantics. In order to
simplify our thinking about implementations, the first part of this book shows
how to translate a high-level functional program into an intermediate language
which has a very simple syntax and semantics. Then, in the second and third
parts of the book, we will show how to implement this intermediate language
using graph reduction. Proceeding in this way allows us to describe graph
reduction in considerable detail, but in a way that is not specific to any
particular high-level language.

The intermediate language into which we will translate the high-level
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functional program is the notation of the lambda calculus (Figure 1.1). The
lambda calculus is an extremely well-studied language, and we give an intro-
duction to it in Chapter 2.

High-level language program

l Part

Program expressed in lambda notation

l Parts Il and III

Concrete implementation

Figure 1.1 Implementing a functional program

The lambda calculus is not only simple, it is also sufficiently expressive to
allow us to translate any high-level functional language into it. However,
translating some high-level language constructs into the lambda notation is
less straightforward than it at first appears, and the rest of Part I is concerned
with this translation.

Part I is organized as follows. First of all, in Chapter 3, we define a language
which is a superset of the lambda calculus, which we call the enriched lambda
calculus. The extra constructs provided by the enriched lambda calculus are
specifically designed to allow a straightforward translation of a Miranda
program into an expression in the enriched lambda calculus, and Chapter 3
shows how to perform this translation for simple Miranda programs.

After a brief introduction to pattern-matching, Chapter 4 then extends the
translation algorithm to cover more complex Miranda programs, and gives a
formal semanncs for pattern-matching. Subsequently, Chapter 7 rounds out
the picture, by showing how Miranda’s ZF expressions can also be translated
in the same way. (Various advanced features of Miranda are not covered,
such as algebraic types with laws, abstract data types, and modules.)

Much of the rest of Part I concerns the transformation of enriched lambda
calculus expressions into the ordinary lambda calculus subset, a process which
is quite independent of Miranda. This language-independence was one of the
reasons for defining the enriched lambda calculus language in the first place.
Chapter 5 shows how expressions involving pattern-matching constructs may
be transformed to use case-expressions, with a considerable gain in efficiency.
Then Chapter 6 shows how all the constructs of the enriched lambda calculus,
including case-expressions, may be transformed into the ordinary lambda
calculus.

Part I concludes with Chapter 8 which discusses type-checking in general,
and Chapter 9 in which a type-checker is constructed in Miranda.
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1.3 Partli: Graph Reduction

The rest of the book describes how the lambda calculus may be implemented
using a technique called graph reduction. It is largely independent of the later
chapters in Part I, Chapters 24 being the essential prerequisites.

As a foretaste of things to come, we offer the following brief introduction to
graph reduction. Suppose that the function f is defined (in Miranda) like this:

fx=MX+1)=*(x-1)

This definition specifies that f is a function of a single argument x, which
computes‘(x + 1) * (x — 1)’. Now suppose that we are required to evaluate

fa
that is, the function f applied to 4. We can think of the program like this:

A
f 4
where the @ stands for function application. Applying f to 4 gives

N\
/\ /\

4 1 4 1

(Note: in the main text we will use a slightly different representation for
applications of *, + and —, but this fact is not significant here.) We may now
execute the addition and the subtraction (in either order), giving

*
5 3
Finally we can execute the multiplication, to give the result
15

From this simple example we can see that:

(i) Executing a functional program consists of evaluating an expression.
(ii) A functional program has a natural representation as a tree (or, more
generally, a graph).

(iii) Evaluation proceeds by means of a sequence of simple steps, called
reductions. Each reduction performs a local transformation of the graph
(hence the term graph reduction).

(iv) Reductions may safely take place in a variety of orders, or indeed in
parallel, since they cannot interfere with each other.
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) Evaluation is complete when there are no further reducible expressions.

Graph reduction gives an appealingly simple and elegant model for the
execution of a functional program, and one that is radically different from the
execution model of a conventional imperative language.

We begin in Chapter 10 by discussing the representation of a functional
program as a graph. The next two chapters form a pair which discusses first the
question of deciding which reduction to perform next (Chapter 11), and then
the act of performing the reduction (Chapter 12).

Chapters 13 and 14 introduce the powerful technique of supercombinators,
which is the key to the remainder of the book. This is followed in Chapter 15
with a discussion of full laziness, an aspect of lazy evaluation; this chapter can
be omitted on first reading since later material does not depend on it.

Chapter 16 then presents SK combinators, an alternative implementation
technique to supercombinators. Hence, this chapter can be understood
independently of Chapters 13-15. Thereafter, however, we concentrate on
supercombinator-based implementations.

Part II concludes with a chapter on garbage collection.

1.4 Partlii: Advanced Graph Reduction

It may seem at first that graph reduction is inherently less efficient than more
conventional execution models, at least for conventional von Neumann
machines. The bulk of Part III is devoted to an extended discussion of the
G-machine, which shows how graph reduction can be compiled to a form that
is suitable for direct execution by ordinary sequential computers.

In view of the radical difference between graph reduction on the one hand,
and the linear sequence of instructions executed by conventional machines on
the other, this may seem a somewhat surprising achievement. This (fairly
recent) development is responsible for a dramatic improvement in the speed
of functional language implementations.

Chapters 18 and 19 introduce the main concepts of the G-machine, while
Chapters 20 and 21 are devoted entirely to optimizations of the approach.

The book concludes with three chapters that fill in some gaps, and offer
some pointers to the future. .

Chapter 22 introduces strictness analysis, a compile-time program analysis
method which has been the subject of much recent work, and which is crucial
to many of the optimizations of the G-machine.

Perhaps the major shortcoming of functional programming languages,
from the point of view of the programmer, is the difficulty of estimating the
space and time complexity of the program. This question is intimately bound
up with the implementation, and we discuss the matter in Chapter 23.

Finally, the book concludes with a chapter on parallel implementations of
graph reduction.
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Two

THE LAMBDA CALCULUS

This chapter introduces the lambda calculus, a simple language which will be
used throughout the rest of the book as a bridge between high-level functional
languages and their low-level implementations. The reasons for introducing
the lambda calculus as an intermediate language are:

(i) It is a simple language, with only a few, syntactic constructs, and simple
semantics. These properties make it a good basis for a discussion of
implementations, because an implementation of the lambda caiculus only
has to support a few constructs, and the simple semantics allows us to
reason about the correctness of the implementation.

(ii) It is an expressive language, which is sufficiently powerful to express all
functional programs (and indeed, all computable functions). This means
that if we have an implementation of the lambda calculus, we can

implement any other functional language by translating it into the lambda
calculus. '

In this chapter we focus on the syntax and semantics of the lambda calculus
itself, before turning our attention to high-level functional languages in the
next chapter.

2.1 The Syntax of the Lambda Calculus

Here is a simple expression in the lambda calculus:
(+ 4 5)
All function applications in the lambda calculus are written in prefix form, so,

9



10 Chapter 2 The Lambda Calculus

for example, the function + precedes its arguments 4 and 5. A slightly more
complex example, showing the (quite conventional) use of brackets, is

(+ (+ 5 6) (+ 8 3) -

In both examples, the outermost brackets are redundant, but have been
added for clarity (see Section 2.1.2).

From the implementation viewpoint, a functional program should be
thought of as an expression, which is ‘executed’ by evaluating it. Evaluation
proceeds by repeatedly selecting a reducible expression (or redex) and
reducing it. In our last example there are two redexes: (* 5 6) and (» 8 3).
The whole expression(+ (* 5 6) (* 8 3))isnotaredex, since a + needs to be
applied to two numbers before it is reducible. Arbitrarily choosing the first
redex for reduction, we write

(+(»56)(«83) — (+ 30 (* 8 3)

where the —» is pronounced ‘reduces to’. Now there is only one redex, (* 8 3),
which gives

(+ 30 (» 83) — (+ 30 29
This reduction creates a new redex, which we now reduce
(+ 30 24) —» 54

When there are several redexes we have a choice of which one to reduce
first. This issue will be addressed later in this chapter.

2.1.1 Function Application and Cunying

In the lambda calculus, function application is so important that it is denoted
by simple juxtaposition; thus we write

f x

to denote ‘the function f applied to the argument x’. How should we express
the application of a function to several arguments? We could use a new
notation, like (f (xy)), but instead we use a simple and rather ingenious
alternative. To express ‘the sum of 3 and 4’ we write

((+3) 4

The expression (+ 3) denotes the function that adds 3 to its argument. Thus
the whole expression means ‘the function + applied to the argument 3, the
result of which is a function applied to 4’. (In common with all functional
programming languages, the lambda calculus allows a function to return a
function as its resuit.)

This device allows us to think of all functions as having a single argument
only. It was introduced by Schonfinkel [1924] and extensively used by Curry
[Curry and Feys, 1958]; as a result it is known as currying.
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2.1.2 Use of Brackets

In mathematics it is conventional to omit redundant brackets to avoid
cluttering up expressions. For example, we might omit brackets from the
expression

(ab) +((2c)/d)
to give
ab +2c/d

The second expression is easier to read than the first, but there isa danger that
it may be ambiguous. It is rendered unambiguous by establishing conventions
about the precedence of the various functions (for example, multiplication
binds more tightly than addition)..

Sometimes brackets cannot be omitted, as in the expression:

(b+c)la

Similar conventions are useful when writing down expressions in the
lambda calculus. Consider the expression:

(+3) 2

By establishing the convention that function application associates to the left,
we can write the expression more simply as:

(+32)
or even
+ 32

We performed some such abbreviations in the examples given earlier. As a
more complicated example, the expression:

(f (+ 4 3)) (g x)

is fully bracketed and unambiguous. Following our convention, we may omit
redundant brackets to make the expression easier to read, giving:

f(+43) (gx

No further brackets can be omitted. Extra brackets may, of course, be
inserted freely without changing the meaning of the expression; for example

f (+ 43) (g x)
is the same expression again.

2.1.3 Built-in Functions and Constants

In its purest form the lambda calculus does not have built-in functions such as
+, but our intentions are practical and so we extend the pure lambda calculus
with a suitable collection of such built-in functions.
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These include arithmetic functions (such as +, —, *, /) and constants (0, 1,
.. .), logical functions (such as AND, OR, NOT) and constants (TRUE,
FALSE), and character constants (‘a’, ', . . .). For example

~-54 - 1
AND TRUE FALSE — FALSE

We also include a conditional function, IF, whose behavior is described by the
reduction rules:

IFTRUE E E —» E
IF FALSEE; E; — E

We will initially introduce data constructors into the lambda calculus by
using the built-in functions CONS (short for CONSTRUCT), HEAD and TAIL
(which behave exactly like the Lisp functions CONS, CAR and CDR). The
constructor CONS builds a compound object which can be taken apart with
HEAD and TAIL. We may describe their operation by the following rules:

HEAD (CONS a b) — a
TAIL (CONS ab) — b

We also include NIL, the empty list, as a constant. The data constructors will
be discussed at greater length in Chapter 4.

The exact choice of built-in functions is, of course, somewhat arbitrary, and
further ones will be added as the need arises.

2.1.4 Lambda Abstractions

The only functions introduced so far have been the built-in functions (such as
+ and CONS). However, the lambda calculus provides a construct, called a
lambda abstraction, to denote new (non-built-m) functions. A lambda
abstraction is a particular sort of expression which denotes a function. Here is
an example of a lambda abstraction:

Ax . + x 1)

The A says ‘here comes a function’, and is inmediately followed by a variable,
x in this case; then comes a . followed by the body of the function, (+ x 1) in
this case. The variable is called the formal parameter, and we say that the A
binds it. You can think of it like this:

(A x . + x 1)

) trt 1 1
That function of x which adds x to 1

A lambda abstraction always consists of all the four parts mentioned: the A,
the formal parameter, the . and the body.
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A lambda abstraction is rather similar to a function definition in a
conventional language, such as C:

Inc{ x )
int x;
{retum( x + 1 );}

The formal parameter of the lambda abstraction corresponds to the formal
parameter of the function, and the body of the abstraction is an expression
rather than a sequence of commands. However, functions in conventional
languages must have a name (such as Inc), whereas lambda abstractions are
‘anonymous’ functions.

The body of a lambda abstraction extends as far o the right as possible, so
that in the expression

(A.+ x 1) 4

the body of the Ax abstraction is (+ x 1), not just +. As usual, we may add
extra brackets to clarify, thus

(Ax.(+ x 1)) 4

When a lambda abstraction appears in isolation we may write it without any
brackets:

AX.+ x 1

2.1.5 Summary

We define a lambda expression to be an expression in the lambda calculus, and
Figure 2.1 summarizes the forms which a lambda expression may take. Notice
that a lambda abstraction is not the same as a lambda expression; in fact the
former is a particular instance of the latter.

<exp> :: = <constant> Built-in constants
| <variable> Variable names
| <exp> <exp> Applications

| A <variable>.<exp> Lambda abstractions

This is the abstrdct syntax of lambda expressions. In order to write down
such an expression in concrete form we use brackets to disambiguate its
structure (see Section 2.1.2).

We will use lower-case letters for variables (e.g. x, f), and upper-case
letters to stand for whole lambda expressions (e.g. M, E).

The choice of constants is rather arbitrary; we assume integers and
booleans (e.g. 4, TRUE), together with built-in functions to manipulate
them (e.g. AND, IF, +). We also assume built-in list-processing functions
(e.g. CONS, HEAD). '

Figure2.1 Syntax of a lambda expression (in BNF)
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In what follows we will use lower-case names for variables, and single
upper-case letters to stand for whole lambda expressions. For example we
might say ‘for any lambda expressionE, . . .,”. We will also write the names of
built-in functions in upper case, but no confusion should arise.

2.2 The Operational Semantics of the Lambda Calculus

So far we have described only the syntax of the lambda calculus, but to dignify
it with the title of a ‘calculus’ we must say how to ‘calculate’ with it. We will do
this by giving three conversion rules which describe how to convert one
lambda expression into another.

First, however, we introduce an important piece of terminology.

2.2.1 Bound and Free Variables
Consider the lambda expression

(AX.+ xvy) 4

In order to evaluate this expression completely, we need to know the ‘global’
value of y. In contrast, we do not need to know a ‘global’ value for x, since it is
just the formal parameter of the function, so we see that x and y have a rather
different status.

The reason is that x occurs bound by the Ax; it is just a “hole’ into which the
argument 4 is placed when applying the lambda abstraction to its argument.

An occurrence of a variable must be either free or bound.
Definition of ‘occurs free’
xoccurs free in X (but not in any other variable or constant)
xoccurs free in (E F) <> Xoccurs free inE
or xoccurs freein F
X accurs free in Ay.E << xand y are different variables
and xoccurs free in E
Definition of ‘occurs bound’
xoccurs boundin (E F) <> xoccurs bound in E
or Xoccurs bound in F
xoccurs bound in Ay.E << (xand yare the same variable
and x occurs free in E)
or xoccurs boundin E
(No variable occurs bound in an expression consisting of a single constant
or variable.)
Note: ‘<>’ means ‘if and only if’

Figure 2.2 Definitions of bound and free
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On the other hand, y is not bound by any A, and so occurs free in the
expression. In general, the value of an expression depends only on the values
of its free variables.

An occurrence of a variable is bound if there is an enclosing lambda
abstraction which binds it, and is free otherwise. For example, x and y occur
bound, but z occurs free in this example:

AX.+ ((Ay.+y2)7) x

Notice that the terms ‘bound’ and ‘free’ refer to specific occurrences of the
variable in an expression. This is because a variable may have both a bound
occurrence and a free occurrence in an expression; consider for example

+ x (Ax.+ x 1) 4)

in which x occurs free (the first time) and bound (the second time). Each
individual occurrence of a variable must be either free or bound.

Figure 2.2 gives formal definitions for ‘free’ and ‘bound’, which cover the
forms of lambda expression given in Figure 2.1 case by case.

2.2.2' Beta-conversion

A lambda abstraction denotes a function, so we must describe how to apply it
to an argument. For example, the expression

(Ax.+ x 1) 4

is the juxtaposition of the lambda abstraction (\x. + x 1) and the argument 4,
and hence denotes the application of a certain function, denoted by the
lambda abstraction, to the argument 4. The rule for such function application
is very simple:

The result of applying a lambda abstraction to an argument is an instance of
the body of the lambda abstraction in which (free) occurrences of the
formal parameter in the body are replaced with (copies of) the argument.

Thus the result of applying the lambda abstraction (Ax.+ x 1) to the
argument 4 is

+ 41

The (+ 4 1) is an instance of the body (+ x 1) in which occurrences of the
formal parameter, x, are replaced with the argument, 4. We write the
reduction using the arrow ‘-’ as before:

AX.+x1) 4 > +41

This operation is called 8-reduction, and much of this book is concerned with
its efficient implementation. We will use a series of examples to show in detail
how B-reduction works.
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2.2.2.1 Simple examples of beta-reduction
The formal parameter may occur several times in the body:

AX@X.+xx)5 —- +55
- 10

Equally, there may be no occurrences of the formal parameter im the body:
(Ax.3) 5 —» 3

In this case there are no occurrences of the formal parameter (x) for which the
argument (5) should be substituted, so the argument is discarded unused.

The body of a lambda abstraction may conmsist of anmother lambda
abstraction:

(AN.A\Y.— YX)45 - (\Yy.—Y4)5
- —-54
- 1
Notice that, when constructing an instance of the body of the Ax abstraction,
we copy the entire body including the embedded Ay abstraction (while
substituting for x, of course). Here we see currying in action: the application
of the Ax abstraction returned a function (the Ay abstraction) as its result,
which when applied yielded the result (— 5 4).
We often abbreviate

(Ax.(AY.E))
to
(Ax.AY.E)
Functions can be arguments too:

(M.f3) (Ax.+x1) - (Ax.+x1)3
- +31
- 4

An instance of the Ax abstraction is substituted for f wherever f appears in the
body of the M abstraction.

2,2.2.2 Naming
Some slight care is needed when formal parameter names are not unique. For
example

(Ax.(Ax.+ (- x1) x3)9
- (MX@.+(-x1))93
- +(-91)3
- 11

Notice that we did not substitute for the inner x in the first reduction, because
it was shielded by the enclosing Ax; that is, the inner occurrence of x is not free
in the body of the outer Ax abstraction.
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Given a lambda abstraction (Ax.E), how can we identify exactly those
occurrences of x which should be substituted for? It is easy: we should
substitute for those occurrences of x which are free in E, because, if they are
free in E, then they will be bound by the Ax abstraction (\x.E). So, when
applying the outer Ax abstraction in the above example, we examine its body

(™. + (—x 1) x3

and see that only the second occurrence of x is free, and hence qualifies for
substitution.

This is why the rule given above specified that only the free occurrences of
the formal parameter in the body are to be substituted for. The nesting of the
scope of variables in a block-structured language is closely analogous to this
rule.

Here is another example of the same kind

(AX.AY.+ X ((Ax.-— x 3y)56
- (Ay.+ 5 (A x.— x 3) y) 6
- + 5 ((\.— x 3) 6)

- + 5(—6 3

- 8

Again, the inner x is not substituted for in the first reduction, since it isnot free
in the body of the outer Ax abstraction.

2.2.2.3 A larger example '

As a larger example, we will demonstrate the somewhat surprising fact that

data constructors can actually be modelled as pure lambda abstractions. We
define CONS, HEAD and TAIL in the following way:

CONS = (Aa.Ab.Af.f a b)
HEAD = (Ac.c (Aa.Ab.a))
TAIL (Ac.c (Aa.Ab.Db))

These obey the rules for CONS, HEAD and TAIL given in Section 2.1.3. For
example,

HEAD (CONS p q) '
(Ac.c (Aa.Ab.a)) (CONS p q)

->» CONS p q (Aa.Ab.a)

= (Aa.Ab.Af. f a b) p q (Aa.Ab.a)
—> (Ab.Af. f p b) q (Aa.Ab.2)

- (M. f p q) (Aa.Ab.a)

->» (Aa.Ab.a) p q

— (Ab.p) q

= p

This means, incidentally, that there is no ess;ential need for the built-in
functions CONS, HEAD and TAIL, and it turns out that all the other built-in
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functions can also be modelied as lambda abstractions. This is rather satis-
fying from a theoretical viewpoint, but all practical implementations support
buiit-in functions for efficiency reasons.

2.2.2.4 Conversion, rednction and abstraction
We can use the 8-rule backwards, to introduce new lambda abstractions, thus

+41 « (M. +x1) 4

This operation is called B-abstraction, which we denote with a backwards
reduction arrow ‘«’. B-conversion means S8-reduction or 8-abstraction, and
we denote it with a double-ended arrow ‘?f. Thus we write

+41 ?(Ax.+x1)4

The arrow is decorated with 8 to distinguish 8-conversion from the other
forms of conversion we will meet shortly. An undecorated reduction arrow
‘-’ will stand for one or more B8-reductions, or reductions of the built-in
functions. An undecorated conversion arrow ‘«’ will stand for zero or more
conversions, of any kind.

Rather than regarding 8-reduction and g-abstraction as operations, we can
regard S-conversion as expressing the equivalence of two expressions which
‘look different’ but ‘ought to mean the same’. It turns out that we need two
more rules to satisfy our intuitions about the equivalence of expressions, and
we turn to these rules in the next two sections.

2.2.3 Alpha-conversion
Consider the two lambda abstractions

(ax.+ x 1)
and
(y.+y1)

Clearly they ‘ought’ to be equivalent, and a-conversion allows us to change
the name of the formal parameter of any lambda abstraction, so long as we do
80 consistently. So

AX.+ x 1) - (Ay.+ y 1)

where the arrow is decorated with an a to specify an a-conversion. The newly
introduced name must not, of course, occur free in the body of the original
lambda abstraction. a-conversion is used solely to eliminate the sort of name
clashes exhibited in the exampie in the previous section.

Sometimes a-conversion is essential (see Section 2.2.6).
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2.2.4 Eta-conversion

One more conversion rule is necessary to express our intuitions about what
lambda abstractions ‘ought’ to be equivalent. Consider the two expressions

(Ax.+ 1 x)
and
(+1)

These expressions behave in exactly the same way when applied to an
argument: they add 1 to it. n-conversion is a rule expressing their equivalence:

(X.+ 1%) < (+1)

More generally, we can express the n-conversion rule like this:
(Ax.F x) < F

provided x does not occur free in F, and F denotes a function.
The condition that x does not occur free in F prevents false conversions. For
example,

(A.+ x x)
is not 9-convertible to
(+ x)

because x occurs free in (+ x). The condition that F denotes a function
prevents other false conversions involving built-in constants; for example:

TRUE
is not n-convertible to
(Ax. TRUE x)
When the »-conversion rule is used from left to right it is called n-reduction.

2.2.5 Proving Interconvertibility

We will quite frequently want to prove the interconvertibility of two lambda
expressions. When the two expressions denote a function such proofs can
become rather tedious, and in this section we will demonstrate a convenient
method that abbreviates the proof without sacrificing rigor.

As an example, consider the two lambda expressions:

IF TRUE ((A\p-p) 3)
and
(Ax.3)
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Both denote the same function, namely the function which always delivers the
result 3 regardless of the value of its argument, and we might hope that they

were interconvertible. This hope is justified, as the followmg sequence of
conversions shows:

IF TRUE ((Ap.p) 3) < IF TRUE 3
< (Ax.IF TRUE 3 x)
> (.Ax.3)
The final step is the reduction rule for IF.
An alternative method of proving convertlblhty of expressions denoting

functions, which is often more convenient, is to apply both expressions to an
arbitrary argument, w, say:

IF TRUE ((Ap.p) 3) W (Ax.3) w
- (Ap.p) 3 - 3
- 3

Hence

(IF TRUE ((Ap.p) 3)) <« (Ax. 3)

This proof has the advantage that it only uses reduction, and it avoids the
explicit use of n-conversion. If it is not immediately clear why the final step is
justified, consider the general case, in which we are given two lambda
expressions Fy and Fz. If we can show that

Fiw —» E
and
Fg w —» E

where w is a variable which does not occur free in F1 or Fz, and E is some
expression, then we can reason as follows:

Fq <-;> (AW.F1 w)

< (Aw.E)
< (AWw.F2 w)
< P

and henceFy < Fa.
It is not always the case that lambda expressions which ‘ought’ to mean the

same thing are interconvertible, and we will have more to say about this point
in Section 2.5.

2.2.6 The Name-capture Problem

As a warning to the unwary we now give an example to show why the lambda
calculus is trickier than meets the eye. Fortunately, it turns out that none of
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our implementatioﬁs will come across this problem, so this section can safely
be omitted on first reading.
Suppose we define a lambda abstraction TWICE thus:

TWICE = (Mf.xx.f (f x))
Now consider reducing the expression (TWICE TWICE) using 8-reductions:

TWICE TWICE
= (Af.Ax.f (f X)) TWICE
— (AX.TWICE (TWICE x))

Now there are two B-redexes, (TWICE x) and (TWICE (TWICE x)), so let us
(arbitrarily) choose the inner one for reduction, first expanding the TWICE to
its lambda abstraction:

= (AX.TWICE ((A\f.AX.f (F X)) X))

Now we see the problem. To apply TWICE to x, we must make a new instance
of the body of TWICE (underlined) replacing occurrences of the formal
parameter, f, with the argument, x. But xis already used as a formal parameter
inside the body. It is clearly wrong to reduce to

(Ax.TWICE ((Mf.Ax.f (f X)) x))
— (AX.TWICE (Ax.x (x x))) wrong!
because then the x substituted for f would be ‘captured’ by the inner Ax

abstraction. This is called the name-capture problem. One solution is to use
a-conversion to change the name of one of the AX’s; for instance:

(Ax. TWICE ((Mf.Ax.f (f x)) )
< (Ax.TWICE ((M.w) x))
— (AX.TWICE (AY.x (x ¥))) right!
We conclude:

(i) B-reduction is only valid provided the free-variables of the argument do
not clash with any formal parameters in th¢ body of the lambda
abstraction.

(ii) a-conversion is sometimes necessary to avoid (i).

2.2.7 Summary of Conversion Rules

We have now developed three conversion rules which allow us to interconvert
expressions involving lambda abstractions. They are

(i) Name changing. a-conversion allows us to change the name of the formal

. parameter of a lambda abstraction, so long as we do so consistently.

(ii) Function application. B-reduction allows us to apply a lambda abstrac-
tion to an argument, by making a new instance of the body of the
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abstraction, substituting the argument for free occurrences of the formal
parameter. Special care needs to be taken when the argument contains
free variables.

(iii) Eliminating redundant lambda abstractions. n-reduction can sometimes
eliminate a lambda abstraction.

Within this framework we may also regard the built-in functions as one more
form of conversion, §-conversion. For this reason the reduction rules for
built-in functions are sometimes called delta rules.

As we have seen, the application of the conversion rules is not always
straightforward, so it behoves us to give a formal definition of exactly what the
conversion rules are. This requires us to introduce one new piece of notation.

The notation

E[M/x]

means the expression E with M substituted for free occurrences of x.

As a mnemonic, imagine ‘multiplying’ E by M/x, giving M where the xX’s
cancel out, so that x{M/x] = M. This notation allows us to express
B-conversion very simply:

(M E) M < E[M/x]

and it is useful for a-conversion too.

Figures 2.3 and 2.4 give the formal definitions of substitution and
conversion. They are rather forbidding, but all the complexity arises because
of the name-capture problem described in Section 2.2.6 which will not arise at
all in our implementations. Hence a-conversion will not be necessary, 8-
reduction can proceed by simple substitution, and n-reduction will prove to
be a compile-time technique only.

To summarize our progress so far, we now have:

(i) asetof formal rules for constructing expressions (Figure 2.1);
(ii) a set of formal rules for converting one expression into an equivalent one
(Figures 2.2-2.4).

xMx] =M
c [M/x] where cis any variable or constant other than x
= C

(E PM/x] = EIM/x] AM/x]
(Ax.E)M/X] = Ax.E
(Ay. E)[M/x] where y is any variable other than x
= \y.E[M/x] if xdoes not occur free in E
or y does not occur free in M
= \z.(E[z/yD[M/x] otherwise
where zis a new variable name which does not
" occur free in Eor M

Figure 2.3 Definition of E[M/x]
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It turns out that this small formal base is sufficient to build a large and complex
theory of interconvertibility; the standard work is Barendregt [1984]. While
this book is very well written, it is not intended for the casual reader, and Stoy
[1981] gives a less comprehensive but more readable treatment. Curry and
Feys also give a clear account of the historical origins and basic properties of
the lambda calculus [Curry and Feys, 1958]. The lambda calculus was
originally invented by Church [1941].

We will not take the lambda calculus any further as an end in itself; rather
we will simply appropriate the fruits of the theory as and when we need them.

a-conversion: if yis not free in E then
(\x.E) g (y.Ely/x])

B-conversion: (Ax.E) M 4;» E[M/x]
m-conversion: if xisnot free in E
and Edenotes a function then
(Ax.E x) < E

When used left to right, the 8 and 7 rules are called reductions, and may be
written with a ‘—’ arrow.

Figure 2.4 Definitions of a-, 8- and »-conversions

2.3 Reduction Order

If an expression contains no redexes then evaluation is complete, and the
expression is said to be in normal form. So the evaluation of an expression
consists of successively reducing redexes until the expression is in normal
form.

However, an expression may contain more than one redex, so reduction
can proceed by alternative routes. For example, the expression
(+ (= 3 4) (» 7 8)) can be reduced to normal form with the sequence

(+ (3 4) (» 7 8)
— (+ 12 (» 7 8))
— (+ 12 56)
— 68

or the sequence

(+(*»34)(»78)
— (+ (» 3 4) 56)
— (+ 12 56)
- 68
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Not every expression has a normal form; consider for example
(O D)

where D is (Ax.x x). The evaluation of this expression would not terminate
since (D D) reduces to (D D):

(AX.x x) (AX.x xX) —~> (Ax.X X) (AX.X X)
= (AX.X X) (AX.X X)

This situation corresponds directly to an imperative program going into an
infinite loop. ,

Furthermore, some reduction sequences may reach a normal form while
others do not. For example, consider

(\x.3) (D D)

If we first reduce the application of (Ax.3) to (D D) (without evaluating (D D))
we get the result 3; but if we first reduce the application of D to D, we just get
(D D) again, and if we keep choosing the (D D) the evaluation will fail to
terminate.

2.3.1 Normal Order Reduction

These complications raise an embarrassing question: can two different

reduction sequences lead to different normal forms? Fortunately the answer

is ‘no’. This is a consequence of a profound and powerful pair of theorems, the
* Church-Rosser Theorems I and II, which save the day.

THEOREM
Church-Rosser Theorem I (CRT I)
IfEy <« Eg, then there exists an expression E, such that
Et - E and Eo —» E

The following corollary is an easy consequence:

Corollary. No expression can be converted to two distinct normal forms
(that is, normal forms that are not a-convertible).

Proof. Suppose thatE <> EjandE <« Ep,where Ejand Ezare in normal
form. Then, Ey <> Ezand, by CRT I, there must exist an expression F,
such that Ey —» F and Ea — F. But E{ and E2 have no redexes,
SOE1 = F = Ea.

Informally, the corollary says that all reduction sequences which terminate
will reach the same result. The second Church-Rosser Theorem concemns a
particular reduction order, called normal order:
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THEOREM
Church-Rosser Theorem II (CRT II)

If Ey — Eg, and Ezis in normal form, then there exists a normal order
reduction sequence from E; to Ez.

This is as much as we can hope for; there is at most one possible resuit, and
normal order reduction will find it if it exists. Notice that no reduction
sequence can give the ‘wrong’ answer — the worst that can happen is non-
termination.

Normal order reduction specifies that the lefimost outermost redex should
be reduced first.

Thus, in our example above ((Ax.3) (D D)), we would choose the Ax-redex
first, not the (D D). This rule embodies the intuition that arguments to
functions may be discarded, so we should apply the function (Ax. 3) first, rather
than first evaluating the argument (D D).

The shortest proofs of the Church-Rosser Theorem I (which is the harder
one) are in Welch [1975] and Rosser [1982].

2.3.2 Optimal Reduction Orders

While normal order reduction guarantees to find a normal form (if one exists),
it does not guarantee to do so in the fewest possible number of reductions. In
fact, for tree reduction (see Section 12.1.1) it is provably least favorable, but
fortunately for graph reduction (see Section 12.1.1) it seems that normal
order is ‘almost optimal’, and that it probably takes more time to find the
optimal redex than to pursue normal order. Some work has been done on
finding more nearly optimal reduction orders that preserve the desirable
properties of normal order [Levy, 1980].

For SK-combinator reduction (see Chapter 16), normal order graph
reduction has been shown to be optimal. This result, among many others on
graph reduction, is shown in Staples’ series of papers [Staples, 1980a, 1980b,
1980c]. A more accessible treatment of this work is given by Kennaway
[1984].

2.4 Recursive Functions

We began by saying that we propose to translate all functional programs into
the lambda calculus. One pervasive feature of all functional programs is
recursion, and this throws the viability of the whole venture into doubt,
because the lambda calculus appears to lack anything corresponding to
recursion.
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In the remainder of this section, therefore, we will show that the lambda
calculus is capable of expressing recursive functions without further exten-
sion. This is quite a remarkable feat, as the reader may verify by trying it
before reading the following sections.

2.4.1 Recursive Functionsand Y
Consider the following recursive definition of the factorial function:

= (M.F (=n0)1(» n (FAC (— n 1))

* The definition relies on the ability to name a lambda abstraction, and then
to refer to this name inside the lambda abstraction itself. No such construct is .
provided by the lambda calculus. The problem is that lambda abstractions are
anonymous functions, so they cannot name (and hence refer to) themselves.

We proceed by simplifying the problem to one in which recursion is
expressed in its purest form. We begin with a recursive definition:

FAC = An. (...FAC..)

(We have written parts of the body of the lambda abstraction as *. . .” to focus
attention on the recursive features alone.)
By performing a B—abstraction on FAC, we can transform its definition to:

FAC = (Mac. (An. (.. .))) FAC
We may write this definition in the form:

FAC = H FAC (2.1)
where

= (Mac. (An. (...fac...)))

The definition of H is quite straightforward. It is an ordinary lambda
abstraction and does not use recursion. The recursion is expressed solely by
definition (2.1).

The definition (2.1) is rather llke amathematical equation. For example, to
solve the mathematical equation

t-2=

we seek values of x which satisfy the equation (namely x = —landx = 2).

Similarly, to solve (2.1) we seek a lambda expression for FAC which satisfies

(2.1). As with mathematical equations, there may be more than one solution.
The equation (2.1)

FAC = H FAC

states that when the function H is applied to FAC, theresult is FAC. We say that
FAC is a fixed point (or fixpoint) of H. A function may have more than one
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fixed point. For example, both 0 and 1 are fixed points of the function
AX.* X X

which squares its argument.
To summarize our progress, we now seek a fixed point of H. It is clear that
this can depend on H only, so let us invent (for now) a function Y which takes a

function and delivers a fixed point of the function as its result. Thus Y has the
behavior that

YH=H(YH)

and as aresult Y is called a fixpoint combinator. Now, if we can produce such a
Y, our problems are over. For we can now give a solution to (2.1), namely

FAC=YH
which is a non-recursive definition of FAC. To convince ourselves that this

definition of FAC does what is intended, let us compute (FAC 1). Werecall the
definitions for FAC and H:

FAC=YH
H = MMac.An.IF(=n0)1t1(*n (fac (— n 1))
So
FAC 1
= YHT
= H(YH)1
= (Mac.An.IF (=-n0)1(*n(fac (- n 1) (Y H 1
= MMIF(=n0)t(+n(YH(-n)) 1
> F(=101(*1(YH(-11)
= +1(YHO)
= +«1(H(YHO
= * 1 (Mac.An.IF(=n0)1(*n(fac (—n 1)) (YHO)
= *1T((MIF(=n0)t(+n(YH(-n1))oO
- *1(F(=001(*0(YH(-01)
- % 1 1
- 1

2.4.2 Y Can Be Defined as a Lambda Abstraction

We have shown how to transform a recursive definition of FAC into a non-
recursive one, but we have made use of a mysterious. new functlon Y. The

property that Y must possess is
YH=H (Y H)

and this seems to express recursion in its purest form, since we can use it to
express all other recursive functions. Now here comes the magic: Y can be
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defined as a lambda abstraction, without using recursion!
Y = (Ah. (Ax.h (x x)) (Ax.h (x x)))

To see that Y has the required property, let us evaluate

YH
= (Nh. (Ax.h (x %)) (A\x.h (x x))) H
e (Ax.H (x x)) (Ax.H (x x))
« H ((Ax.H (x x)) (\x.H (x x)))
« H(YH)

and we are home and dry.

For those interested in polymorphic typing (see Chapter 8), the only respect
in which Y might be considered an ‘improper’ lambda abstraction is that the
subexpression (Ax.h (x x)) does not have a finite type.

The fact that Y can be defined as a lambda abstraction is truly remarkable
from a mathematical point of view. From an implementation point of view,
however, it is rather inefficient to implement Y using its lambda abstraction,
and most implementations provide Y as a built-in function with the reduction -
rule

YH — H(YH)

We mentioned above that a function may have more than one fixed point,
so the question arises of which fixed point Y produces. It seems to be the ‘right’
one, in the sense that the reduction sequence of (FAC 1) given above does
mirror our intuitive understanding of recursion, but this is hardly satisfactory
from a mathematical point of view. The answer is to be found in domain
theory, and the solution produced by (Y H) turns out to be the unique least
fixpoint of H[Stoy, 1981], where ‘least’ is used in a technical domain-theoretic
sense.

2.5 The Denotational Semantics of the Lambda Caicuius

There are two ways of looking at a function: as an algorithm which will
produce a value given an argument, or as a set of ordered argument-value
pairs.

The first view is ‘dynamic’ or operational, in that it sees a function as a
sequence of operations in time. The second view is ‘static’ or denotational: the
function is regarded as a fixed set of associations between arguments and the
corresponding values.

In the previous three sections we have seen how an expression may be
evaluated by the repeated application of reduction rules. These rules
prescribe purely syntactic transformations on permitted expressions, without
reference to what the expressions ‘mean’; and indeed the lambda calculus can
be regarded as a formal system for manipulating syntactic symbols. Never-
theless, the development of the conversion rules was based on our intuitions
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about abstract functions, and this has, in effect, provided us with an
operational semantics for the lambda calculus. But what reason have we to
suppose that the lambda calculus is an accurate expression of the idea of an
abstract function?

To answer this question requires us to give a denotational semantics for the
lambda calculus. The framework of denotational semantics will be useful in
the rest of the book, so we offer a brief sketch of it in the remainder of this
section.

2.5.1 The Eval Function

The purpose of the denotational semantics of a language is to assign a value to
every expression in that language. An expression is a syntactic object, formed
according to the syntax rules of the language. A value, by contrast, is an
abstract mathematical object, such as ‘the number 5°, or ‘the function which
squares its argument’.

We can therefore express the semantics of a language as a (mathematical)
function, Eval, from expressions to values:

Expressions Eval » | Values

We can now write equations such as
Evalf + 34 =7

This says ‘the meaning (i.c. value) of the expression (+ 3 4) is the abstract
numerical value 7’. We use bold double square brackets to enclose the
argument to Eval, to emphasize that it is a syntactic object. This convention is
widely used in denotational semantics. We may regard the expression (+ 3 4)
as a representation or denotation of the value 7 (hence the term denotational
semantics).

We will now give a very informal development of the Eval function for the
lambda calculus. The task is to give a value for Evalll E 1, for every lambda
expression E, and we can proceed by direct reference to the syntax of lambda
expressions (Figure 2.1), which gives the possible forms which E might take.

For the moment we will omit the question of constants and built-in
functions, returning to it in Section 2.5.3. Suppose, then, that E is a variable,
x. What should be the value of

Evalf x

where X is a variable? Unfortunately, the value of a variable is given by its
surrounding context, so we cannot tell its value in isolation. We can solve this
problem by giving Eval an extra parameter, p, which gives this contextual

information. The argument p is called an environment, and it is a function
which maps variable names on to their values. Thus

Evall x 1 p = p x:
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The notation (p x), on the right-hand side, means ‘the function p applied to
the argument x’.

Next we treat applications. It seems reasonable that the value of (E1 E2)
should be the value of E; applied to the value of E2: '

Evall[ E1 Ez J] p = (Evalll Ei 1 p) (Evall Ez  p)

The final case is that of a lambda abstraction. What should be the value of
(Evalll Ax.E T p)? It is certainly a function, and so we can fully define it by
giving its value when applied to an arbitrary argument, a:

(Evalff Ax.E J p) a

(Following our usual conventions about currying, we will omit the brackets in
future.) The following statement sums up our intuitions about lambda
abstractions:

The value of a lambda abstraction, applied to an argument, is the value of
the body of the lambda abstraction, in a context where the formal
parameter is bound to the argument.

Formally, we write -
Eval[ \x.E J] p a = Evalff E J p[x=a]

where the notation p[x=a] means ‘the function p extended with the
information that the variable x is bound to the value a’. More precisely:

p[x=a] x = a
plx=aly =py

if y is a different variable fromx.

That’s it! Apart from constants and built-in functions, each of which require
individual treatment, we have now provided a simple denotational semantics
for the lambda calculus. Figure 2.5 summarizes our progress.

Needless to say, this account is greatly simplified (though hopefully not
misleading). The mam component that is missing is a description of the
collection of all possible values which Eval can produce. This collection is
called a domain, and it is quite a complicated structure, since it includes all the

Evall k 1 o = <see Section 2.5.3>
Evall x § p = p X
Eval[ E1 E; J p = (Eval[Ei ] p) (Eval[ Ez J p)
Evalf Ax.E Jp a = Eval[ E } pix=a]
where k is a constant or built-in function
X is a variable
E E1,E2 are expressions

Figure 2.5 Denotational semantics of the lambda calculus
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functions and data values that can be denoted by a lambda expression. The
really serious complication is that, in view of the self-application required in
the lambda abstraction for Y, the domain must include its own function space.
Giving a sound theory to such domains is the purpose of domain theory [Scott,
1981].

We will take the existence and soundness of domain theory and denota-
tional semantics for granted, and the framework they provide will prove to be
quite useful. They are rich and beautiful areas of computer science, and Stoy
[1981] is a good starting-point for further reading.

A note on notation: as we have seen, the environment p is an essential
argument to Eval. Nevertheless, in all the situations where we use Eval in the
rest of this book, p plays no significant role. For the sake of simplicity, we will
therefore omit the argument p from now on — it could be restored by adding p
to every call of Eval. For example, we will write

Evall E1 ]] = Evalf E: ]
where we should more correctly write
Evalfl E1 1 p=Evalll E2 ] p

2.5.2 The Symbol L

One of the most useful features of the theory we have described in this section
is that it gives us a way to reason about the termination (or otherwise) of
programs.

As remarked in Section 2.3, the reduction of an expression may not reach a
normal form. What value should the semantics assign to such programs? All
that we have to do is to include an element 1, pronounced ‘bottom’, in the
value domain, which is the value assigned to an expression without a normal
form: :

Evalf] <expression with no normalform> J} = 1
1 has a perfectly respectable mathematical meaning in domain theory, and,
like the symbol 0 (which also stands for ‘nothing’), its use often allows us to
write down succinct equations instead of rambling words. For example,

instead of saying ‘the evaluation of the expression E fails to terminate’, we can
write

Evaf EQ - L

2.5.3 Defining the Semantics of Built-in Functions and Constants

In this section we will see how to define the value of Evalf] k ]}, wherekis a
constant or built-in function.

For example, what is the value of Evallfl * JJ? It is certainly a function of
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two arguments, and we can define it by giving the value of this function
applied to arbitrary arguments:

Evall * Jab=axb

This gives the meaning of the lambda calculus * in terms of the mathematical
operation of multiplication x. The distinction between the * and x is crucial:
the * is a syntactic expression in the lambda calculus, while X is the abstract
mathematical operation. In the case of multiplication, the mathematical
notation x differs from the program notation *, but in the case of addition (for
example) the symbol + is used by both. This is a ready source of confusion,
and we must keep a clear head!

We will use lower-case letters, such as a and b, to stand for values in
semantic equations,

The equation given above is, however, an incomplete specification for *.
We must define what * does to each possible argument, including 1. The full
set of equations should therefore be:

Evaiffl * Jab=axb ifatlandb+l
Evalf * BLb=1
Evall * Jal=1

The two new equations complete the definition of *, by specifying that if
either argument of * fails to terminate, then so does the application of *.

They are not the only possible set of equations for a multiplication
operator. For example, here are the equations for a more ‘intelligent’
multiplication operator, #:

Evalf # Bab=axb if a#1 and a0 and b#L
Evaff # J0b =0

Evalf # Jal =1 if a+0
Evalf # J1b =1

These equations imply that # should evaluate its first argument and, if it is
zero, return the result zero without examining the second argument at all;
otherwise it behaves just like *. Using # instead of * would cause the
evaluation of some expressions to terminate when they would not have done
so before.

The point of the example is that the semantic equations for a built-in
function enable us to express subtle variations in its behavior, with a precision
that is hard to achieve by giving reduction rules. The semantic equations for a
function both specify the meaning of the function and imply its operational
behavior (reduction rules).

Strictly speaking we should also provide equations such as

Evalfl 6 J =6

where the ‘6’ on the left-hand side is a lambda expression, and the ‘6’ on the
right-hand side is the abstract mathematical object. Ideally, we should
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distinguish the two kinds of ‘6’ typographically, but common practice is to
write them in the same way and distinguish them only by context. This applies
to all constants and built-in functions. Thus we write

Eval[ TRUE J] = TRUE

Eval[ IF ] = |F
Eval[ + 1 = 4+
and so on.

This is sloppy, but it saves clutter. For example, using this more relaxed
notation, we could write the following semantic equations for the built-in
function IF:

IFTRUE ab=a
IFFALSE ab=>b
IF L ab=1

The use of = and the occurrence of 1 continue to remind us that we are looking
at semantic equations rather than reduction rules.

2.5.'4 Strictness and Laziness

We say that a function is strict if it is sure to need the value of its argument.
This is a concept that will arise repeatedly in the book. Can we give a
denotational definition of strictness?

If a function, f, is sure to need the value of its argument, and the evaluation
of the argument will not terminate, then the application of f to the argument
will certainly fail to terminate. This verbose, operational argument suggests
the following concise, denotational, definition of strictness:

DEFINITION

A function fis strict if and only if
flL=1

The definition generalizes easily to functions of several arguments. For
example, if g is a function of three arguments, then g is strict in its second
argument if and only if

galc=]

for all values of a and c.

If a function is non-strict, we say that it is lazy. Techmcally, this is an abuse
of terminology, since lazy evaluation is an implementation technique which
implements non-strict semantics. However, ‘lazy’ is such an evocative term
that it is often used where ‘non-strict’ would be more correct.
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2.5.5 The Correctness of the Conversion Rules

The conversion rules given earlier in this chapter- express equivalences
between lambda expressions. It is vital that these equivalences are mirrored in
the denotational world. For example, using a-conversion we may write

(AX.+ x 1) & (Ay.+y1)-

Our hope is that both of thiese expressions mean the same thing or, more
precisely, denote the same function, so that

Evalf Ax.+ x 1 § = Evalf Ay.+ y 1 1

In general, we liope that conversion preserves meaning, which we may state
as follows:

E1 & E2
implies
Evall E1 ] = Eval Ez 1

In other words, if E; is convertible to E2 then the meaning of E, is certainly the
same as the meaning of E2. (As we will see in the next section, however, the
reverse is not always true.) There is a burden of proof liere, to sliow that the
above statement always liolds, given the conversion rules and the semantic
funiction Eval. We will content ourselves with observing that proof is required,
leaving the hard work to Stoy [1981].

Since the reduction rules (8-reduction and n-reduction) are a subset of the
conversion rules, we certainly know that

Eis —» E2
implies
Ei « E2
and hence
Ei —» E2
implies
Evalf E: §=Evall E2 1]
2.5.6 Equality and Convertibility

In the previous section we saw that conversion preserves equality. But is the
reverse true? In particular, does the equality of two expressions imply their
interconvertibility? The answer is ‘no’, as the following example shows.
Consider the two lambda abstractions, which we will call F1 and Fa:

Fi = (AX.+ X X)
Fa = (AX.* x 2)
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It is clear that Fy ¢annot be converted into F2 using the conversion rules of the
lambda calculus. To a mathematician, however, a function is a ‘black box’,
and two functions are the same if (and only if) they give the samne result for
each possible arguinent. This sort of equality of functions is called extensional
equality. The function denoted by F1 and that denoted by F; are certainly
(extensionally) equal, so we mnay write

Eval F1 ] = Evall F: ]}

So F1 and F; are not interconvertible, but they do denote the saine function.
To sminnarize the main conclusion:
If E1 > Eg

then Evall E, ] = Evalff E: J

but not necessarily the other way around.

We can therefore regard conversion as a weak form of reasoning about the
equality of expressions. It can never cause us to believe that two expressions
are equal when they are not, but it inay not allow us to prove the equality of
two expressions which are in fact equal. From this point of view, reduction is a
still weaker form of inference.

2.6 Summary

A working understanding of the lambda calculus will prove extremnely useful
for the rest of the book, and in this chapter we have tried to give a compact
swmnary of the material we will require. The treatment has necessarily been
rather superficial, and the reader is again referred to Stoy [1981] or
Barendregt [1984] for fuller treatments.
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Thre

TRANSLATING A HIGH-LEVEL |
FUNCTIONAL LANGUAGE INTO THE
LAMBDA CALCULUS

In the next few chapters we will describe how to translate a high-level
functional language into the lambda calculus.
We can regard this translation in two ways:

(i) As a description of the semantics of the language, giving the meaning of
each of its constructs in terms of lambda expressions, whose meaning is
well understood. This is precisely the approach taken by denotational
semantics [Gordon, 1979].

(ii) As astep in the implementation of the high-level language, by expressing
all its constructs in terms of the lambda notation.

For the sake of definiteness we use a subset of the language Miranda [Turner,
1985], but the techniques apply to any functional language. An introduction
to Miranda can be found in the Appendix.

Disclaimer
In this book Miranda is used as an example of a modern functional
programming language, to illustrate various points about the imple-
mentation of functional programming languages in general. This book is
not intended fo be a source of reference for the definition of Miranda.
Note that:

(i) Miranda has a number of features, both major and minor, which are
not discussed here at all.

(ii) The material about Miranda in this book was based on a prerelease
version of the Miranda system and may therefore be inaccurate by the
time it is published.

The Miranda functional programming system is a product of Research

Software Limited, and a full description of the language and its pro-

gramming environment is in preparation by them.

37
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3.1 fhe Overall Structure of the Translation Process

Miranda is a powerful, high-level functional language, providing a rich set of
programming constructs. The purpose of the next few chapters is to demon-
strate how some of these constructs can be translated into the lambda
calculus. Specifically, we will discuss structured data types, pattern-matching,
conditional equations and ZF expressions. Miranda includes a number of
other constructs, such as abstract data types and structured data types with
laws, which we will not study in this book.

Even so, the translation we describe is a substantial task, and we begin by
outlining the structure of the translation process.

It might be possible to translate a program directly from Miranda into the
lambda calculus, but this would be an extremely complicated translation, so
we will take a more step-by-step approach. In order to do this, it is convenient
to regard much of the translation as a process of successively transforming one
program into another, until finally the result is a program in the lambda
notation. (We are here using ‘translation’ to suggest a process which takes a
program in one language and produces a program in another, while a
‘transformation’ produces a program in the same language.)

Two ways of organizing the translation then suggest themselves:

(i) We could perform most of the translation by successive transformations
of one Miranda program into another, each transformation performing a
simplification step. We would complete the process by translating the
resulting (simple) Miranda program into the lambda calculus. The idea is
that the earlier transformations would have done all the hard work, so the
final step should consist of httle more than a change of syntax.

(i) Alternatively, we could begin the translation by performing a simple
syntactic translation of the Miranda program into an enriched version of
the lambda calculus. This enriched lambda calculus would include the
ordinary lambda calculus as a subset, but would also-include extra
constructs, chosen so that the first step consists of little more than a
change of syntax. Then we could do most of the hard work by successively
transforming the expression into simpler and simpler forms, until it
becomes an ordinary lambda expression, free from any of the extra
constructs.

Initially, the first method looks more attractive than the second, because it
does not require us to define a new language (the enriched lambda calculus).
However, we choose to follow the second course of action for the following
reasons:

(i) Miranda is designed to be a language for programmers, not compilers,
and it lacks certain features that are desirable for a transformation-based
compiler. (The particular features lacking are lambda abstractions and
the ability to qualify any expression with local definitions. This is not a
criticism of Miranda ~ it just has a different purpose.)
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(ii) To a much greater extent than is the case for imperative languages,
functional languages are largely syntactic variations of one another, with
relatively few semantic differences. Using the second method allows the
transformations we present to be applied easily to other languages, by
altering only the translation of the high-level language into the enriched
lambda calculus.

Figure 3.1 depicts the overall plan of action. We will use the term ordinary
lambda calculus to refer to the language described in Chapter 2, and enriched
lambda calculus to refer to the language introduced here.

The enriched lambda calculus is simply the ordinary lambda calculus
augmented with extra constructs, chosen to allow an easy translation from
Miranda. For each construct we will

(i) say what it looks like (give its syntax);
(ii) say what it means (give its semantics).

The semantics for each construct can be given by providing a simple trans-
formation which shows how to express that construct in terms of the ordinary
lambda calculus. Then we could, in principle, translate from Miranda into the

ordinary lambda calculus by first translating into the enriched lambda
" calculus, and then using the semantics of each construct repeatedly to
transform the expression into an ordinary lambda expression.

While this method generates correct results, far greater efficiency is
attainable by using more complicated transformations, but we can always
confirm their correctness by reference to the inefficient version.

Miranda program

l A simple transiation
(specific to Miranda)

Expression in the
enriched lambda calculus

(independent of Miranda)

Expression in the
ordinary lambda calculus

Figure 3.1 Translation of Miranda into the lambda calculus

3.2 The Enriched Lambda Calculus

The enriched lambda calculus is a superset of the ordinary lambda calculus, so
that any expression in the ordinary lambda calculus is also an expression in the
enriched lambda calculus. The syntax for function application, lambda
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abstractions, constants and built-in functions therefore remains exactly as
described in Chapter 2. Likewise, all functions are written in prefix form, and
the same conventions hold concerning brackets.

The only difference from the ordinary lambda calculus is the provision of
four extra constructs. They are:

(i) let-expressions and letrec-expressions;
(ii) pattern-matching lambda abstractions;
(iii) the infix operator [I;
(iv) case-expressions.

Of these, we will only describe the first here. The other three all concern
pattern-matching, and cannot be defined before the discussion of pattern-
matching itself. This is given in Chapter 4, and the remaining three constrncts
are defined there.

Figure 3.2 summarizes the syntax of the enriched lambda calculus for future
reference.

<exp> ::= <constant> Constants
| <variable> Variables
| <exp> <exp> Applications -
| A <pattern> . <exp> Lambda abstractions
| let <pattern> = <exp> in <exp> Let-expressions
| letrec <pattern> = <exp> Letrec-expressions
<pattern> = <exp>
in <exp>
| <exp> [ <exp> Fat bar
| case <variable> of Case-cxpressions

<pattern> = <exp>

.<.p:attem> > <exp>

<pattern> ::= <constant> Constant patterns
! <variable> Variable patterns
| <constructor> <pattern>' Constrctor patterns
<pattem>

Figure 3.2 Syntax of enriched lambda expressions
3.2.1 Simple let-expressions

One of the main constrncts in any functional language is the definition,
whereby a name is bound to a value. This mechanism is provided in the
enriched lambda calculus, using let-expressions and letrec-expressions.

We begin by defining simple let-expressions. They are called ‘simple’ by
contrast with pattern-matching let-expressions, which we deal with later. A
simple let-expression has the following syntax:

letv=Bin E
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where the v is a variable, and B and E are expressions in the (enriched) lambda
notation. _

It introduces a definition for a variable v, which binds v to B in E. The
definition is in scope with E but not B. We say that the ‘v = B’ is the
definition of the let, the v is the variable bound by the let, and the B is the
definition body.

For example, consider the following let-expression:

let x = 3 in (* x x)

Intuitively, the value of this expression is found by substituting 3 for x in the
body (* x x), and then evaluating the body, giving the result 9:

let X = 3 In (* x x)
- .33

- 9

A let-expression is an expression like any other, and can be used in the same
way as any other expression. For example,

+ 1 (et x=3iIn (* x x))
- + 1 (33
- + 19
- 10

For the same reason, let-expressions can be nested:

tx=3In(lety =4in (* xy))
— lety=4in(*3y)
- * 34
- 12

As a matter of convenience, we also allow ourselves to write multiple
definitions in the same let; thus:

let x = 3
y=4
in »xy

This expression means precisely the same as the previous one. We define a
let-expression with several definitions to mean the same as the nested set of
let-expressions which defines the same variables in the same order, one per
let-expression. (Syntactically, it would have been possible to specify that
multiple definitions are separated with semicolons, but layout will suffice for
Our purposes.)

‘Earlier in this section we developed an mformal reduction rule for let-
expressions. This involved substitution and is very reminiscent of the
pB-reduction rule, which also uses substitution. For example, to evaluate

(Ax.* x x) 3
we substitute 3 for x in the body (* x x), and then evaluate the body.
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Generalizing this idea, we can now define the semantics of a simple let-
expression as follows:

(et v=DBin E) = ((Av.E) B)
(We use the symbol = to denote the equivalence of two expressions.) That
is all that is needed to define its semantics! By repeated application of this

equivalence, we could eliminate all simple let-expressions from an expression,
in favor of lambda abstractions.

3.2.2 Simple letrec-expressions

The syntax of a simple letrec-expression is similar to that of a simple let-
expression:

letrec vi = E;
vz = E2
vl.l.= En

in
E

where the vj are variables, and E, E, . . ., En are expressions in the (enriched)
lambda notation. We will sometimes abbreviate “letrec-expression’ to ‘letrec’
(and ‘let-expression’ to ‘let’), where no ambiguity arises.

The term “letrec’ is short for ‘let recursively’, and it introduces possibly
recursive bindings for a number of variables v|. The difference between lets
and letrecs is that the vjare in scope in the E (aswellasE) of aletrec. To take an
example, the expression

letrec factorial = mlF(-n0)1(¢n(factoﬁal(—n1)))
in factorial 4

defines a recursive function factorial, and applies it to the argument 4. The
value of the expression is thus 24.

Like let-expressions, letrec-expressions can appear embedded anywhere in
an expression. Unlike let-expressions, however, it is essential to allow
multiple definitions in a letrec-expression, so as to permit mutual recursion.
This is demonstrated by the following example:

letrec f = ...f...g...

g=...f...
in...

Here, f refers to itself and g, and g refers to f. This cannot be transformed into
a nested pair of letrecs, because then either g would not be in scope in the body
of f, or vice versa.

It is easy to provide a semantics for a letrec with only a single definition,
using the Y operator developed in Section 2.4. In particular,

(lettec v =B N E) = (et v ="Y (Av.B) in E)
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The use of Y renders the definition non-recursive, so we can then use a
let-expression, whose semantics has already been defined.

The case of multiple definitions requires the use of pattern-matching, and
so is postponed until Chapter 6.

3.2.3 Pattem-matching let- and letrec-expressions

We will also allow patterns, as well as variables, to appear on the left-hand side
of definitions in lets and letrecs. We have not yet defined what a pattern is, so
we postpone the topic until Chapter 6. However, a variable is just a simple
form of pattern, so simple let(rec)-expressions are just simple forms of pattern-
matching let(rec)-expressions.

3.2.4 Let(rec)s versus Lambda Abstractions

So far we have regarded the ordinary lambda calculus as the target language,
into which we will transform the program, and let(rec)-expressions as
intermediate embellishments. However, there are strong efficiency reasons
for including simple let{rec)-expressions in the target language, rather than
transforming them into the ordinary lambda calculus.

Specifically, the transformation of a let-expression

letv=DBinE
into the application of a lambda abstraction
(A\v.E) B

is using a sledgehammer (lambda abstraction) to crack a nut (let-expressions).
The lambda abstration (Av.E) could be applied to many arguments, but it is in
fact only ever applied to one, namely B. The generality of lambda abstraction
is not required, and the special case (that of application to a unique argument)
can be exploited by the more sophisticated compilers described later in this
book.

‘This issue manifests itself in a number of ways:

(i) Miranda is a polymorphically typed language, and in Chapter 8 we give
an algorithm for type-checking programs. Unfortunately, it is not
possible to type-check the program once it has been transformed into the
ordinary lambda calculus, but the addition of snnple let{rec)-expressions
is sufficient to solve the problem.

(iij) In all implementations except the very simplest, let-expressions can be
evaluated very much more efficiently than the corresponding application

of a lambda abstraction. This applies to all the implementations
described from Chapter 14 onwards.

(iii) A related problem is that the transformation of letrec-expressions into
the ordinary lambda calculus compels us to use Y to express recursior
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The resulting expression is not an efficient implementation, and a more
sophisticated compiler may wish to handle recursion in a different way
(see Chapter 14). Keeping the recursion explicit using letrec allows scope -
for these optimizations.

To summarize, all our implementations, except the very simplest, will
require the program to beé transformed into the ordinary lambda calculus
augmented with simple let(rec)-expressions. This approach makes a dramatic
contribution to the efficiency of the resulting implementations. On the other
hand, little seems to be gained by augmenting the language still further.

3.3 Translating Miranda into the Enriched Lambda Calculus

A program consists of a set of definitions, together with an expression to be
evaluated. To keep these two components of the program separate we will use
a box, like this:

Set of definitions

Expression to be evaluated

For example, we could compute twice the square of 5 with the following
Miranda program:

square n = n*n

2 * (square 5)

(Note: Miranda is an interactive language, and defines a ‘program’ to be a set
of definitions, while the ‘expression to be evaluated’ is typed by the user. For
the rest of this book, however, we will use ‘program’ to mean ‘a set of
definitions together with an expression to be evaluated’.) Proceeding
informally, we can translate this Miranda program mto the enriched lambda
calculus quite easily, to produce the expression

let square = An.* n n

in (*+ 2 (square 5))

We now introduce some notation to help describe the translation process.
Consider the translation of the Miranda expression (2' * (square 5)) into the
lambda expression (* 2 (square 5)). We may regard this translation process
as a function TE, which takes the Miranda expression as its input, and
produces the lambda expression as its output. We write the translation like
this: .

TE[ 2 » (square 5) ] = #* 2 (square 5)

The double square brackets [ ]] are used to enclose the Miranda expression,
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to emphasize that the argument to TE is a syntactic object. This convention
was used in Chapter 2, but the difference on this occasion is that the result of
the translation is a syntactic object also, and we use = rather than = to remind
us of this fact. We call TE a translation scheme.

We also need another translation scheme TD, which translates Miranda
definitions into definitions suitable for a letrec. For example,

TDff square n =n*n J] = square = A\n.* n n

Here we see another reason for using = when writing translation schemes: it
avoids confusion with = symbols in the program being translated. We can now
generalize the translation scheme as follows. Given the Miranda program

Definition
Ee'ﬁnltlon..

Expression

we generate the following (enriched) lambda expression:

letrec
TD[[ Definitions T

TD[ Definition, Ji
in
TEJ Expression ]

In the previous example we used a let instead of a letrec, but Miranda
definitions are all potentially recursive, so we must use a letrec in general (later
work will optimize this— Section 6.2.8).

What we have now done is to reduce the translation problem to one of
defining the two translation schemes TD and TE. We will define them for
simple cases in the succeeding two sections, and then lay out the plan of the
next few chapters, which will extend them to cover more complicated cases.

For the moment, we completely avoid the question of declarations of new
types and type-checking. The former will be introduced in Chapter 4 and the
latter in Chapter 8.

3.4 The TE Translation Scheme

The translation scheme TE is a function, which takes a Miranda expression as

its argument, and produces an equivalent lambda expression as its result,
thus:

Miranda TE Lambda
expression expression
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We will describe TE by case analysis, giving a rule for each possible form of a
Miranda expression.

3.4.1 Translating Constants

To translate a constant or built-in function is straightforward, assuming that
the lambda notation into which we are translating supports the same set of
constants. The following rule is all that is required:

TEL kD = k

where k is a constant or built-in function name (we include all Miranda’s
operators, and literal constants in this category). Thus, for example

TEL S5 ] 5
TEL + B +

This translation assumes that all the constants and built-in functions have
the same names in the lambda notation. It is straightforward to describe
changes of name, however. For example, the following set of rules for TE
translates the operators +, —, etc. in Miranda into PLUS, MINUS, etc.:

THf + § = PLUS
TE[ - § = MINUS
etc.

3.4.2 Translating Variables
An equally simple rule suffices to translate variables:
THv]l = v

where v is a variable (including the names of user-defined functions and
constructors).

3.4.3 Translating Function Applications

Function application in Miranda is denoted by juxtaposition, thus (f x). The
same syntax is used in the lambda notation, so the rule for translation is
simple:

TELE:E2c] = THIE: ] TELE: ]

where E1 and E2 are arbitrary Miranda expressions. In the case of certain
common operators (such as +, etc.), Miranda provides infix syntax (that is,
the operator is written between its operands). The translation rule to deal
with these constructs is:

TEL Eiinfix E; ] = TE[ infix ] TE[E, 1 TE[ E: ]
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.where ‘ifix’ is an infix operator, and E; and E; are arbitrary Miranda
expressions. We inust apply TE to ‘infix’ to accomplish any change of name (see
above).

Furthermore, Miranda allows user-defined functions to be used as infix
operators by prefixing their names with $. We can treat this case with the rule

TEHLE/$SvE] = TEfv] TE[ E: ] TE[E: ]

3.4.4 Translating Other Forms of Expressions

We shall consider two other forms of Miranda expression, namely

(i) list expressions such as[2,5,1];
(ii) ZF expressions.

We will deal with these in Chapters 4 and 7 respectively.

3.5 The TD Translation Scheme

The TD scheme takes a Miranda defirition as its argument and produces a
letrec definition as its result. We will only give a rather simplified TD schemne
here, leaving a more powerful one for later chapters.

There are two cases that we can handle immediately, namely variable
definitions and simple function definitions.

3.5.1 Variabl_e Definitions
Consider the Miranda definition

v = 5»7
It can be translated very easily to
v=%57

All that is required is to translate the body of the definition, using the TE
schemne. In general:

TMEv=E] = v=TH[E ]

where v is a variable and E is an expression.

3.5.2 Simple Function Definitions

We have already seen an example of translating a simple function definition,
when we translated the Miranda definition

square n = n*n
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TE[ Exp Jtransplates the expression Exp

TEL k } = Kk (assumes no name-changing)
TEL v } - v
TEf E1 E2 } = TE[E:' JTE[ E2 }
TE[ E: infix E2 § = TEf infix J TER E: J TEL E2 }§
TE[ E1 $v Ez2 } = TEfv]TELE JTELE: §
where k is a literal constant or built-in operator
v is a variable
Ex is an expression

infix is an infix operator

TOf Def Jtranslates the definition Def

Tfv=E]} = v=TE[ E }
TOLfvi...vn=E]f] = f=M...\vp.TE[ E }

where v, vy, { are variables
E i$ an expression

Figure 3.3 Translation schemes TE and TD (simple versions)

into the letrec definition
square = An.* n n

The body of the definition is translated, and a lambda abstraction is
generated around it. We can generalize this as follows:

M'V1...Vn=E] = f=hV1...hVn.HE]

wheref, vy, .. .,vnare variables and E is an expression.

3.6 An Example

We have now shown how to translate a simple subset of Miranda into the
enriched lambda notation. Our progress is summarized in Figure 3.3.

To illustrate the translation in action, consider the following Miranda
program:

average a b = (a+b)/2

average 2 (3+5)
This will be transformed to
letrec
TDf average a b = (a+b)/2 J
in

TEH average 2 (3+5) J}
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Application of the rules for TE gives

TE[[ average 2 (3+5) 1

TE average J] TEH[ 2 }] TH[ 3+5 ]
average 2 (TEfl + J THI 3 ]I TH[ 5
average 2 (+ 3 5)

)

Similarly, the rules for TD give

TDf[ average a b = (a+b)/2 ]

average = Aa.Ab.TH[[ (a+b)/2 ]

average = \a.Ab.(TEf / J TEf a+b I TEL 2 })
average ="Aa.Ab.(/ (TEL + J THI aJ THL D D 2)
average = Aa.Ab.(/ (+ a b) 2)

Putting it all together gives the result of the translation:

letrec

average = Aa.Ab.(/ (+ a b) 2)
in

average 2 (+ 3 5)

To complete the example, let us transform the expression into the ordinary
lambda calculus. Let us suppose that we spot that the letrec may be replaced
with a let, because the definition is non-recursive (tlie method is described in
Chapter 6). Then we can use the semantics of let-expressions to produce the
ordinary lambda expression

(Aaverage.(average 2 (+ 3 5))) (\a.Ab.(/ (+ a b) 2))

‘You can see why we prefer to write programs in Miranda!

3.7 The Organization of Chapters 4-9

In the interests of simplicity, the equations for TD and TE given im Figure 3.3
are far from compreliensive. The rest of Part I of thie book is devoted to filling
in the details.

Chapter 4 introduces structured data objects, pattern-matching and
conditional equations, and gives a simple translation into the enriched lambda
calculus. This translation is rather inefficient, and Chapter 5 shows how
pattern-matching can be compiled far more efficiently. Chapter 6 then shows
liow to transform all the constructs of the enriclied lambda calculus into the
ordinary lambda calculus.

Miranda contains constructs called ZF expressions (also known as list
comprehiensions). We discuss their translation in Chapter 7.

Finally, Miranda is a polymorphically typed language, and we liave so far

paid no attention to'the question of type-checking. This is addressed in
Chapters 8 and 9. '

The organization of these chapters is depicted in Figure 3.4.
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i Type
Miranda program declarations
Simple Pattern- ZF ]
constructs matching expressions
(Chapter3) | (Chapter 4) (Chapter 7)
Pattern-matching
[« lambda
Pattern- abstractions Enriched
matching lambda
- A P— calculus
(Chapter 5)
—®| Case-expressions
lChapter6 lChapter6
Ordinary Ordinary Y
lambda calculus lambda calculus | _ Type-checking
augmented with (Chapter 8)
letand letrec
Figure 3.4 Organization of Chapters 4-8
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STRUCTURED TYPES AND THE
SEMANTICS OF

PATTERN-MATCHING
Simon L. Peyton Jones and Philip Wadler

This chapter concerns structured types, a powerful and general mechanism
for defining data types, provided by several functional languages, including
Miranda, ML and Hope. Intimately associated with structured types is a
notational device known as pattern-matching, which is used by such
languages for defining functions.

Section 4.1 gives a general introduction to structured types and pattern-
matching. Section 4.2 begins with a more in-depth look at pattern-matching
and conditional equations, and then introduces two new constructs in the
enriched lambda calculus, [ and pattern-matching lambda abstractions. Using
these constructs, we then show how to translate a general Miranda function
definition into the enriched lambda calculus. Section 4.3 is devoted to
providing a precise semantics for pattern-matching lambda abstractions.

We conclude in Section 4.4 by defining case-expressions, the last new
construct of the enriched lambda calculus. This clears the way for Chapter 5,
which will show how to transform pattern-matching lambda abstractions into
case-expressions, thus giving a considerable gain in efficiency.

What n this chapter are called ‘structured types’ are called ‘algebraic types’
in Miranda, and ‘free data types’ by some others [Burstall and Goguen, 1982).
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4.1 Introduction to Structured Types

Suppose that we wish to define binary trees with leaves that are numbers. In
the notation of Miranda, this could be done by declaring a structured type tree
as follows:

tree = LEAF num | BRANCH tree tree

(The symbol ::= identifies this as a type declaration.) This might be read as
follows: ‘a tree is either a LEAF, which contains a num, or a BRANCH, which
contains a tree and a tree’. Here LEAF and BRANCH are called constructors of .
the type. Miranda requires that constructors (and only constructors) begin
with an upper-case letter, but we will always write them entirely in upper case.
LEAF has one field, of type num, and BRANCH has two, both of type tree. The
number of fields associated with a constructor is called its arity; thus LEAF has
arity 1 and BRANCH has arity 2.

Constructors can be used as functions, to create values of type tree. For
example, the equation

treel = BRANCH (BRANCH (LEAF 1) (LEAF 2)) (LEAF 3)
defines tree1 to be a tree. Informally, this tree might be drawn as:

/\
. 3
/\
1 2
Constructors can also appear on the left-hand side of an equation, as in the

following Miranda function definition:

reflect (LEAF n) LEAF n
reflect (BRANCH t1 12) = BRANCH (reflect t2) (reflect t1)

For example, (reflect tree1) returns
BRANCH (LEAF 3) (BRANCH (LEAF 2) (LEAF 1))

A definition with patterns on the left-hand side, such as that of refiect, is said
to use pattern-matching to perform case analysis. For example, in evaluating
(reflect t) there are two cases to choose from: t matches the pattern (LEAF n),
or t matches the pattern (BRANCH t1 12). If, say, t is (LEAF 1) then the first
case is chosen, with n bound to 1. Much more will be said about pattern-
matching later.

An important difference in the treatment of structured types in Miranda
from that in ML or Hope, is that in Miranda constructor functions are lazy;
that is, they do not evaluate their arguments. The components of a structured
object are evaluated only when (and if) they are subsequently extracted and
used, not when the object is built.
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41.1 Type Variaﬁles

Type declarations may also contain type variables. For example, the
definition of the type tree above may be rewritten to allow trees with leaves of
any type:

tree * ;= LEAF * | BRANCH (tree *) (ree *)

Here * is called a generic (or schematic) type variable. The declaration could
be read as follows: ‘a tree of * is either a LEAF, which contains a *, or a
BRANCH which contains a tree of * and a tree of *, for any type *’.

Leaves of any particular tree must all contain values of the same type, but
different trees may have leaves of different types. Examples of trees and their
types are :

BRANCH (LEAF 1) (LEAF 2) = free num

BRANCH (LEAF ‘a’) (LEAF D’) :: tree char
(The symbol :: is pronounced ‘has type’.) Here, ‘tree’ is called a type-forming
operator, since it takes a type (such as num or char) as an ‘argument’ and
produces a type (respectively, (tree num) or (tree char)).

The repeated use of * on the right-hand side of the type declaration
specifies that the two branches of a tree must be of uniform type. For example,

‘BRANCH (LEAF 1) (LEAF ‘a’)

isnot legal, since it has leaves of mixed type. More will be said about types and
. type variables in Chapter 8.

4.1.2 Special Cases

This section shows how three ‘built-in’ types, namely lists, tuples and
enumerated types, can be regarded as imstances of general structured types.

4.1.2.1 Lists
Miranda has a special syntax to denote lists, but lists are just an instance of a
general structured type. Lists could be defined as follows:

list * == NIL | CONS #* (ist %)

This type declaration defines the two new constructors NIL and CONS.
Miranda’s built-in syntax for lists could then be translated to use NIL and
CONS, as follows:

[ ]is translated to NIL

(x-xs) is translated to (CONS x xs).

[x.y.z] is a Miranda abbreviation for (xy:z[ ]) and hence is translated to
(CONS x (CONS y (CONS z NIL)))

[*]is translated to (list *)
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TE[ : ) = CONS

TEL[]1} = NL

TEf [E1, E2,...,En]] = CONS TE[ E\ } TE[ [E2, ..., En] }
TE[ (E1, E2) } = PARR TE[ E, } TEf E; }

TE[ (E1, E2, Ea) } = TRIPLE TEf E1 J TEf E2 ] TE[ E3 }
and soon

TEL True 3 = TRUE

TE[ Faise } = FALSE

Figure 4.1 Modifications to the TE scheme for lists, tuples and booleans

(Note: the last example is different from the others, because it describes a
‘type-expression rather than a value-expression.)

We can conveniently perform this translation when translating from
Miranda into the enriched lambda calculus; Figure 4.1 gives the required
equations.

Notice that the elements of a list of type (list *) must all be of type *, but the
number of elements in a list is not determined by its type. Thus (CONS 2 NiL)
and (CONS 3 (CONS 6 NiL)) are both of type @list num), though they are of
different lengths.

4.1.2.2 Taples
Miranda also provides special syntax to denote tuples, and these also can be
defined using a structured type. Tuples could be defined as follows:

pair ® k% PAIR ® &%
triple * k% kEx% TRIPLE ® kk KRk
quadruple * ** %% ###+ 1= QUADRUPLE #* ## #%% %%

Notice the difference between ‘pair’ and ‘PAIR’: the former is a type-forming
operator, used only in type-expressions, while the latter is the constructor
function of the type, used only in value-expressions.

As with lists, Miranda’s special syntax can be translated as follows:

(x,y) is translated to (PAIR x y)
(x.y,2) is translated to (TRIPLE x y 2)

and so on.

(*,*#) is translated to (pair * *»)
(*,#*,**%) s translated to (triple * ** **#)

Figure 4.1 gives the required equations.
Notice that a tuple may contain elements of mixed type; for example

(3, TRUE) : PAIR num bool
(‘a’, (3, 2)) :: PAIR char (PAIR num num)
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However, the type of a tuple completely determines the number and the types
of its fields. For example, a pair always contains exactly two fields, a triple
contains exactly three fields, and so on.

4.1.2.3 Enumerated types
The type declaration

color ::= VERMILLION | PUCE | LAVENDER

im which each constructor has zero fields, is just like an enumerated type in
Pascal. Thus, we can define the type of boolean values:

bool ::= TRUE | FALSE

The usual functions on booleans can then be defined using pattern-
matching; for example:

if TRUE el e2 = el
if FALSE e1 e2 = e2

Miranda uses the names ‘True’ and ‘False’ for its built-in truth-values.

4.1.2.4 Summary

Since it is easy to translate ‘built-in’ types like lists and tuples into equivalent
structured types, then any implementation of a functional language that
handles structured types will also handle these ‘built-in’ types for free. This
can greatly simplify an implementation. Instead of implementing several type
mechanisms, one for lists, one for tuples, one for enumerated types, and so
on, we need only implement a single mechanism for structured types, and
translate other types imto structured types. Figure 4.1 gives the required
equations.

4.1.3 General Structured Types
In general, the form of a structured type definition is:

To=c¢1 Tyt ... Ty
...
| Cn Tn.i .o Tn;n

where the T;; are types and the c; are constructors of arity r;. In the ‘tree’
example above, T was (ree *), c; was LEAF, T+,; was num, c2 was BRANCH, T4
was (free »), and To2 was (tree #). ’

Readers familiar with the mathematical operations for constructing types
will recognize that the general type above can be written as the sum (that is,
discriminated union):

T=Ti+...+ Ta
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where each T, fori from 1 ton, can be written asa product:
Ti=TuXTia X ... X T

In other words, a structured type is a sum-of-products.

When n=1 we say that the type is a product type; the types (pair * *+),
(riple * *+ «++) . areall product types. Whenn>1we say that the typeisa
sum type, since it is the sum of more than one domain; the types (tree *),
(list +), color and bool are all sum types. Thus a product type has exactly one
constructor, and a sum type has two or more constructors.

We will often wish to distinguish between the constructors of product
types and sum types. Just as we use the names c; to stand for constructors of all
types, we will use the name t to stand for the constructor of a product type, and
the names s and s; to stand for the constructors of a sum type (tsuggests ‘tuple’
and s suggests ‘sum’).

(Note: we use lower-case letters to stand for constructors, to avoid
confusion with the constructors themselves, which are written in upper case.
Similarly, we use upper-case letters to stand for types, which are themselves
written in lower case - see Section 4.1.)

(Important: at the time when this chapter was first written the semantics of
Miranda provisionally specified that a structured type with only one
constructor was a product type, as above. However, an alternative view is that
a structured type with only one constructor should behave as a sum type with
one component in the sum, and that product types (tuples) be treated as an
independent construct. It now seems likely that Research Software Limited
will follow this latter course in their definition of Miranda. As a consequence
some of the statements made in this chapter about the semantics of structured
types in Miranda may be incorrect. We draw the reader’s attention to the
caveat on page 37.)

4.1.4 History

As mentioned, structured types are a combination of sum types and product
types, which have a long history in mathematics.

Landin’s Iswim, one of the earliest functional languages, was described
using a stylized form of English for defining structured types [Landin, 1966].
Burstall introduced a more formal notation for defining such types in NPL
[Burstall, 1977]. Hope and ML have type systems based on separate sum and
product types, whereas Miranda and Orwell have type systems based on
sum-of-product types.

Iswim also contained a simple form of pattern-matching, where one could
write definitions such as

addPair (xy) = x +y

However, the important idea of using pattern-matching for case analysis
appears to have been developed independently by Burstall and Turner.
Pattern-matching appeared in NPL and SASL, and was used to good effect in
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proofs by structural induction [Burstall, 1969] and program transformation
[Burstall and Darlington, 1977]. It was incorporated into many later
languages such as Hope, KRC, ML, Miranda and Orwell.

4.2 Translating Miranda Into the Enriched Lambda Calculus

We must now deimnonstrate how to translate Miranda function definitions
involving pattern-inatching into the enriched lambda calculus. In the process
of doing so we will introduce pattern-matching lambda abstractions and the [J
operator, two of the constructs in the enriched lambda calculus whose
explanation was postponed.

4.2.1 Introduction to Pattem-ratching

We begin this section by illustrating some further aspects of pattern-
matching, which have to be handled by an implementation. (Not all the
illustrations should be taken as examples of good programining style. Somne
are expressly chosen to demnonstrate all the possible nasty things that can

~ happen!)
Recall the definition of reflect:
reflect (LEAF n) = LEAF n

reflect (BRANCH t1 12) = BRANCH (reflect t2) (reflect t1)

The terms (LEAF n) and (BRANCH t1 t2) occurring on the left-hand side of
these equations are called patterns. When reflect is applied to an argument, the
arguinent is first evaluated to see whether it matches the pattern (LEAF n) or
(BRANCH t1 2). It will certainly match one or the other, because the type-
checker ensures that reflect is only applied to objects of type (tree #), for somne
type *. For example, if reflect is applied to an expression which evaluates to
(BRANCH E1 Eg), the second equation is selected, with t1 bound to E; and t2
bound to Ea.

In the preceding example, the order in which the equations were written
was iminaterial, but this is not always the case. Consider the Miranda function
definition

factorial 0 = 1

factorial n = n * factorial (n—1)

The order of the equations in this definition is significant. In the evaluation
of (factorial x), there are two cases to choose from: either x inatches 0 (that is, x
evaluates to 0), so the first equation is chosen, or it does not, so the second
case is chosen with n bound to x. The equations are tried out one at a time,
froimn top to bottom. If they had been written in the other order then the first
equation would always match. In this situation we say that the patterns
overlap. (As we shall see in Chapter 5, there are good reasons to avoid writing
overlapping patterns, but occasionally they prove useful.)
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Another point, illustrated by the first factorial equation, is that a pattern
may consist of a literal constant, such as a number or character.
As another example, consider the Miranda function definition

lastElt ([]) = x
lastElt (x:xs) = lastElt xs

The function call (lastElt xs) returns the last element of the list xs. Again, the
order of the equations is significant, since the patterns overlap. Furthermore,
the first pattern is an example of a nested pattern, in which the pattern [] is
. nested inside the pattern (x[]). Finally, the equations are not exhaustive,
since neither pattern matches the argument []. If lastElt is applied to [] some
sort of error should be reported.

Pattern-matching can apply to several arguments, as the following Miranda
definition shows:

xor False y =y
xor True False = True
xor True True = False

Another feature of Miranda that is closely connected with pattern-
matching is conditional equations, which control the selection of alternatives
by the use of guards. We could, for example, rewrite the factorial function in
the following way:

factorial n = 1, n=0
n = factorial (n—1)

A single left-hand side governs several alternatives, which together constitute
the right-hand side. In this case there is only one guard, namely the boolean-
valued expression ‘n=0', which appears following a comma. Guards are
evaluated one at a time, beginning at the top, and when a guard evaluates to
True, the corresponding alternative expression is selected. The guard may be
omitted in the final right-hand side, giving an ‘otherwise’ case (equivalent toa
guard of True),

The factorial example shows, incidentally, that a constant appearing in a
pattern can easily be eliminated by replacing it with a variable and adding a
guard to the equation instead.

Conditional equations interact with pattern-matching, as demonstrated in
the next example. The function funnylastElt returns the last element of its
argument list, except that if a negative element is encountered then it is
returned instead:

funnyLastElt (x:xs) = x, x<0

funnylLastElt ¢[]) = x

funnyLastElt (x:xs) = furnylLastElt xs
Pattern-matching proceeds, as usual, from top to bottom; when a left-hand
side matches the argument, the guarded alternative(s) are tried, from top to
bottom. If none of the guards is True, then pattern-matching continues,
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starting with the next equation. Applying funnylLastElt to the list [1,2] would
cause this behavior, since the first equation would match, but the guard fails,
so the second and then third equations are tried.

Finally, variables may be repeated on the left-hand side of an equation. For
example, the function noDups eliminates adjacent duplicate elementsin a list:

noDups [] =[]

noDups [x] = [x]

noDups (x:x:xs) = noDups (x:xs)
noDups (x:y:ys) = x : noDups (y:ys)

The third equation matches only if the first two elements of the argument list
are equal; the repeated use of x on the left-hand side implies the equality
condition.

We may summarize the features that the implementation must support as
follows:

(i) overlapping patterns;
(ii) constant patterns;
(iii) nested patterns;
(iv) multiple arguments;
(v) non-exhaustive sets of equations;
(vi) conditional equations;
(vii) repeated variables.

Given these complications it is unwise to rely on a purely intuitive under-
standing of what a function definition using pattern-matching means. The rest
of this section and the next is therefore devoted to providing a formal
semantics of pattern-matching.

422 Patterns
First of all, we will need a precise definition of pattemns.

DEFINITION

A pattem pis:

either a variable v,

Or  aconstant k, Such as a number, a character, a boolean and so on.

Or  a constructor pattem, of the form (¢ py ... p;) where cis a con-
structor of arity r, and py, ..., prare themselves pattems.

All of the variables in a pattem should be distinct.

A pattem of the form (s py ... pr), where s iS a Sum constructor, is
called a sum-constructor pattern, or sum pattern. A pattem of the form
tp1 ... p), where t is a product constructor, is called a product-
constructor pattern, or product pattern.

Note: according to this definition, patterns may not contain repeated
vanase:tl;s‘; although Miranda allows them to do so. This point is discussed
in ion4.2.7. :
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Here are some examples of patterns:

X
3

LEAF n

BRANCH (LEAF n) t

CONS x xs written (x:xs) in Miranda
CONS x (CONS 3 NIL) written [x,3] in Miranda
PAIR x 4 written (x,4) m Miranda

The term (PAIR z 2) is not a pattern, because it contains a repeated variable.
The term (CONS x) is not a pattern, because the CONS does not have enough
arguments.

Miranda allows patterns with repeated variables, like (PAIR z 2) but the
patterns defined here do not. This is discussed in Section 4.2.7.

A constructor pattern is simple if it has the form (c v ... v;), where
V4, ... Vrare distinct variables. If a constructor pattern is not simple it is
nested.

4.2.3 Introducing Pattern-matching Lambda Abstractions

Up to now we have translated function definitions into the lambda calculus
using the following rule:

TLtvi...va=EJ = f=a...\\h. TEL E }

where vy, ..., Vo are variables. Temporarily restricting our attention to
functions of a single variable, we could derive the less general rule

TOf tv=EQ = t=A.TELE ]}

By analogy, given the function definition
fp=E

(where p is a pattern), it seems plausible to translate it using the rule
TOEtp=EJ = t=M.TELE ]}

This is not quite right yet, because we must remember to translate the
pattern, so that Miranda’s list notation is translated into uses of CONS and NIL
(and likewise for tuples and booleans). Fortunately, the syntax of patternsis a
subset of that of expressions, so we can use the TE scheme.

TOLfp=EJ = f=ATE@Mp 1.TEL E }

For example, consider the Miranda function definition for fst:

fst (x,y) = x

Using the rule above gives:

TOR fst (xy) = xJ] = fst= A(PAIR x y).x
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This introduces a new sort of lambda abstraction, a pattern-matching lambda
abstraction, which has the form (Ap E) where p is a pattern. This leaves us with
two questions:

(i) How can we translate a general Miranda function definition into pattern-
matching lambda abstractions?
(ii)) What, exactly, does (Ap.E) mean?

We discuss the first in the remainder of this section, leaving the second for the
next section.

4.2.4 Multiple Equations and Failure
Consider first a Miranda function definition of the form

1p1 = Ey
1p2 = E;
1 pn = Eq

Intuitively, we expect the semantics to be ‘try the first equation, and if that
fails try the second, and so on’. This introduces the idea that a pattern-match
might fail. Such failure does not necessarily indicate an error, since there
might be a subsequent equation which would match. Hence, we introduce a
new built-in value FAIL, which is returned when a pattern-match fails.

With the aid of this idea, we can translate the definition of 1 into the
following enriched lambda calculus expression:

f=M.( ((Ap1.E1) X)
0 ((Ap2'.E2) x)

i]. i(mn'-En') X)
| ERROR)

where x is a new variable name that does not occur free in any E;, the
expressions E;’ are the result of translating the E;, and the patterns p/’ are the
result of translating the p;. The new definition of f can be read ‘try to apply
(\p1'.E+') to x, and if that succeeds return its result; otherwise try (\p2' .E2'),
and so on; if they all fail, return ERROR’.

Here ERROR is meant to be a special value whose evaluation indicates an
- error, an event which should never occur.

The function [] is an infix function, whose behavior is described by the
semantic equations:

a [b=a if a#1 and a#FAIL
FALb=0Db
1 Ib=1

Operationally, [] evaluates its left argument; if the evaluation terminates and
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yields something other than FAIL, then [] returns that value (first rule); if it
evaluates to FAIL, [} returns its right argument (second rule); if the evaluation
of the left argument fails to terminate, then so does the application of [] (third
rule). .

It is easy to verify that [} is an associative operator, and has identity FAIL. Its
associativity means that we may write expressions such as (E¢ [J] Ez [J Es)
without ambiguity. It is extremely convenient to write [} between its operands
(that is, infix) but, since all functions are written prefix in the lambda calculus,
we are forced to dignify [J] by making it one of the new constructs of the
enriched lambda calculus. The sole reason for doing so is notational.

As an example of the suggested translation in action, recall the definition of
the refiect function:

reflect (LEAF n) = LEAF n
reflect (BRANCH t1 t2) = BRANCH (reflect t2) (reflect t1)

This would be translated to:

reflect = At.( ((\(LEAF n).LEAF n) 1)
0 ((MBRANCH t1 t2).BRANCH (reflect t2) (reflect t1)) 1)
[ ERROR)

"In this case, of course, ERROR can never be returned, since one of the
previous pattern-matches will succeed. This is not always the case, as the
following example shows. Consider the Miranda definition of hd, which
extracts the first element of a list:

hd (x:xs) = x
It would be translated to

hd = Axs’.(((A\(CONS x xs).x) xs') [] ERROR)
If hd is applied to NIL, then ERROR will be the result. (We have used xs’ as the
formal parameter of the lambda abstraction, to avoid confusion with the xs in

the pattern. Technically, however, there would be no problem with using xs,
or any other variable, since hd has no free variables.)

4.2.5 Multiple Arguments

Functions with multiple arguments are easily handled. As we recalled earlier,
the basic approach is to translate a function of several arguments using the
rule

T fvi...vp=E ] = f=a...Av,.TE[ E ]

Combining this with the approach of the previous section suggests that we
should translate the definition

fpipz2...Pm=E
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where p1, ..., pmare patterns, into
f = Avi...AVm.(((APY .. .APm' .E’) V4 ... Vi) [] ERROR)
where v4, ..., vm are new variables that do not occur free in E, the py’ are the

results of translating the p;, and E’ is the result of translating E. The only new
complication is that we must specify what happens in case of failure. Suppose f
is applied to m arguments, and the first pattern-match fails:

(ApY’...Apw’ .E") Ey E2 ... Em — FAILE;...Epn

Then we want the whole expression to fail, so we need to add a reduction
rule for FAIL:

FAIL E — FAIL
Now we can continue reduction:
FAWL E2E3s ... Ewm —» FALE;...Ep, —» ... —» FAL

The translation is readily extended for the case when f is defined by several
equations. To see an example of this in action, consider the definition of xor
given above:

xor False y =y
xor True False = True
xor True True = False

Combining the rules of this section and the last allows us to transform this to
(Notice that the arguments are matched from left to right)
xor = AX.Ay.( ((A\FALSE.Ay.y) x y)
0 ((A\TRUE.AFALSE.TRUE) x y)
0 ((A\TRUE.ATRUE.FALSE) x y)
[ ERROR)

4.2.6 Conditional Equations

Next, we describe how to translate conditional equations into the enriched
lambda calculus. Consider the following Miranda definition:

ged a b = ged (a~-b) b, a>b
ged a (b—a), a<b
a, a=b

Itis easy to see that the right-hand side of this definition could be translated to

(IF (> ab) (gcd (— a b) b)
(F (<ab)(gcd a (~ b a)
(IF (= a b) a FAIL)))

Notice that if all the guards fail, then FAIL is returned by the nested IF
expression. (In the case of gcd this can never occur, and a very clever compiler
might be able to discover this fact and optimize the last IF.) In a more
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complicated definition, the failure of all the guards would cause the next
equation to be tried (see example below).

Regarding all of an equation after the first = sign as a ‘right-hand side’, we
can now give a new translation scheme, TR, which translates right-hand sides:

TRI rhs Jtranslates the right-hand side of a definition
TR A, Gy || = (FTEL Gy RTEL A §
= Az, G2 (FTE[ G2 F TEf A2 §

= An, Gn (F TEL Gy 1 TEL A, 3 FAI) ..)
where A, is an expression and G is a boolean-valued expression.

Now we can use TR instead of TE to translate the right-hand sides of
function definitions. As an example, recall the definition of funnyLastElt:

lunnyLastElt (x:xs) = x, x<0
lunnyLastElt (x:[]) = x
funnyLastER -(x:xs) = funnylLastElt xs

We can now translate it to

funnyLastEit = Av.( ((M(CONS x xs).IF (< x 0) x FAIL) v)
0 (AMCONS x NiIL).x) v)
0 (A (CONS x xs).funnylastElt xs) v)
[l ERROR)

If the first equation matches, but the guard fails, then the IF returns FAIL, and
the next equation is tried.

InMiranda, the final guard G, may be omitted, which is equivalent to giving
a final guard of True. In this case, the innermost IF is of the form

IF TRUE E; FAIL
which can be optimized to
Ey
For example, the definition of factorial

factorial n = 1, n=0
n = factorial (n—1)

would be translated to

factorial = Av.( ((An.IF (= n 0) 1 (*+ n (factorial (— n 1)))) v)
[ ERROR)

This can be simplified further, since the pattern-match cannot fail, and this
special case will be spotted by the transformations of Chapter 5.
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4.2.7 Repeated Variables

It appears at first that it is easy to use a conditional equation to eliminate
repeated variables, by introducing a new variable name to replace one of the
occurrences of the repeated variable, and adding an appropriate equality
condition. For example, we could rewrite the definition of noDups (given in
Section 4.2.1) thus:

noDups [] =[]

noDups [x]} = [x]

noDups (x:y:ys) = noDups (y:ys), x=y
noDups (x:y:ys) = x : noDups (y:ys)

(The last two equations could now be combined into a conditional equation
with two alternatives.) Unfortunately, this approach occasionally confiicts
with the left-to-right rule originally given for pattern-matching. For example,
given the following definition:

nasty x x True = 1
nasty x y z = 2

consider the evaluation of

nasty bottom 3 False

where the evaluation of bottom fails to terminate (for example, bottom could be
defined by the degenerate equation: bottom = bottom). We might expect that
the evaluation (nasty bottom 3 False) would not terminate, since we will try to
evaluate bottom in order to compare it with 3. However, suppose we trans-
formed the definition of nasty to use a conditional equation:

nasty’ x y True
nasty’ x y z

Now, if we evaluate (nasty’ bottom 3 False), bottom will match x and 3 will
match y, but the match of True against False will fail, so the second equation
will be tried, and deliver the answer 2. Hence, nasty and nasty’ behave
differently, and the transformation is invalid. (Note: nasty and nasty’ also
behave differently for expressions such as (nasty 1 2 bottom).)

There is a further complication raised by repeated variables. Consider the
function multi:

muli pq q p
multi pqrs

1, x=y
2

1
2

Should we compare the first and fourth arguments, and then compare the
second and third argaments, or the other way around? The order of
comparison is important, because it affects termination; consider
(multi bottom 2 3 4).

This section has shown that repeated variables in a pattern are not as
straightforward as at first appeared (the examples were suggested by Simon
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Finn of the University of Stirling). To simplify the rest of this chapter we will
therefore side-step these complications, by restricting our attention to a
subset of Miranda which does not allow repeated variables in a pattern. We

lose no expressive power thereby, though we do lose some notational
convenience.

4.2.8 Where-clauses

Miranda allows the right-hand side of a definition to be qualified with a
where-clause. For example,

sumsq X y = xsq + ysq

where
XSq = X*X
ysq = y+y

It is intuitively clear that this could be translated to

sumsq = AX.Ay.(let xsq = * x x
- ysq==*yy
in
(+ xsq ysq))
where we use a let-expression instead of a where-clause. In general, the
definitions in a where-clause may be mutually recursive, so we have to use a
letrec-expression instead. This will be optimized in Section 6.2.8.
Finally, the scope of a where-clause may include a set of alternatives and
guards in a conditional equation:

ged a b = ged diff b, a>b
= gcd a (—diff), a<b
= g, a=b
where
diff = a-b

TR rhs J translates the right-hand side of a definition

TRIT A, G| = letrec TDf D1 }
=An. Gn TD[Dm]
where in
Dy (F TEf G4 J TE[ A1 §
| om (F TEL G 3 TEL Ao § FAL) ..))

If G, is absent, or True, then the final IF-expression
should be replaced by TE[ An J
where A, is an expression

G is a boolean-valued expression
D; is a definition

Figure 4.2 The final TRtransiation scheme
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The scope of the definition of diff includes all the alternatives and guards.
Figure 4.2 gives the final TR translation scheme, which translates right-hand
sides, using a letrec to translate a where-clause.

4.2.9 Patterns on the Left-hand Side of Definitions

So far we have only described how to translate function definitions, but
Miranda also allows a pattern to appear on the left-hand side of a definition.
For example, consider the following Miranda definition:

addPair w = x + y
where (xy) = w

The product pattern (x,y) appears on the left-hand side of the definition in the
where-clause. It implies that w evaluates to a pair, and it binds the names x and
y to the components of w.

As mentioned in Section 3.2.3, we also allow general patterns to appear on
the left-hand side of definitions in a let(rec). Thls extension allows us to make a
simple translation of addPair to

addPair = Aw.(letrec (PAIR x y) = w in (+ x y))

The hard work of dealing with patterns on the left-hand side of deﬁnitions is
now carried out by transforming this letrec into the ordinary lambda calculus,
which is described in Section 6.2. The modification required to TD is very
simple:

™Ip=R] = TELpl - TRIR 1
where p is a pattern and R is a right-hand side.

4210 Summary

We have now completed the development of the translation of a significant
subset of Miranda into the enriched lambda calculus. The final translation
schemes, summarized in Figures 4.2, 4.3 and 4.4, look rather forbidding, but
this is because of their generality rather than their complexity.

4.3 The Semantics of Pattemn-matching Lambda Abstractions

Having described how to translate from Miranda into a language involving
pattern-matching lambda abstractions, we now give the semantics of pattern-
matching lambda abstractions of the form (\p.E).

We will do so by devoting a subsection to each form of the pattern, p:
variable, constant, sum-constructor and product-constructor.



Chapter 4 Structured Types and the Semantics of Pattern-matching

TE[ Exp Jtranslates the expression Exp

where k is a literal constant or built-in operator
v, v; are variables
E, E; are expressions
Infix is an infix operator

TEL : 1 = CONS

TE[ (11 = NIL

TEL[E1,Es ...,EndJ] = CONSTE[LE; I TEL[Ez .... En]l J
TE[ (E+, E2) 1 = PARTE[ E, ] TE[ E; ]

TE[ (E, Ea, E3) § = TRIPLE TE[ E; J TE[ E> § TE[ E3 J
and soon

TEL True J = TRUE

TE[ False J = FALSE

TE[ k 1 = k

TEL v } = v

TE[ Ey E2 1 = TE[ E, ] TE[ E> ] -

TE[ E, infix E2 J = "TE[ infix ] TE[ E, ] TE[ E> ]
TEL Ey $v E2 1 = TE[v]TELE ] TE[ E>

Figure 4.3 The final TE translation scheme

TD Def Jtranslates the definition Def

TOL p=R] = TE[p] =TRER ]
ml[fp1,1 coo Prm = Ry

fPnt ... Pnm = Rn

I ERRORY))

where f is a variable
vi is a variable not free in any R;
pij is a pattern
R is aright-hand side
R; is a right-hand side

= = (Av1...Avm.(n((ATE|[ Pty B..ATEL p1im §. TRE Ry D vs ...

0 (ATEL pn,s B...ATEL pom 3. TRE R ) vs ...

Vm)

Vm)

Figure 4.4 The final TD translation scheme

. 4.3.1 The Semantics of Variable Pattems

If the pattern p is a variable v, then the pattern-matching lambda abstraction
(Ap.E) is just an ordinary lambda abstraction (Av.E), whose sernantics have

already been discussed in Section 2.5.
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4.3.2 The Semantics of Constant Pattems
To describe the semantics of constant patterns we must specify the value of
Evallf \k.E 1

where k is a constant. Its value is certainly a function, so we can specify it by
giving the value of

Evalfl \k.E J a

for any argument a. There are three possibilities: either a is the same ask, or it
is 1, or it is something else. This leads to the following semantic equations:

Evalf \k.E J a=Evalf E J] if a = Evalll k 1
Evalf Ak.E J] a = FAIL ifa#Evalf k] and a # L
Evalll \Ak.EJ L =1

The first equation says that if (Ak. E) is applied to something that evaluates to
k, then the result comes from evaluating E. The second equation says that the
result is FAIL if the argument evaluates to anything else, and the third equation
specifies that, if the evaluation of the argument fails to terminate, then so does
the whole application. As usual, these semantic equations specify reduction
rules by implication. Thus, for example

AM.+341 - +34
(\M.+ 342 - FAL

It is also possible to regard constants as sum-constructors of arity zero, as
outlined in Section 4.1.2.3, in which case the rules of this section become a
special case of those of the next.

4.3.3 The Semantics of Sum-constructor Pattems

Next, we consider the case of constructor patterns, of the form (s ps ... py).
Initially we will only consider sum patterns, since product patterns turn out to
require special treatment. Here are the semantic rules for such patterns:

Evalfl A(s p1...p).E ] (s ai...a) = Evalf A\ps...\p,.E P as...8;
Evallfl \(sps...p).EQ (8" a1...ar) =FAIL ifs #¢
Evalf s p1...P).EX L =]

Operationally, the rules work as follows. To apply (\(s p1 ... p).E)toan
argument A we first evaluate A to find out what sort of object it is. This implies
that if the evaluation of A does not terminate then neither does the application
in question (third rule). (Note: to ‘evaluate A’ we only evaluate it to
constructor form; we do not evaluate its components. They will be evaluated
only if they are extracted and used. This is what it means for constructors to be
lazy.)

If A evaluates to an object built with a constructor other than s, then the
pattern-match fails (second rule). To see how this rulc works, consider an
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application of the lambda abstraction (\(BRANCH t1 t2).BRANCH 2 t1) to
(LEAF 0): '

(MBRANCH t1 t2).BRANCH 2 t1) (LEAF 0) — FAIL

The application returns FAIL because the constructor in the pattern is different
from that of the argument.

Finally, if A was built with the same constructor as the pattern, then the first
rule applies. To see how this rule works, consider an application of the same
abstraction to a BRANCH:

(MBRANCH t1 t2).BRANCH 2 t1) (BRANCH (LEAF 0) (LEAF 1))
— (M1.M2.BRANCH 2 t1) (LEAF 0) (LEAF 1)
— (M2.BRANCH {2 (LEAF 0)) (LEAF 1)
— BRANCH (LEAF 1) (LEAF 0)

In this case the match succeeds, and 11 and 2 are bound to the components of
the branch with the ordinary g-reduction rule.

Notice that for constructors of arity zero (r=0) the three rules correspond
exactly to those of the previous section. For example, using the first case of the
xor function gives:

(A\FALSE.\y.y) FALSE TRUE — (Ay.y) TRUE
- TRUE

Finally, notice that the rules deal correctly with nested patterns. Consider, for
example, the following application of the first case of the function lastEl] to
(CONS 4 (CONS 3 NIL)):

(MCONS x NIL).x) (CONS 4 (CONS 3 NIL))
-» (M.ANIL.x) 4 (CONS 3 NIL)  (firstrule)
— (ANIL.4) (CONS 3 NIL) (normal S-rule)
— FAIL (second rule)

Here, the outer pattern matches but the inner one does not, so the whole
expression returns FAIL.

4.3.4 The Semantics of Product-constructor Pattems

Finally we consider the semantics of matching product patterns. This is an
area in which a rather subtle issue surfaces.
Consider the Miranda functions

ZeroAny x =0
zerolisl [] =0
ZeroPair (xy) = 0

The function zeroAny takes a single argument and returns 0. Miranda’s lazy
semantics clearly means that the argument is not evaluated, so that 0 is
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returned even if the evaluation of the argument is very expensive or non-
terminating:

Evalff zeroAny J L =0

We say that zeroAny is lazy since it does not evaluate its argument.

The semantics of the function zeroList has already been described by the
preceding sections. It specifies that zeroList evaluates its argument, and
checks whether it is [ ]. If it is, then zeroList returns 0, otherwise it returns
ERROR. We say that zerolist is strict since it does evaluate its argument:

Evalf zerolist J L = 1

Should the zeroPair function be lazy or strict? Since the argument is a tuple
there is no point in evaluating it to check that it really is a tuple, as was
required in the case of zerolList, because the check would always succeed
(assuming that the program is type-checked). It would be more in the spirit of

a lazy language to specify that
Evalf[ zeroPair L = 0

and the Miranda language specifies this choice. We call this lazy product-
matching. On the other hand, an alternative choice would be to specify that

Evallf zeroPair J L = L

and we call this strict product-matching.

Notice that there is no ‘right’ or ‘wrong’ answer, it is simply a question of
making a clear choice of semantics for product-matching. The only ‘wrong’
approach is not to notice that there is a choice to be made (and hence to risk
making different choices in different parts of the implementation, with
unpredictable results).

Nevertheless, we contend that there are persuasive arguments in favor of
the lazy approach. We discuss this issue in the next section, while in the rest of
this section we concentrate on the semantics of lazy product-matching.

We may describe lazy product-matching by the following semantic rule:

Evalll Mt p:1 ... p).E J a = Evalll Ap1...Ap..E J (SEL-t-1 a)
(SEL-tr a)
Here SEL-t-i is a built-in function which selects the ith field from a structured
object built with constructor t. It may be described by the following semantic
equations:

SELt-i(ta; ... a ... a) = a
SEL-t-i | =1

Suppose that (\p. E), where p is a product pattern, is applied to an expression
A. The rule for lazy product-matching postpones the evaluation of the
argument A by binding the names for the components to applications of
SEL-t-ito A, rather than evaluating A and extracting its components direstly. If
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none of the components of A is evaluated, then A will not be evaluated either,
which is the effect we wanted to achieve.
Let us see how this works on zeroPair:

zeroPair = A(PAIR x y).0

Hence,

Evall zeroPair J 1

Eval[ A(PAR x y).0 § 1

Evalll Ax.Ay.0 J (SEL-PAIR-1 1) (SEL-PAIR-2 })
Eval Ay.0 J (SEL-PAIR-2 1)

=0

as required.

4.3.5 A Defence of Lazy Product-matching

Consider the Miranda function firsts, which takes a list of numbers, and
returns a pair consisting of the first odd and first even elements of the list:

firsts [] = (0,0)
firsts (x:xs) = combine x (firsts xs)

combine x (od,ev) = (x,ev), odd x
= (od,x), even x

Suppose that we were to use strict product-matching, so that when evaluating
an application (combine A; Az) we would first evaluate A.. Now consider
evaluating (firsts [1..]), where [1..]is the infinite list of integers starting at 1:

firsts [1..] — combine 1 (firsts [2..])
—> combine 1 (combine 2 (firsts [3..])

and so on.

The evaluation of (firsts [1..]) will never terminate. This is hardly satis-
factory, because it is clear that the value of (firsts [1..]) should be (1,2).

All is well, however, if we use lazy product-matching. Then, in effect, the
evaluation goes like this:

firsts [1..] — combine 1 (firsts [2..]
— (1, SEL-PAIR-2 (firsts [2..]))
— (1, SEL-PAIR-2 (combine 2 (firsts [3..])))
— (1, SEL-PAIR-2 (SEL-PAIR-1 (firsts [3..]), 2))
- (1,2

Under lazy product-matching, combine does not evaluate its second
argument. Instead it binds od to (SEL-PAIR-1 A) and ev to (SEL-PAIR-2 A),
where A is the argument.

We conclude that lazy product-matching gives significant benefits to the
programmer. The effect is quite subtle: strict product-matching caused the
entire argument list to be scanned even though all the operations on lists are
lazy. One purpose of this section is to point out that it is easy for a subtle
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difference in evaluation strategy (strict versus lazy product-matching) to
cause a gross difference in the operational behavior of the program (scanning
the whole of an infinite list versus looking at the first element only). The
example is derived from a paper by Wadler [1985].

A further reason for advocating lazy product-matching is that it allows us to
describe mutual recursion correctly. For an explanation of this point, see
Section 6.2.6.
.. There is another interesting mathematical way of looking at the differences

between strict and lazy product-matching. In domain theory there is more
- than one way of forming the product of two domains A and B, that vary in their
treatment of 1. The ordinary product, A x B, is defined like this:

A x B = {(ab) | acA and beB)

All the elements of this domain are pairs, and the bottom element of A X Bis
(L1).
The lifted product, (A x B), is defined like this:

AxB)=(AxB) u(lL)

In this product the element | is distinct from (1,1). This corresponds closely to
our operational ideas of how tuples (or any other data structure) are formed: |
stands for a non-terminating computation, while (L,1) is a pair, both of whose
elements are non-terminating computations.

The key insight is that lazy product-matching corresponds to ordinary
product, and strict product-matching corresponds to lifted product. To
implement the ordinary product domain (A x B) we have to make (L,1)
indistinguishable from non-termination. Since they clearly differ operation-
ally, the only way to conceal their differences is to use values in an ordinary
product domain in a way that makes them indistinguishable. This is precisely
what the lazy product-matching rule does:

Evallfl A(PAIRp1 p2).E] L
= Evalll Ap1.Ap2.E ] (SEL-PAIR-1 1) (SEL-PAIR-2 1)
= Evalll A\p1.Ap2.EJ L L

Evalll A(PAIR py p2).E J] (PAIR 1 1)
= Evall[ Ap1.Ap2.E 1 (SEL-PAIR-1 (PAIR L 1)) (SEL-PAIR-2 (PAIR L 1))
= Evalll A\p1.A\p2.E ] L L

In other words, the abstraction (\(PAIR p1 p2).E) is indifferent to whether its
argument is | or (L 1); it returns the same result in either case. So lazy
product-matching can be regarded as a way of implementing ordinary product
domains (A x B) by using the values in the lifted product domain (A x B) in
such a way that (L,1) is indistinguishable from | . :

Finally, it is worth noting that the use of lazy product-matching carries an
implementation cost. Consider a function addPair, which adds together the
elements of a pair:

addPair = A(PAIR x y).+ x y
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Now, using lazy product-matching, the reduction of (addPair (PAIR 3 4))
goes as follows:

addPair (PAIR 3 4)

(MPAIR x y).+ x y) (PAIR 3 4)

(Ax.Ay.+ x y) (SEL-PAIR-1 (PAIR 3 4)) (SEL-PAIR-2 (PAIR 3 4))
(Ay.+ (SEL-PAIR-1 (PAIR 3 4)) y) (SEL-PAIR-2 (PAIR 3 4))

+ (SEL-PAIR-1 (PAIR 3 4)) (SEL-PAIR-2 (PAR 3 4))

+ 3 (SEL-PAIR-2 (PAIR 3 4))

+34

7

R EEEA

This takes one reduction to apply the addPair lambda abstraction, and then
two further reductions (subsequently) to reduce the two applications of
SEL-PAIR. Contrast this with the effect of using strict product-matching:

addPair (PAIR 3 4)

(MPAIR x y).+ x y) (PAIR 3 4)
(Ax.Ay.+ xy) 3 4

(Ay.+ 3 y) 4

+ 34

7

Pdldo

This uses fewer reductions, since the application of the addPair lambda
abstraction also takes the argument apart. Furthermore, it uses less store
since no temporary applications of SEL-PAIR are constructed. This suggests
that we should use strict product-matching instead of lazy product-matching
wherever this does not affect the semantics.

In the case of addPair, it is clear that the argument will certainly be
evaluated in the end, so it would do no harm to evaluate it at the time of
function application (that is, to use strict product-matching). In general,
whenever a function is strict in an argument (see Section 2.5 .4) it is safe to use
strict product-matching for that argument. The process of working out which
functions are strict is called strictness analysis, and is discussed in Chapter 22.

4.3.6 Summary

This section has examined the semantics of pattern-matching in some detail,
because much confusion has surrounded this area in the past. Figure 4.5
summarizes the results of the section. The distinction between strict and lazy
product-matching, and the use of [] and FAIL, are both first described in
Turner’s thesis [Turner, 1981], but the present formulation based on
structured types is due to the authors.

4.4 Introducing case-expressions

The transformations in the last section produce remarkably inefficient
programs! The main reason for this is that pattern-matches are attempted,
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testing for FAIL each time, as each equation in the function definition is tried in
turn.

Frequently, however, a single test would suffice to select the appropriate
equation. For example, recall again the reflect function:

reflect (LEAF n) = LEAF n
reflect (BRANCH t1 t2) = BRANCH (reflect t2) (reflect t1)

To apply reflect, it would suffice to test the argument, and select the first or
second right-hand side according to whether it was a LEAF or a BRANCH.

In this section, therefore, we introduce case-expressions, a convenient
construct for describing a particularly simple form of pattern-matching which
has this single-test property. Chapter 5 will then demonstrate how to translate
Miranda function definitions into case-expressions, and Chapter 6 will show
how case-expressions can be transformed into the ordinary lambda calculus.
The net effect will be a significant improvement in the efficiency of the
resulting program.

Case-expressions are a notation for describing a simple form of pattern-
matching. To begin with an example, we may translate the definition of refiect,
using a case-expression, in the following way:

reflect = At.case t of
LEAF n = LEAF n
BRANCH t1 2 ==> BRANCH (reflect t2) (reflect t1)

The important points about a case-expression are that the patterns are simple
(that is, not nested) and exhaustive (that is, they cover all constructors of the
type). This makes them particularly simple to implement.

The general form of a case-expression is

case v of
C1 Vi1 ... Viy = E1

cn Vn'1 s s Vn'rn =2> En

where v is a variable, Ey ... E,are expressions, the v; are distinct variables,
and the ¢y ... Cnare a complete family of constructors from a structured type
declaration. The syntax of case-expressions was defined in Figure 3.2.
Operationally, to evaluate this case-expression, v is first evaluated. Then,
according to what constructor v was built with, the appropriate E; is selected
and evaluated, with the vi;bound to the components of v.
Formally, the construct is defined to be equivalent to

I ((Mer vi1 ... Vig).E9) V)
1] ((A(cn Vo1 ... Vo) .En) V)

but a case-expression is far more readable!
Intuitively, case-expressions correspond to a multiway jump, whereas the
equivalent expression using [| corresponds to asequential if. . . then. . . elseif. . .’
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The semantic equations of (A\p . E) are:

Evaiff >k.E] a=Evaff E] ifa=Evalf k]
Ev.l[kk.E] a = FAIL if a 2 Evalf k Jand a # |
Evalf \k.E] L=1

Evalf M p1 ... Prp).E B (8 a1 ... 8,) = Eval[Ap1...\p,.E B & ... &,
Evalf M8 p1 ... pr)) .EJ(8' @1 ... 8y) = FAIL if s # &

Eval M8 p1 ... ps).E R L = |

Evalf Mt p1 ...pp).EJa= EvalfAp1...\py.E] (SEL+1 a)
(SEL-, a)

where ks a consiant

8 is a sum construcior of arity rs

1 is a produci consiructor of arity r,
P is a paitern

E is an expression

&, a are values

The SEL- funciions are defined as follows:
SEL-- (ta)...q8...8) =g

SEL+ L = |
where 1is a produc: constructor of arity r.
‘The [] operator is defined as follows:
a [[b=a if a # Landa # FAIL
FALJb = b
L 0fb=1

Figure 4.5 Semantics of pattern-maiching lambda abstractions and ]

structure. Indeed, the implementation described in Chapters 18-20 will
compile case-expressions and [} respectively to precisely such machine code!

4.5 Summary

Structured data types have proved more complicated than at first appeared!
We have discussed the background and semantics of pattern-matching,
showing how to translate a Miranda function definition involving pattern-
matching into the enriched lambda calculus. This required us to define two
new constructs, pattern-matching lambda abstractions and the [] operator, -
whose semantics we then defined. To clear the way for a more efficient
translation, we then introduced case-expressions, describing their semantics -
in terms of a transformation into the constructs previously described.

The next two chapters complete the pattern-matching story. Chapter 5



References 77

gives a more efficient translation of Miranda function definitions into case-
expressions, and Chapter 6 shows how to transform the new constructs into
the ordinary lambda calculus.

References

Burstall, R.M. 1969. Proving properties of programs by structural induction. The
Computer Journal. Vol. 12, No. 1, pp. 41-8.

Burstall, R.M. 1977. Design considerations for a functional programming language. In
Proceedings Infotech State of the Art Conference, Copenhagen, pp. 54-1.

Burstall, R.M., and Darlington, J. 1977. A transforriiation system for developing
recursive programs. Journal of the ACM. Vol. 24, No. 1, pp. 44-67.

Burstall, R.M., and Gognen, J.A. 1982. Algebras, Theories, and Freeness: An
Introduction for Computer Scientists. Report CSR-101-82, Dept of Computer
Science, University of Edinburgh. February.

Landin, P.J. 1966. The next 700 programming langnages. Communications of the
ACM. Vol. 9, No. 3, pp. 157-64.

Turner, D.A., 1981.. Aspects of the implementation of programming languages.
D.Phil. thesis, University of Oxford. February.

Wadler, P. 1985. A Splitting Headache — and Its Cure. Programming Research Group,
Oxford. January.



Five

EFFICIENT COMPILATION OF
PATTERN-MATCHING

Philip Wadler

This chapter shows how to compile function definitions with pattern-matching
into case-expressions that can be efficiently evaluated. Previously, pattern-
matching has been formally defined, and we have seen some examples of
function definitions with pattern-matching.

5.1 Introduction and Examples

We begin by reviewing two examples.

The first example shows pattern-matching on more than one pattern. The
function call (mappairs f xs ys) applies the function f to corresponding pairs
from the lists xs and ys.

mappairs f [] ys =[]
mappairs f (x:xs) [] =[]

mappairs f (x:xs) (y:ys) = f x y : mappairs f xs ys

For example, (mappairs (+) [1,2] [3,4]) returns [4,6]. The definition given
here specifies that if the argument lists are not the same length, then the
result will be as long as the shorter of the two lists. For example,
(mappairs (+) [1,2] [3,4,5]) also returns [4,6].

The simplest way to think of pattern-matching is as trying to match each
equation in turn. Within each equation, patterns are matched from left to
right. For example, evaluating (mappairs (+) [1,2] [3,4] first matches (+)
against f in the first equation, which succeeds, and then matches [1,2] against

78
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[1, which fails. Then the second equation is tried. Matching (+) against f and
[1,2] against (x:xs) both succeed, but matching [3,4] against [] fails. Finally,
matching in the third equation succeeds, bindingfto (+),xto 1,xsto[2],y to 3,
and ys to [4). This corresponds exactly to the way pattern-matching was
defined in Chapter 4.

Performing pattern-matching in this way can require a lot of work. The
example above had to examine the list[1,2] three times and the list [3,4] twice.
It seems clear that it should be possible to evaluate this function application in
a more efficient manner that examines each list only once, but still gives the
result prescribed by the semantics. This can be done by transforming the
above definition into an equivalent one using case-expressions:

mappairs
= N.Axs'.\ys’.
case xs' of
NIL = NIL
CONS x xs => case ys' of
. NIL => NIL
CONS y ys = CONS (f x y) (mappairs f xs ys)

(Case-expressions were introduced in Section 4.4.) This chapter describes an
algorithm that can automatically translate the first definition into the second.
This algorithm is called the pattern-matching compiler.

The second example shows pattern-matching on a nested pattern. The
function call (nodups xs) removes adjacent duplicate elements from a list xs. It
can be defined as follows:

nodups [] =[]
nodups [x] = [x]
nodups (y:X:Xs) = nodups (X:Xs), y =X

y : nodups (x:xs), otherwise

(As you would expect, the guard ‘otherwise’ applies if no other guard does.
See Appendix.) For example, (nodups[3,3,1,2,2,2,3]) returns [3,1,2,3]. Note
that the naming need not be consistent: x stands for the first element of the list
in the second equation, and for the second element of the list in the third
equation.

Again, one can apply this definition by matching each equation in turn. For
example, evaluation of (nodups [1,2,3]) will first try to match [1,2,3] against[ ],
which fails. Next, it will try to match [1,2,3] against [x], which also fails.
Finally, it will succeed in matching[1,2,3] against (y:x:xs), bindingyto 1,xto 2
and xs to [3]. Again, this corresponds exactly to the semantics in Chapter 4.

As before, this is not very efficient. The list [1,2,3] is examined three times,
and the sublist [2,3] is examined twice (once in the second equation, where it
fails to match [ ], and once in the third equation, where it succeeds in matching
(x:xs)). The pattern-matching compiler can transform this into a form that
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examines the list and the sublist only once:

nodups
= Axs'’. case xs'’ of
NiL s> NIL
CONS x’' xs' =
case xs' of
NIL = CONS x’ NIL

CONS xxs = IF (= x’' X)
(nodups (CONS x xs))
(CONS x' (nodups (CONS x xs)))

(Here x' is the variable that was called x in the second equation and y in the
third.)

The two kinds of pattern-matching, nested patterns and multiple pattems,
are closely related to one another. The pattern-matching compiler discussed
below works uniformly for both.

In the examples above, the patterns on the left-hand sides of the equations
do not overlap. Many people would rewrite the first definition in the form:

mappairs’ f [] ys =[]
mappairs’ f xs [] =[]
mappairs’ f (x:xs) (y:ys) = f x y : mappairs’ f xs ys

In this case, the patterns overlap because both the first and the second
equation match against (mappairs’ f [] []).

One reason for preferring mappairs’ to mappairs is that it is considered to be
more efficient. Indeed, if the simplest implementation of pattern-matching is
used, matching each equation in turn, then it is slightly less work to match
against xs than to match against (x:xs). However, as we shall see, this
definition may actually be less efficient when the pattern-matching compiler is
used. Some other problems with definitions like mappairs’ will be discussed in
Section 5.5.

The remainder of this chapter is organized as follows. Section 5.2 explains
the pattern-matching compiler algorithm. Section 5.3 presents a Miranda
program that implements the algorithm. Section 5.4 describes some optimiza-
tions to the pattern-matching compiler. Section 5.5 discusses a restricted class
of definitions, called uniform definitions, which have useful properties.

Credit for the first published description of a pattern-matching compiler
goes to Augustsson, who used it in the LML compiler [Augustsson, 1985].
Techniques similar to Augustsson’s have been discovered independently by
several researchers, including the authors of the Hope compiler [Burstall e
al., 1980]. The material presented here is derived partly from Augustsson’s
paper and partly from original work by the author (Wadler).

It is also possible to derive the pattern-matching compiler from its
specification using program transformation techniques; see Barrett and
Wadler [1986].
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5.2 The Pattern-matching Compiler Algorithm
A Miranda function definition of the form

fpi1... p1a = Eq

f Pt - .. Pmn = En

can be translated into the enriched lambda calculus definition

f = Aujy.. .Mln[j (AP1.1". ... Ap1".E¢') ug ... uy)
0 (Apm1". ... Apma’-Em’) Uy ... Up)
] ERROR

where the u, are new variables which do not occur free in any E;, and the E/
and p; are the result of translating the E; and p;; respectively. It was shown
how to do this translation in Chapter 4, using the TD translation scheme.

This section shows how to transform the definition of f into a form which
uses case-expressions, removing all use of pattern-matching lambda abstrac-
tions. The transformation applies to the entire body of the Auy...\u,
abstraction, except that we generalize slightly to allow an arbitrary expression
instead of ERROR.

For the sake of simplicity, we assume that constant patterns have been
replaced by conditional equations, as described in Section 4.2.1.

5.2.1 The Function match
Our goal, then, is to transform an expression of the form

((Ap1,1- . .Ap1.a-E1) Uy ... uy)

5.1)
(é)\pm. .. APpmn-Em) U1 ... Uy

== = =}

into an equivalent expression which uses case-expressions rather than
pattern-matching lambda abstractions.

The transformation is a bit complicated, and so we will use some new
notation to describe it. Specifically, we will use a function match, which takes
as its arguments the various parts of the input expression, namely the pi;, E|
and u;, and produces as its output the transformed expression. The function
match is similar to the TDand TE translation schemes introduced in Chapter 3,
except that both its input and its result are enriched lambda calculus expres-
sions. Furthermore, the double square bracket syntax becomes somewhat
cumbersome, so we use a syntax like Miranda instead.

Here, then, is the call to match which we will use to compile the expression
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(5.1) given above:

match [U1, .oy u..]
[( [p1.1: »eey Pi.n]- E1 ):

i.[.pm.is sy pm.n]- Em )]
E

This call should return an expression equivalent to the expression (5.1), and
we take (5.1) as the definition of match from a semantic point of view. A call of
match takes three arguments: a list of variables, a list of equations and a
default expression. Each equation is a pair, consisting of a list of patterns
(representing the left-hand side of the equation) and an expression (repre-
senting the right-hand side). Notice that the list of variables and each list of
patterns have the same length.
We will also sometimes write calls of match in the form

match us gs E

Here us is the list of argument variables (of length n), and gs is a list of
equations (of length m). Each equation q;in gs has the form (ps;, Ej), where ps;
is the list of patterns on the left-hand side (of length n) and E; is the expression
on the right-hand side.

As a running example, we will use the following Miranda function:

demo f [] ys Afys
demo f (x:xs) [] Bfxxs
demo f (x:xs) (y:ys) = Cfxxsyys

This function is similar in structure to mappairs, but it has been changed
slightly in order to simplify and clarify the following examples. The right-hand
sides use three unspecified expressions A, Band C.

Translating this into the enriched lambda calculus using TD gives:

demo

= AUg.AUz.Aus. ((Mf.ANIL.Ays.A f ys) uy uz ug)
0 ((Mf.A(CONS x xs).ANIL.B f x xs) us uz ua)
0 ((M.AM(CONS x xs).A(CONS y ys).C f x xs y ys)us Uz Ug)
] ERROR

where uy, U2, us are new variable names which do not occur freein A, B orC.
Now, we transform the definition of demo, by replacing its body with a call of
match:

demo
= Auj.AUz.A\us. maich [ug, uz, us]
[ ([f, NI, ys } (A fys) ),
( [t, CONS x xs, NIL 1, (B f x xs) ),
([f, CONS x x5, CONS y ys], (C f x xs y ys)) ]

ERROR

The following sections give rules to transform any call of match to an
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equivalent case-expression. We begin with rules for simple cases and proceed
to more general cases.

5.2.2 The Variable Rule
In the example above, we have the following call on match:
match [uy, U2, us]

[ (Of, NiL, ys 1 (A fys) ),
( [f, CONS x xs, NIL ] Bfxxs) )
([f, CONS x xs, CONS y ys], (C f x xs y ys) ) ]
ERROR

In this case, the list of patterns in every equation begins with a variable. This
may be reduced to the equivalent call:

match [UZ! Ua]
[ ([NiL, ys 1 (A us ys) ),
( [CONS x xs, NIL 1 (B us x xs) ),
([CONS x xs, CONS y ys], (C us x xs y ys) ) ]
ERROR

This is derived by removing the first variable, us, and in each equation
removing the corresponding formal variable, f, and replacing f by u, in the
right-hand side of each equation.

The same method works whenever each equation begins with a variable,
even if each equation begins with a different variable. For example,

match [uz, us]

[ ([x, NIL], B x) ),
( [y, CONS x xs], (C y x xs) ) ]
ERROR

reduces to the call,

match [Us]

[ (INILL ® v ),
( [CONS x xs], (C uz2 x xs) ) ]
ERROR

(This particular example arises when compiling the definition of nodups. )

In general, if every equation begins with a variable pattem, then the call of
malch will have the form:

match (u:us)
[ ( (vi:psy), Eq ),

( Vm:PSm), Em ) ]
E
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This can be reduced to the equivalent call:

match us
[ ( ps1, Esfuivi]),

( PSm En[Wvm] )]
E

where, as usual, E[M/x] means ‘E with M substituted for xX’. In order to avoid
too many subscripts, a Miranda-like notation. has been used here; for
example, we write (u:us) instead of [uy, ..., us). The general case corres-
ponds to the first example above, where u is u4, us is [uz,us], v1 is f, pst is
[NIL, ys], and so on.

It is not hard to show that the rule is correct, that is, that the two match
expressions are equivalent. This follows from the definition of match and the
semantics of pattern-matching.

5.2.3 The Constructor Rule
The above step has left us with the following call of match:

match [uz, ua]
[ ( [N“.., ys ]v (A U4 ys) )v
( [CONS x xs, NIL 1, (B uy X xs) )
( [CONS x xs, CONS y ys], (C us x xs y ys) ) ]
ERROR

In this case, the list of patterns in every equation begins with a constructor.
This call is equivalent to the following case-expression:

case uz of

NIL 2> match [us]
[ ([ys), (A uy ys) )]
ERROR

CONS ug4 us = match [Uq, Us, Ua]
[ ( [x, xs, NIL], (B uy x xs) )

([x, xs, CONS y ys], (C u1 x xs y ys}))]

ERROR

This call is derived by grouping together all equations that begin with the same
constructor. Within each group, new variables are introduced corresponding
to each field of the constructor. Thus NIL, which has no fields, requires no new
variables, while CONS, which has two fields, introduces the variables us and
us. These new variables are matched against the corresponding subpatterns of
the original patterns.

It may be useful here to look at a second example. In compiling the
definition of a function like nodups, one would encounter the following call of
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match:
match [uy]
[ ( [NIL], A )
( [CONS x NIL], B x) ),
([CONS y (CONS x xs)], (C y x xs) ) ]
ERROR
This can be reduced to the equivalent expression:
case uy of
NIL > maitch []
[([] A )1
ERROR
CONS uz us => match [ua, us]
[ ( [x, NIL], B x) ),
( [y, CONS x xs], (Cy x xs) ) ]
ERROR

Again, NIL introduces no new variables (leaving a call of match with an empty
list of variables), and CONS introduces two new variables, uz and us.

More generally, it may be the case that not all equations beginning with the
same constructor appear next to each other. For example, one might have a
call of match such as:

match [lh]
[ ([CONS x NIL], (B x) )
( [NIL), A )
([CONS y (CONS x xs)], (Cy x xs) )]
ERROR

It is always safe to exchange two equations that begin with a different
constructor, so we may rearrange the above to the equivalent call:

. match [u4]
[ ( [NIL], A )
( [CONS x NIL], B x) )
([CONS y (CONS x xs)], (Cy x xs) ) ]
ERROR

which may be transformed as before.
It may also be the case that not all constructors appear in the original list of
equations. For example, a function definition such as:

last [x] = X
last (y:(x:xs)) = last (x:xs)

will result in the following call of match:

match [u,]
[ ( [CONS x NIL], X
( [CONS y (CONS x xs)], (last (CONS x xs)) ) ]
ERROR
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This can be reduced to the equivalent expression:

case u; of
NIL => maich [] [] ERROR
CONS u» uz => match [uz us]
[( [x, NIL], X ),
( [y, CONS x xs], (last (CONS x xs)) ) ]
ERROR

The case-expression must still contain a clause for the missing constructor,
and the call of match in this clause will have an empty list of equations. (From
the definition of match, we know that (match [] [] ERROR) is equivalent to
ERROR.)

We now discuss the general rule for reducing a call of match where every
equation begins with a constructor pattern. Say that the constructors are from
a type which has constructors cy, ..., ¢k. Then the equations can be
rearranged into groups of equations gss, . .., gsk, such that every equation in
group gs; begins with constructor c;. (If there is some constructor c; that begins
no equation, like NiL in the last example above, then the corresponding group
gs; will be empty.) The call of match will then have the form:

match (u:us) (gs; ++ ... ++ gsy) E
where each gs; has the form:
[ ( ((ci ps'i1):psia), Eir )
'('(.(c. PS’umy):PSim); Eimy ) ]

(++ is list append.) In this expression we have abbreviated the constructor
pattern (C p: ... prtothe form (c ps), where ps stands for the list of patterns
[p1, P2, ..., pi. This call to matchis reduced to the case-expression:

case u of
Ci us'y = match (us'y ++ us) gs's+ E

Ck us'x = malch (us’«x ++ us) gs'x E
where each qs’; has the form:

[ ( (ps'is ++ psig), Eig ),

( (PS"um ++ PSim), Eim ) ]
Here each us‘;is a list of new variables, containing one variable for each field
in Ci.
For instance, in the example at the beginning of this section, gszis

[ { [CONS x xs, NIL ), (B uy x xs) )
( [CONS x xs, CONS y ys], (C us xxsy ys) ) ]
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and c2 is CONS, ps’z2;1 is [x, xs], ps21is [NIL], E21is (B u1 x xs),ps’z2is[x, xs],
ps22is [CONS y ys], and E22is (C u1 x xs y ys). The corresponding gs’2is

[ ([x, xs, NIL ], (B u1 x xs) )
( [x, xs, CONS y ys], (C us x xs y ys) ) ]

The corresponding list of new variables, us2’, is [u4,us).

This notation is, of necessity, rather clumsy. The reader will be pleased to
discover, in Section 5.3, that this transformation can be written as a functional
program which is more concise and (with experience) easier to read.

Again, the correctness of this rule can be proved using the definition of
match and the semantics of pattern-matching.

5.2.4 The Empty Rule

After repeated application of the rules above, one eventually arrives at a call
of match where the variable list is empty, such as the following:

match []

([ (Auiug)]
ERROR

This reduces to:

(A U1 Us)

The correctness of this follows immediately from the definition of match, since
A cannot return FAIL.

In general, the call of match may involve zero, one or more equations. Zero
equations may result if the constructor rule is applied and some constructor of

the type appears in no equations, as in lastabove. More than one equation can
result if some of the original equations overlap.

Thus, the general form of a call of match with an empty variable list is:

match []
[ ([} E)

([} Em)]
E
wherem = 0. From the deﬁnitioh of match, this reduces to

E1ll...0EmnDE

Further, we can often guarantee that none of E4, ..., Epcanbe equal to FAIL.
In this case, the above match expression reduces to E; if m > 0 and to E if
m = 0. Section 5.4.2 discusses this optimization further.



88 Chapter 5 Efficient Compilation of Pattern-matching

5.2.5 An Example

The rules given so far are sufficient to translate the definitions of mappairs and
nodups to the corresponding case-expressions given in the introduction.
Notice that the variable names used in the introduction were chosen for
readability. In practice, the translation algorithm will usually pick new names.

The reader may wish to verify that the rules given above are indeed
sufficient to translate the definition

mappairs f [] ys []
mappairs f (x:xs) [] []
mappairs f (x:xs) (y:ys) = f x y : mappairs f xs ys

to the equivalent:

mappairs
= AU7.AU2.AuUs.
case uz of
NIL = NIL

CONS ug us = case uz of
NIL = NIL

CONS ug u7 = CONS (u1 us ue)
(mappairs u; us uz)

The reader may also wish to check that the function nodups transforms to the
case-expression given in the introduction.

5.2.6 The Mixture Rule

The above rules are sufficient for compiling most function definitions into
case-expressions. However, there is still one case which has not been covered.
This arises when not all equations begin with a variable, and not all equations
begin with a constructor; that is, when there is a mixture of both kinds of
equation. For example, here is an alternative definition of demo (similar in
structure to the alternative definition of mappairs):

demo’ f [] ys =Afys
demo’ f xs [] =B fxs
demo’ f (x:xs) (y:ys) = C fxxsyys

Converting this to a match expression and applying the variable rule to
eliminate f results in the following:

maich [uz,us}
[ ( [N"-r ys ]f (A U1 ys) )r
( [xs, NIL 1. (B us xs) ).
( [CONS x xs, CONS y ys], (C u1 x xs y ys) )
ERROR

Neither the variable rule nor the constructor rule applies to this expression,
because some equations begin with constructors and others with variables.



Section 5.2 The pattern-matching compiler algorithm 89

This is where the third argument to the match function is useful. The above
expression is equivalent to:

match [uz, ua]
[(NIL, ys], (A uy ys))]
( match [uz, ug]
[([xs, NIL], (B uy xs))]
( match [uz, us]
[([CONS x xs, CONS y ys], (C uy x xs y ys))]
ERROR ))

That is, the equations are broken into groups; first an equation beginning with
a constructor, then one beginning with a variable, and then one beginning
with a constructor again. If the equation in the first call of match fails to match
the arguments then the value of the second call of match is returned. Similarly,
if the equation in the second call does not match then the third call is returned,
and if the equation in the third call does not match then ERROR is returned.

The reader may verify that reducing the three calls of match using the
variable, constructor and base case rules results in the following definition of
demo’:

demo’
= AUj.AlU2.AUs.
case up of
NIL = (A uy uy)
CONS uq us =
case ug of
NIL =2 (B uy up)
CONS ug uy =
case uz of
NIL = ERROR
CONS u4 us =
case uz of
NIL = ERROR

CONS ug uz = (C uy ug us ug uy)

This involves.four case-expressions. When the second and third arguments
are both non-empty lists then each list is examined twice, as compared with
once for the definition of demo. This confirms the claim made in the
introduction that ‘optimizing’ the definition of mappairs by transforming it
into mappairs’ can actually result in worse code.

It may be possible to devise a compilation algorithm that would produce
better code for this case. This could be done by simplifying a case-expression
that appears inside another case-expression for the same variable. This sort of
optimization is straightforward, although it requires considerably more book-
keeping. In this case, mappairs’ would compile to the same case-expression as
mappairs, although the compilation process would be rather more
complicated. '
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In general, a call of match where some equations begin with variables and

some with constructors may be transformed as follows. Say we are given a call
of match of the form

match us gs E

The equation list gs may be partitioned into k lists gss, . .., gsksuch that
gs = gsy ++ ... ++ gsk

The partition should be chosen so that each gs; either has every equation
beginning with a variable or every equation beginning with a constructor. (In
the example above, each gs had length 1, but in general this need not be the
case.) Then the call of match can be reduced to:

match us gs¢ (match us gsz ( ... (maich us gsi E)...))

It is easy to use the definition of match to show that this rule is correct.

5.2.7 Completeness

With the addition of the mixture rule, it is now possible to reduce any possible
call of match to a case-expression. This can be seen by a simple analysis. Given
a call (match us gs E) then us will be either empty, so the empty rule applies,
or non-empty. If us is non-empty then each equation must have a non-empty
pattern list, which must begin with either a variable or a constructor. If all
equations begin with a variable then the variable rule applies; if all begin with
a constructor then the constructor rule applies; and if some begin with
variables and some with constructors then the mixture rule applies.

Further, define the ‘size’ of an equation list as the sum of the sizes of all the
patterns in the equation list. It can be seen that all four of the rules result in
calls of match with smaller equation lists. This guarantees that the algorithm
must eventually terminate.

5.3 The Pattern-matching Compiler in Miranda

This section presents the transformation algorithm as a functional program in
Miranda.

5.3.1 Patterns
First, it is necessary to give a data type for representing patterns.

pattern ;= VAR variable

I CON constructor [pattem]
variable ==
constructor == [char]
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For example, (x:xs) is represented by (CON “CONS* [VAR “x", VAR *xs"]).

We need two functions on constructor names. The function arity given a
constructor returns its arity, and the function constructors given a constructor
returns a list of all constructors of its type:

arity .. constructor —> num

constructors :: constructor —> [constructor]

For example (arity “NIL*) returns 0, and (arity “CONS*) returns 2. Both
(constructors “NIL“) and (constructors “CONS*“) return the list
[“NIL*, “CONS"].

5.3.2 Expressions
Next, we need a data type for representing expressions:

expression ::= CASE varable [clause]
| FATBAR expression expression
...

clause = CLAUSE constructor [variable] expression

For example, the case-expression:

case xs of
NIL = E;

would be represented by

CASE llxs’l
[CLAUSE “NIL“ [] Ev',
CLAUSE “CONS" ["Y". uysn] Ez']

where E{', E2' are the representations of the expressions E,, Ez2. Similarly,
the expression

Eq ] E2
would be represented by
FATBAR E, E2'

The *. . ." in the definition of the type expression stands for other
constructors used to represent other expressions, such as variables,
applications and lambda abstractions. We do not need to know anything
about these other expressions, except that there is a substitution function
defined for them.

subst :: expression —> variable —> variable —> expression

For example, if E represents the expression (f x y), then (sdbst E “_ut” “x")
represents the expression (f _u1l y).
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5.3.3 Equations
An equation is a list of patterns paired with an expression:
equation == ([pattern], expression)

We will use the letter q to denote equations, or else write (ps,e).

We need functions to determine if an equation begins with a variable or a
constructor. If it begins with a constructor, we also need a function to return
that constructor.

isVar .. equation —> bool

isvVar (VAR v : ps, 8) = True

isVar (CON c ps’ : ps, 8) = False

isCon :: equation —> bool
isCon q = ~ (isVar q)

getCon :: equation —> constructor

getCon (CON c ps’ : ps, @)= ¢

5.3.4 Variable Names

We need some way of generating the new variable names, ut, u2, and so on.
To do this we introduce a function makeVar that, given a number, returns a
variable name.

makeVar : num —> variable
makeVar k = “_u” ++ show k

For example, (makeVar 3) returns *_u3’. Here we preface each new variable
name with ‘_’ to avoid it being confused with any variable already in the
program.

5.3.5 The Functions partition and foldr

The implementation of the mixture rule uses a function called partition. The
call (partition f xs) returns a list [xsy, ... xsy] such that
xs = xs1 ++ ... ++ xsp, and such thatf x = f x' for any elements x and x’
in xs), i from 1 ton, and such thatf x # f x’ for any elements x in xs; and x’ in
xsi+1, | from 1to n—1. For example,

partition odd [1,3,2,4,1] = [ [1,3], [24], [1]]
The function partition is defined as follows:

partition m(x => ) —> [6] > [ [*] ]
partition f [] =[]
partition f [x] =[[x]]

partition f (x:x’':xs) = tack x (partition f (x':xs)), fx = f x’
= [x] : partition f (x':xs), otherwise

tack x xss = (x : hd xss) : t| xss
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Incidentally, the following definition of tack is not equivalent to the above
definition:

tack x (xs:xss) = (x : xs) : xss

The difference between the two is closely related to the question of strict and
lazy pattern-matching, mentioned in Section 4.3.5 in connection with the
function firsts.

The pattern-matching compiler also uses the standard function foldr. The
function foldr is defined so that

foldr f a [x4, X2, ..., Xn] = f X1 (F X2 (... (f Xq @)...))

For example, (foldr (+) O xs) returns the sum of the list of numbers xs. The
function foldr is defined by:

foldr D > ok —> xx) —> 2k —> [#] —> ==
foldr £ a [] = a
foldr f a (x:xs) = f x (foldr f a xs)

5.3.6 The Function match

We are now ready to define the function match. Calls of match have the form
(match k us gs def). Here, as in Section 5.2, us represents a list of variables,
gs represents a list of equations and def is a default expression. The argument
k is added to help in generating new variable names; it should be chosen so
that for every i>k, (makeVar I) is a new variable not in us, gs or def.

For example, the initial call to match to compile the definitions of mappairs
would be:

match 3
[”_U"”, n_u2u' "_U3"]
[ ( [VAR "f*, CON "NIL" [],
VAR "ys" } E1),
( [VAR nfn' CON "CONS" [VAR "X", VAR "XS"],
CON "NIL" []1], E2 ),
( [VAR ufu' CON "CONS" [VAR uxu' VAR uxsu]'
CON "CONS" [VAR uyu' VAH uysu] ]' E3 ) ]
efrror

where E1, E2 and E3 represent the three expressions on the right-hand sides of
the equation, and error represents the expression ERROR.

The definition of match can now be derived in a fairly straightforward way
from the description given in Section 5.2. The type of match is:

match :: num —> [variable] —> [equation] —> expression —> expression
The equations for the top-level of match come from the empty rule and the
mixture rule.

match k [] gs def = foldr FATBAR def [e | ((]e) <— gs ]
match k (u:us) gs def

= foldr (matchVarCon k (u:us)) def (partition isVar gs)
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The function matchVarCon is given a list of equations that either all begin
with a variable or all begin with a constructor. It calls matchVar or matchCon, as
appropriate.

matchVarCon k us gs def

= matchVar k us gs def, isVar (hd gs)
= matchCon k us gs def, isCon (hd gs)

The function matchVar implements the variable rule.

matchVar k (u:us) gs def
= match k us [(ps, subst e u v) | (VAR v : ps, 8) <— gs] def

The functions matchCon and matchClause implement the constructor rule.
The call (choose ¢ gs) returns all equations that begin with constructor c.

matchCon k (u:us) gs def

= CASE u [matchClause ¢ k (u:us) (choose c gs) def | ¢ <— cs]
where
cs = constructors (getCon (hd gs))

matchClause ¢ k (u:us) gs def
= CLAUSE c us’' (match (k’+k)

(us' ++us)
[(ps’++ps, e) | (CON c ps’ : ps, e) <— gs]
def )

where

k' = arity c

us’ = [makeVar (i+k) | i <— [1..k'] ]
choose ¢ gs = [q | q <— gs; getCon q = c]
This completes the Miranda program for the pattern-matching compiler

5.4 Optimizations

This section discusses some optimizations to the pattern-matching compiler.
Section 5.4.1 describes an optimization which gives greater efficiency when
compiling overlapping equations. This involves further uses of [ and FAIL, and
Section 5.4.2 describes how these may often be eliminated.

5.4.1 Case-expressions with Default Clauses

If overlapping equations are allowed, then sometimes the pattern-matching
compiler described above may transform a small set of equations into a
case-expression that is much larger. For example, consider the function
defined by:

unwieldy [] []
unwieldy xs ys

A
B xs ys
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The pattern-matching compiler transforms this into:

unwieldy = Axs.\ys. case xs of :
NIL => case ys of
NIL = A
CONS y' ys' => B xsys
CONS x' xs' = B xs ys

Here the expression (B xs ys) appears twice. If (B xs ys) were replaced by
a very large expression, the increase in size caused by the compilation process
could be very significant.

The problem can be avoided by modifying the rules given in Section 5.2 so
that right-hand sides are never duplicated during the compilation process. In
fact, only one rule can cause right-hand sides to be duplicated, the constructor
rule. This rule is modified as follows.

Recall that the constructor rule transforms a call of match of the form:

match (u:us) (gs1 ++ ... ++ gsi) E

to a case-expression of the form:

case u of
ci Usy = match (usy’ ++ us) gsy E

ck Usx’ => match (usy ++ us) gsk’' E

whereqgsy, ..., gskandgsy’, ..., gsx’ are as described in Section 5.2.3.
Normally E will be ERROR, but if the mixture rule is used then E may itself
be a match expression containing right-hand sides; it is in this case that
duplication may occur. The modified rule prevents this by using [] and FAIL to
avoid duplicating E.
This is done by replacing the case-expression above with the equivalent
expression:

(case u of
cy usy’ => match (us\’ ++ us) gsy FAIL

Ck Usy’ => match (usy’ ++ us) gsi’ FAIL)
JE

If we call the old case-expression C, then the new expression is (C’ [} E),
where C’ is formed by replacing each E in C by FAIL. It is clear that the new
expression is equivalent to the old cxpression and, as desired, E is not
duplicated by the new rule.

For example, using the new rule, the definition of unwieldy will now
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transform to:
unwieldy = Axs.Ays.
(case xs of
NIL 2> (case ys of
NIL =2 A
CONS y' ys' = FAIL) (a)
I FAIL (b)
CONS x’' xs' = FAIL)
I Bxsys ©

This expression is a little larger than the previous version of unwieidy, but
now (B xs ys) appears only once. If (B xs ys) stands for a large expression,
then this new expression may be much smaller than the-previous one.

As an example of how this sort of expression is evaluated, consider the call

(unwieldy NIL (CONS 1 NIL))

This is evaluated as follows. First, the outer case-expression is evaluated.
Since xs is NIL, this causes the inner case to be evaluated. Since ys is
(CONS 1 NIL), the inner case-expression returns FAIL; see line (a). So the
expression after the inner [] is returned, which is also FAIL; see line (b). Thus,
the outer case-expression returns FAIL. So the expression after the outer [J is
returned; see line (c). This is (B NIL (CONS 1 NIL)), which is the value
returned by the call of unwieldy.

5.4.2 Optimizing Expressions Containing [J and FAIL

It is often the case that all occurrences of FAIL, and its companion, [}, can be
eliminated. Most of these optimizations depend on reasoning that FAIL can
never be returned by an expression, because in this case an occurrence of [Jcan
be eliminated.

Suppose that FAIL is returned by an expression E. Then it is necessary
(though not sufficient) that one of the following conditions must hold:

(i) FAIL is mentioned explicitly in E;
(ii) E contains a pattern-matching lambda abstraction, whose application
may fail;
(iii) FAIL is the value of one of the free variables of E.

If the pattern-matching compiler described in this chapter is applied
throughout, then no pattern-matching lambda abstractions will remain in the
transformed program, and hence (ii) cannot occur. Since the programmer
presumably cannot write FAIL explicitly in his program, it is not hard
(although perhaps tedious) to verify that (iii) cannot occur either.

These observations focus our attention on all the places where FAIL can be
introduced explicitly by the compiler. There are only two such places:

(i) In the translation of conditional equations (Section 4.2.6). Fortunately,
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we can easily transform conditional equations to avoid the use of [] and
FAIL, and we show how to do so below.

(ii) In the variant of the pattern-matching compiler described in the last
section, where the introduction of [} and FAIL seems unavoidable. This
problem motivates the discussion in Section 5.5, in which we describe a
restricted class of function definitions that can always be compiled
without using [] and FAIL.

5.4.2.1 Rules for transforming [ and FAIL
We now give some rules for transforming expressions involving []and FAlL toa
simpler form. In all cases their correctness follows directly from the semantics
of [I.

First, we may eliminate [] if FAIL cannot occur on the left:

E+[] E2 = E,
provided that E, cannot return FAIL.

For example, this rule is used to derive the optimized version of the empty
rule in Section 5.2.4.

Second, we may eliminate [] if FAIL definitely occurs on the right or left:
EJFAL = E and FALL[E = E

Forexample, these rules can be used to simplify the final definition of unwieldy in
Section 5.4.1.

Third, there is the following useful transformation involving IF:

(FE E2E) [E = IF Ey Ez (Es [] E)
provided that neither E4 nor Ez can return FAIL.

This rule will be useful in simplifying conditional equations, which we now
attend to. :

5.4.2.2 Eliminating [ and FAIL from conditional equations
The empty rule for match, which was described in Section 5.2.4, resulted in an
expression of the form

E+fl...0EmIE

Now, the E; are just the right-hand sides of the original equations. If a
right-hand side consisted of a set of guarded alternatives without a final
‘otherwise’ case, then it will have been translated to the form:

IF Gy Ay (IF.... (IF Gg Ag FALL) ... )

where g is the number of alternatives (see Section 4.2.6). If there was a final
‘otherwise’ case (that is, a final alternative with no guard, so that the right-
hand side never fails), then it would have been translated to the form:

IF Gt A1 (IF ... (IF Gg—y Ag—y Ag) ... )
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Notice that G; and A; cannot be equal to FAIL, because they are only the
transformed versions of expressions written by the programmer.

If the right-hand side is of the first form, we can use the third rule of the
previous section repeatedly, followed by the second, to give:

(IF Gy Ay (IF ... (IF Gg Ag FALL) ... ) D E

IF Gy A; (IF ..j(IF Gy AgE) ...)

If the right-hand side is of the second form, it cannot return FAIL, and so we
can use the first rule of the previous section.

Application of these three rules will eliminate all occurrences of [] and FAIL
in the expression generated by the empty rule, and incidentally thereby give a
worthwhile improvement in efficiency.

5.4.2.3 Clever compilation

Using these rules, many of the instances of [] and FAIL remaining in a function
definition can be eliminated. Later we will consider compiling an expression
into low-level machine code. When we do this, we will see that it is possible to
compile the remaining expressions involving [] and FAIL in a surprisingly
efficient way, so that [ requires no code at all, and the FAIL simply compiles to
a jump instruction. This is discussed in Section 20.4.

5.5 Uniform Definitions

This section introduces a restricted class of function definitions, called
uniform definitions. There are two motivations for studying this class. First,
uniform definitions avoid certain problems with reasoning about function
definitions that involve pattern-matching. Second, uniform definitions are
easier to compile, and are guaranteed to avoid certain kinds of inefficient
code.

We begin by discussing some problems with reasoning about function
definitions containing pattern-matching. Consider again the alternate
definition of mappairs:

mappairs’ f [] ys =[]
mappairs’ f xs [] =[]
mappairs' f (x:xs) (y:ys) = f x y : mappairs’ f xs ys

Now, consider evaluation of the expression:
mappairs’ (+) bottom []
where the evaluation of bottom would fail to terminate (for example, botiom

could be defined by the degenerate equation bottom = bottom). Matching
against the first equation binds f to (+) and then attempts to match [] against
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bottom. In order to perform this match it is necessary to evaluate bottom, and
this of course causes the entire expression to fail to terminate.
On the other hand, consider evaluation of:

mappairs’ (+) [] bottom

Now matching against the first equation binds f to (+), matching [] against []
succeeds, and then ys is bound to bottom (without evaluating bottom). So the
expression returns [] instead of failing to terminate. This means that the
definition of mappairs’ is not as symmetric as it appears.

Further, if the first two equations of mappairs’ were written in the opposite
order, the two expressions above would change their meaning: now the first
would return [] and the second would fail to terminate. So even though the
first and second equations have the same right-hand side, the order in which
they are written is important.

The original definition of mappairs has none of these problems:

(]
(]
f x y : mappairs f xs ys

mappairs f [] ys
mappairs f (x:xs) []
mappairs f (x:xs) (y:ys)

Now the asymmetry between (mappairs (+) [] bottom) and
(mappairs (+) bottom []) is apparent from the equations. Further, changing
the order of the equations does not change the meaning of the function.

In general, one might expect that whenever the equations do not overlap,
the order in which they are written does not matter. In fact, this is not true.
Consider the definition:

diagonal x True False
diagonal False y True
diagonal True False z

1
2
3

The three equations of this definition are non-overlapping, that is, at most one
equation can apply. However, by this definition, the evaluation of:

diagonal bottom True False

would return 1. On the other hand, if the order of equations in the definition
were reversed, so the third equation came first, then the above expression
would fail to terminate. So even though the equations do not overlap, the
order in which they are written is important.

Clearly, it would be useful to have a test that guarantees that the order of
the equations does not matter. We now define the class of uniform definitions,
which have this property. The definition of ‘uniformity’ is designed so that it is
easy to test whether a definition is uniform while applying the pattern-
matching compiler to it.
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DEFINITION
A set of equations is uniform if one of the following three conditions holds:

(i) either, all equations begin with a variable pattern, and applying the
variable rule (of Section 5.2.2) yields a new set of equations that is
also uniform;

(ii) or, all equations begin with a constructor pattern, and applying the
constructor rule (of Section 5.2.3) yields new sets of equations that
are all also uniform;

(iii) or, all equations have an empty list of patterns, so the empty rule (of
Section 5.2.4) applies, and there is at most one equation in the set.

That is, a set of equations is uniform if it can be compiled without using the
mixture rule (of Section 5.2.6), and if the empty rule is only applied to sets
containing zero or one equations. (It is easy for the reader to check that when
the empty rule is applied to more than one equation, the order is relevant.)

Such equation sets are called ‘uniform’ because all equations must begin the
same way, either with a variable pattern or a constructor pattern, whereas the
mixture rule applies when some equations begin with variable patterns and
some with constructor patterns.

It is not difficult to prove the following:

THEOREM

If a definition is uniform, changing the order of the equations does not
change the meaning of the definition.

The proof is a straightforward induction, and is similar in structure to the
proof of correctness of the pattern-matching compiler that was outlined
(along with its definition) in Section 5.2. '

This shows that being uniform is a sufficient condition for the order of the
equations not to matter. It is not a necessary condition, as is shown by the
function dummy:

1
1, xs =[]

dummy []
dummy xs

Clearly, dummy is not uniform, but the order of the equations does not matter.
However, the following result shows that being uniform is indeed necessary if
one considers only the left-hand sides:

THEOREM

If the left-hand sides of a definition are such that the order of the equations
does not matter (regardless of the right-hand sides or condition parts of
the equations), the definition is uniform.
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For example, the order of the equations would matter in dummy if the 1 in the
second equation were changed to a 2. Again, the proof of the theorem is a
straightforward induction. These two theorems give us a simpler way of
characterizing uniform equations, without referring to the pattern-matching
compiler. Namely, a definition is uniform if and only if its left-hand sides are
such that the order of the equations does not matter.

It is also possible to show that every uniform definition is non-overlapping.
The converse is not true: the function diagonal is non-overlapping but is not
uniform. Researchers have often referred to ‘lack of overlapping’ as an
important property, but perhaps they should refer to ‘uniformity’ instead,
since this is the property that guarantees that the order of equations does not
matter.

Uniform equations are related to strongly left-sequential equations as
defined by Hoffman and O’Donnell [1983], which are in turn related to
sequential equations as defined by Huet and Levy [1979].

Notice that although uniform equations are independent of ‘top-to-bottom’
order, they still have a ‘left-to-right’ bias. For example, although the
following definition is uniform:

xor False x
xor True Failse
xor True True

X
True
False

the same definition with the arguments interchanged is not:

xor’ x False = x
xor’ False True = True
xor' True True = False

Of course, we can always get around this bias by using extra definitions to
rearrange the arguments. For example, we can define

XOr'' Xy = Xor y x

and then xor’’ is equivalent to xor’, and both xor’’ and xor have uniform
definitions.

The existence of left-to-right bias is due to the semantics of pattern-
matching that we have chosen. A different definition of pattern-matching that
avoids left-to-right bias is possible; see Huet and Levy [1979].

There is a second reason why uniform equations are important: they
are easier to implement. The problems with implementing non-uniform
definitions have been referred to implicitly in prevnous sections. In summary,
they are as follows:

(i) The resulting case-expressions may examine some variables more than
once (see Section 5.2.6).

(ii) The compiler must use a modified constructor rule to avoid duplicating
the right-hand side of equations (see Section 5.4,1),
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(iii) The resulting expressions may contain [] and FAIL. Implementing such
expressions efficiently requires additional simplification rules and/or a

special way of implementing FAIL using jump instructions (see Section
5.4.2).

The result is that the pattern-matching compiler must be significantly more
complicated if it is to deal with non-uniform expressions. Further, the first
point above means that it may be difficult to know how efficient the code
compiled for a non-uniform definition will be.

An issue related to uniformity is the way conditionals are handled. In
languages such as SASL, conditional expressions and where expressions may
appear anywhere in an expression, and the semantics of each is defined
independently. In Miranda, conditions and where clauses are not separate
expressions, but rather must be associated with the right-hand side of
definitions. This increases the power of Miranda, in some ways, but only when
non-uniform definitions are used. Hence, a restriction to uniform equations
would also allow this part of the language to be simplified.

On the other hand, it should be pointed out that non-uniform definitions
are sometimes very convenient. For example, the following definition
reverses lists of length two, and leaves all other lists the same:

reverseTwo [x,y] = [y.x]
reverseTwo xs = xs

The most straightforward way of rewriting this as a uniform definition is much
more long-winded:

reverseTwo [] =[]
reverseTwo [x] = [x]
reverseTwo [x,y] = [y,x]
reverseTwo (X:y:zZ:ws) = X:y:Z:Ws

In this case, it is easy to see another way of rewriting reverseTwo, but, in
general, rewriting may not be so easy.

Functional language designers have long debated whether or not
definitions with overlapping equations should be allowed in functional
languages. As has been shown, it may be more appropriate to debate the
merits of uniform — as opposed to non-overlapping — equations. Several
arguments in favor of restricting definitions to uniform equations have been
raised here; but it is also true that non-uniform definitions are on occasion
quite convenient. No doubt the debate will continue to be a lively one.

* * *
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Six

TRANSFORMING THE ENRICHED
LAMBDA CALCULUS

Having now defined the semantics of pattern-matching, we are in a position to
show how to transform all the constructs of the enriched lambda calculus into
the ordinary lambda calculus.

Section 6.1 shows how to transform pattern-matching lambda abstractions
into the ordinary lambda calculus, while Section 6.2 deals with let- and
letrec-expressions; Sections 6.3 and 6.4 deal with case-expressions and the |
operator.

6.1 Transforming Pattern-matching Lambda Abstractions

In order to translate Miranda function definitions involving pattern-matching
into the enriched lambda calculus, we had to introduce pattern-matching
lambda abstractions as a new construct. In this section we will show how they
can be transformed into the ordinary lambda calculus. For each form of (Ap.E)
we will give an equivalent form that does not use pattern-matching lambda
abstractions.

In the case when the pattern p is a variable there is nothing to do, because
no pattern-matching is involved. The remaining cases are when the patternis
a constant, a product-constructor pattern or a sum-constructor pattern. These
are dealt with in the following three subsections.

6.1.1 Constant Patterns

This section shows how to transform a pattern-matching lambda abstraction
(Ak.E), with a constant pattern k, into the ordinary lambda calculus. First of

104
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all, we recall the semantics of (Ak. E) from Section 4.3.2:

Eval[ \k.E ] a = Bval[ E ]| ifa=Evall k J
Eval[ \k.E ]} a = FAIL if a+ Evalfl Kk J and a # 1
Evall Nk.EJL=1

Operationally, (\k.E) tests whether its argument is equal to k; if so, it returns
E, if not it returns FAIL. This simple test can be carried out by the built-in IF
function, using the following transformation:

(Ak.E) = (Av.IF (= k v) E FAIL)

where v is a new variable which does not occur free in E. It should be clear
(and can be proved, using the semantics of (Ak. E) and the semantics of IF and
=) that these two lambda abstractions have the same meaning, and hence are
equivalent. Notice the way in which we introduce a new Av abstraction, so that
we can name the argument directly in its body.

As an example, consider the Miranda definition

fip 0 = 1
flip1=

This will be translated to

fiip = Ax.( ((A0.1) x)

0 (z1.0) x)
 ERROR)

Now, transforming out the pattern-matching lambda abstractions gives

fip = Ax.( ((A\V.IF (= 0 v) 1 FAIL) x)
0 ((\v.IF (= 1 v) 0 FAIL) x)
0 ERROR)

Itis now easy to verify that

fip0 —» ... » 1
fipt - ... - 0
fip2 -» ... - ERROR

6.1.2 Product-constructor Patterns

Next we consider the case of (\p.E), where p is the product pattern
(t p1 ... pr), and tis a product constructor of arity r. As before, we recall its
semantics (Section 4.3.4);

Evalll At p1 ... p).E 1 a = Evall[ Aps...Ap.E J (SEL+1 a)
(SEL-t-r a)

To implement this semantics, we invent a necw function
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UNPACK-PRODUCT-t for each product constructor t, and use it in this
transformation:

(At p1 ... p).E) = UNPACK-PRODUCT-t (Ap:...Apr.E)

The idea is that UNPACK-PRODUCT-t takes two arguments, a function and a
structured object, and applies the function to the lazily selected components
of the object. It is defined by the following semantic equation:

UNPACK-PRODUCT-t f a = f (SEL-t-1 a) ... (SEL-t-r a)

It can easily be shown that the transformation is valid, by comparing the
semantics of the expression before and after the transformation.

The right-hand side of the transformation still has pattern-matching lambda
abstractions in it, but they are smaller than the one we began with, and
repeated use of the rules for transforming pattern-matching lambda abstrac-
tions will eliminate them.

As an example, consider the function addPair, which adds together the
elements of a pair:

addPair = A(PAIR x y).+ x ¥y
This will be transformed to
addPair = UNPACK-PRODUCT-PAIR (Ax.Ay.+ x Y)

We can check that it gives the right results by reducing (addPair (PAIR 3 4)):

addPair (PAIR 3 4)

UNPACK-PRODUCT-PAIR (Ax.Ay.+ x y) (PAIR 3 4)

(Ax.Ay.+ x y) (SEL-PAIR-1 (PAIR 3 4)) (SEL-PAIR-2 (PAIR 3 4))
(\y.+ (SEL-PAIR-1 (PAIR 3 4)) y) (SEL-PAIR-2 (PAIR 3 4))

+ (SEL-PAIR-1 (PAIR 3 4)) (SEL-PAIR-2 (PAIR 3 4))

+ 3 (SEL-PAIR-2 (PAIR 3 4))

+34

7

RN

6.1.3 Sum-constructor Pattemns

Finally, consider the case of (Ap . E), where pisa sum pattern(s p1 ... py),and
s is a sum constructor of arity r. The semantics of such lambda abstractions
was derived in Section 4.3.3:

Evalf M(s p1 ...p).EQl(s a1 ... a) = Evalll Ap1...Apr.EJ a1...ar
Evalll A(s p1 ... p).E T} (s’ a1 ... ar)= FAIL ifs+s
Evalll Aspr ... pd.ER L = I

We can make a very similar transformation to the product-constructor case,
leaving all the hard work to a new function UNPACK-SUM-s:

(h(s Pt ... pr).E) = UNPACK-SUM-s (M)L..hpr.E)
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The function UNPACK-SUM-s takes two arguments, a function (in this case
(Ap1. . .Apr.E)), and a structured object. It checks whether the object is built
with constructor s: if not, FAIL is returned; if so, UNPACK-SUM-s takes the
object apart and applies the function (its first argument) to its components.
UNPACK-SUM-s is specified by the following semantic equations:

UNPACK-SUM-s f(say...a) =far... ar
UNPACK-SUM-s f (s’ a; ... ay) = FAIL ifs+#s
UNPACK-SUM-s f 1 =]

As an example, recall the Miranda definition of reflect:

reflect (LEAF n) = LEAF n
reflect (BRANCH t1 t2) = BRANCH (reflect t2) (reflect tt)

This is translated to:

reflect = At.( ((MLEAF n).LEAF n) t)
0 ((MBRANCH t1 2).BRANCH (reflect t2) (reflect t1)) t)
[} ERROR)

Now, applying the transformation gives:

reflect

= At.( (UNPACK-SUM-LEAF (An.LEAF n) t)
1 (UNPACK-SUM-BRANCH (At1.At2.BRANCH (reflect 2) (reflect t1)) t)
Il ERROR)

6.1.4 Reducing the Number of Built-in Functions

The trouble with the transformations of the previous section is that they
introduce several functions associated with each constructor. In this section
we discuss the implementation of these functions.

A structured object will be represented by the implementation as an
aggregate, consisting of the component fields together with a structure tag,
which distinguishes objects built by different constructors from each other
(see Section 10.3.1). It is this tag which can be used by UNPACK-SUM-s to
identify the constructor used.

In a type-checked system it is only necessary to distinguish objects from
other objects of the same type, so the structure tag can be a small integer in the
range 1. ..n (where n is the number of constructors in the type). This means
that, instead of requiring an UNPACK-SUM:-s function for each constructor s,
it is only necessary to have a single family of functions UNPACK-SUM-d-rs,
where d is the integer structure tag which is recognized by UNPACK-SUM-d-rs,
and r is the arity of s. In a similar way, the sum constructor functions can be
replaced with a family of functions PACK-SUM-d-rs, which take rs arguments
and construct an aggregate with r; fields and structure tag d.

We can perform an analogous set of replacements for the functions
associated with product types. UNPACK-PRODUCT-t can be replaced with
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UNPACK-PRCDUCT-r,, where ryis the arity of t (there is no need for a structure
tag here, since UNPACK-PRCDUCT does not examine it). Similarly, the
product-constructor functions can be replaced with PACK-PRCDUCT-r, and
the selector functions SEL-t-i can be replaced with SEL-rri. It is sensible to
keep PACK-SUM and PACK-PRCDUCT distinct because, having no structure
tag, objects of product type may have a different representation from objects
of sum type.
To summarize:

s (a sum-constructor function) is replaced by PACK-SUM-d-rs
UNPACK-SUM-s is replaced by UNPACK-SUM-d-rs
t (a product-constructor function) is replaced by PACK-PRCDUCT-r;
UNPACK-PRCDUCT-t is replaced by UNPACK-PRCDUCT-r;
SEL-t-i iis replaced by SEL-rri

where rs = arity of s,
d = structure tagofs,
r, = arity oft.

For example, assuming that we implement lists with structure tag 1 for NIL
and 2 for CONS, then the following replacements would take place:

NIL is replaced by PACK-SUM-1-0

CONS is replaced by PACK-SUM-2-2
UNPACK-SUM-NIL is replaced by UNPACK-SUM-1-0
UNPACK-SUM-CONS is replaced by UNPACK-SUM-2-2

Likewise, if the type tree is declared as before:
tree ::= LEAF num | BRANCH tree tree

and LEAF and BRANCH are assigned structure tags 1 and 2 respectively, the
following replacements would take place:

LEAF is replaced by PACK-SUM-1-1
BRANCH is replaced by PACK-SUM-2-2

UNPACK-SUM-LEAF is replaced by UNPACK-SUM-1-1
UNPACK-SUM-BRANCH is replaced by UNPACK-SUM-2-2

Finally, if the type pair is declared as before:
pair * ** ;= PAIR * *»
the following replacements would take place:

PAIR is replaced by PACK-PRODUCT-2
UNPACK-PRODUCT-PAIR is replaced by UNPACK-PRODUCT-2
SEL-PAIR-1 is replaced by SEL-2-1
SEL-PAIR-2 is replaced by SEL-2-2

Since functions with different types may be replaced by the same function
(for example, CONS and BRANCH are both replaced by PACK-SUM-2-2), these
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replacements should not be performed until after type-checking. For the
same reason, none of these replacements is possible for a system that
performs run-time type-checking (see Section 10.5).

6.1.5 Summary

Figure 6.1 summarizes the transformations developed in this section, and
Figure 6.2 gives the semantics for the two new families of functions we
introduced in order to perform the transformations.

(Ak.E) = (Av.IF (= k v) E FAIL)
where v is a new variable that does not occur free
inE
(Mt p1 ... py).E) = (UNPACK-PRODUCT-t (.. .Apy.E))
(A(s Ps ... pr’).E) (UNPM-SUM% (Apj . .hprs.E»
where k is a constant ’

t is a product constructor of arity r,
8 is a sum constructor of arity rs

Figure 6.1 Transforming out pattern-matching lambda abstractions

UNPACK-PRODUCT-t f a = f (SEL4-1 a) ... (SEL-t-; a)

UNPACK-SUM-s f (s a1 ... a,)) = fay...a,
UNPACK-SUM-s f (s’ a; ... a,,) = FAIL ifs+s
UNPACK-SUM-s f | - =1

where t is a product constructor of arity r,
s is a product constructor of arity rs

Figure 6.2 Sernantics of UNPACK-PRODUCT and UNPACK-SUM

6.2 Transforming let and letrec

In Section 4.2.9 we introduced a new complication to let(rec)-expressions, by
allowing the left-hand side of definitions to be an arbitrary pattern rather than
asimple variable. In this section we show how to transform these generalized
lets and letrecs into successively simpler forms, arriving eventually at the
ordinary lambda calculus. .

Rather than defining the semantics of let and letrec directly, as we did for
pattern-matching lambda abstractions, we will regard the transformations
described in this section as a definition of their semantics. To define their
meaning in a more direct way would require more mathematical machinery
than we have available in this book.
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We begin by sketching a new problem which is introduced by allowing
arbitrary patterns on the left-hand side of definitions. This leads us to define a
class of patterns, the irrefutable patterns, which do not suffer from the
problem. Then, before embarking on the transformations themselves, we
give a ‘map’ to explain their structure.

6.2.1 Conformality Checking and Irrefutable Pattems

Allowing arbitrary patterns on the left-hand side of a definition introduces a
new and somewhat subtle complication. Consider the expression

let (CONS x xs) =B in E

Here, the pattern (CONS x xs) appears on the left-hand side of the definition.
This raises the nasty possibility that B might evaluate to NIL instead of
(CONS B3 B»), in which case the pattern would not match, and some sort of
error should, presumably, be reported. This requires that a conformality
check be made, to ensure that B conforms with the specified pattern.

Conformality checking will carry some implementation cost, so we would
like to avoid it whenever possible. It can be avoided in precisely those cases
when the pattern match cannot fail, for example, simple product patterns.
However, there are some nested patterns which cannot fail also, which
motivates the following definition:

DEFINITION
A pattern pis irrefutable if it is
(i) either a variable v
(ii) oraproduct patternofform (t py ... p)wherepy, ..., prare irrefut-
able patterns.

Otherwise the pattern is refutable.

In other words, the irrefutable patterns consist of arbitrarily nested product
constructors with variables at the leaves. These patterns cannot fail to match
in a type-checked implementation. Variables and simple product patterns are
just two examples of irrefutable patterns.

However, even a single constant or sum constructor (even if nested insidea
product pattern) makes the pattern refutable, since there is a possibility that it
may not match. We need to perform conformality checking for refutable
definitions only.

6.2.2 Overview of let and letrec Transformations

We are now ready to describe the various transformations to simplify let(rec)-
expressions. While few are complicated, they are quite numerous, so we
begin by offering a ‘map’ to aid in navigation through the rest of the section.
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For a start, we establish the following terminology:

(i) The left-hand side of each definition of a simple let(rec)-expression must
be a variable.
(ii) The left-hand side of each definition of an irrefutable let(rec)-expression
must be an irrefutable pattern.
(iii) The left-hand side of each definition of a general let(rec)-expression may
be any arbitrary pattern.

With the aid of this terminology, Figure 6.3 depicts the transformations which
will be described below, giving the appropriate section number in brackets.

For the reasons discussed in Section 3.2.4, there are two possible forms into
which we may wish to transform the program, which differ only in their
treatment of let and letrec:

(1) We may transform the program into the ordinary lambda calculus; this
gives the simplest resulting program. In this case, general lets are trans-
formed into the ordinary calculus via irrefutable lets and simple lets.
General letrecs, on the other hand, are first transformed into irrefutable
lets via irrefutable letrecs, and then use the let transformations.

(ii) We may transform the program into the ordinary lambda calculus
augmented with simple let(rec)-expressions; the resulting program is
slightly more complicated, but can be implemented more efficiently
(Section 3.2.4). In this case, general lets are transformed only into simple
lets, and general letrecs are transformed into simple letrecs, via irrefutable

letrecs.
Dependency analysis (6.2.8)
l L
General let(rec) expressions
{ Conformality transformation (6.2.7) t
Irrefutable | Irrefutable
lets (6.2.6) letrecs
‘ (6.2.4) ‘,(6.2.5)
Simple Simple
lets letrecs
‘ (6.2.3)
Ordinary
lambda calculus

Figure 6.3 Map of let(rec) transformations
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Both possibilities are catered for by the transformations shown in Figure 6.3.
In what follows, when considering let-expressions we assume that they
contain only one definition. This gives no loss of generality, since a let-
expression with multiple definitions is trivially equivalent to a nested set of
single-definition let-expressions.
The following sections deal with the transformations depicted in Figure 6.3.

6.2.3 Transforming Simple lets Into the Ordinary Lambda Calculus

Once we have arrived at an expression in which all let-expressions are simple,
it is easy to remove them altogether, using the transformation given in Section
3.2.1:

letv=BinE = (A\W.E)B

For example,

let x =4in (+ x6) = (Ax.+ x 6) 4

6.2.4 Transforming lrrefutable lets into Simple lets

Consider the case of an irrefutable let-expression, of the form
letp=BinE

where p is irrefutable. Since the pattern on the left-hand side of the definition
is irrefutable, it must either be a variable or a product pattern. In the former
case there is nothing to do, since the let-expression is already simple. In the
latter case, the let-expression takes the form

where the p;are irrefutable patterns, and B and E are expressions. We can now
make the following transformation:

letv=08
in (let py = SEL-t-1 v

let(tp1...pr)=BinE

pr = SEL-t-r v
in E)

where v is a new variable that does not occur free in E.

The piare bound to selector functions applied to v, which is in turn bound to
B. Repeated application of this transformation will eliminate all non-simple
irrefutable let-expressions.

To take an example, the expression

let (PAIRXxy) =B inE
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would be transformed to

let v =B in (let x = SEL-PAIR-1 v
y = SEL-PAIR-2 v
in E)

Notice that if neither x nor y is evaluated in E, then B will not be evaluated
either, so the transformation implements lazy product-matching. Lazy
product-matching s just as much of an advantage here as it was in function
definitions. For example, we could recode the function “firsts’ from Section
4.3.5 in the following way:

firsts [] = (0, 0)
firsts (x:xs) = (x, ev), odd x
= (od, x), even x

where

(od, ev) = firsts xs

We would expect this definition to behave just like that of Chapter 4, so that if
lazy product-matching is used for function definitions then it should also be
used for let(rec)-expresstons.

(Note: an alternative transformation would have been possible in this
section, namely:

etp=BInE = (A\p.E)B

where p is an irrefutable pattern. From a semantic point of view, this is
entirely equivalent to the transformation used above. However, for the
efficiency reasons outlined in Section 3.2.4, we prefer to stay in the world of
let-expresstons as long as possible; hence our choice.)

6.2.5 Transforming lirefutable letrecs into Simple letrecs

The transformation from a letrec involving only irrefutable definitions into a
stmple letrec is very similar to that for let-expressions:

letrec t p1 ... pp =B = lerecv =8B
<other definitions> p1 = SELt-1 v
in E
pr = SEL-t-r v
<other definitions>
in E

where v is a new variable that does not occur free in E or B.

All the transformed definitions must be in a single letrec, to ensure that
vartables in the patterns p; are in scope in B. The ‘<other definitions>’ simply
takes into account the fact that the letrec may contain multiple definitions, and
this transformation should be applied to each of them separately.
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Repeated application of the transformation will simplify the p;successively,
until the letrec is simple.

6.2.6 Transforming Irefutable letrecs into Irefutable lets

In showing how to eliminate letrec-expressions altogether, we could take as
our starting-point the simple letrec-expressions produced by the transform-
ation described in the preceding section. However, it is slightly more efficient
to start from an earlier stage, the irrefutable letrec-expressions.

First of all, we recall from Section 3.2.2 how to transform a simple letrec
containing only a single definition:

(letrec v=Bin E) = (let v=Y (Av.B) in E)

We simply use the built-in function Y, which was introduced in Section 2.4, to
make the definition non-recursive. Now that the definition is non-recursive,
we can use let instead of letrec, and the job is done.

When there is more than one definition, we apply the following sequence of
two transformations. First of all, we apply the transformation

letrec p1 =By = letrec tp1 ... pn) = (tB1... By in E

Pn = Bn
in E
where tis a product constructor of arity n.

In other words, we simply package up the right-hand sides into a tuple and
match it against a product pattern on the left-hand side. Furthermore, since
the p; are irrefutable, the pattern (t py ... pn)is also irrefutable.

Now the letrec contains only a single definition with an irrefutable pattern
on its left-hand side, and we can proceed by analogy with the simple case
described above, using Y. This analogy yields the following transformation:

“letrec p=BinE = letp=Y (A\p.B)in E
where p is an irrefutable pattern.

Y is used exactly as before, to make the definition non-recursive. The new
feature is the use of a pattern-matching lambda abstraction, where we used
only a simple lambda abstraction before. The result is a let-expression with an
irrefutable pattern on its left-hand side, which is therefore amenable to the
transformations of Section 6.2.4.

To see this transformation in action, consider the following letrec-
expression:

letrec x = CONS 1y
y = CONS 2 x
in x
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It defines the infinite list [1,2,1,2,...,]. Applying the first transformation, we
package up the definitions into one:

letrec (PAIR x y) = PAIR (CONS 1 y) (CONS 2 x) in x
Now, applying the second transformation gives:
let (PAIR x y) = Y (A(PAIR x Yy).PAIR (CONS 1 y) (CONS 2 x)) in x

It is vital that the pattern-matching lambda abstraction should use lazy
product-matching. If it were to use strict product-matching instead, the
expression would yield 1 rather than [1,2,1,2, .. .]. In fact, mutual recursion
cannot be implemented using Y without some form of lazy product-matching.

Using the transformations for let-expressions and pattern-matching lambda
abstractions, we could complete the transformation of the current example as
follows:

(Av.(Ax.AY.X) (SEL-PAIR-1 v) (SEL-PAIR-2 v))
(Y (UNPACK-PRODUCT-PAIR (Ax.Ay.PAIR (CONS 1 y) (CONS 2 x))))

This expression is not a pretty sight, but it gives the correct answer (that is, the
infinite list[1,2,1,2,1,2,...,].

It should be clear from this example that implementing letrec using tuples
carries a run-time cost, both to build the tuple and to take it apart. This is one
of the reasons why more sophisticated implementations implement simple
let(rec)s directly (see Section 3.2.4 and Chapter 14).

6.2.7 Transforming General let(rec)s into Irrefutable let(rec)s

In Miranda, arbitrary patterns may appear on the left-hand side of a
definition. For example, consider the following Miranda definition of the
function head, which extracts the first element of a list:

head xs = ¥
where (Y:ys) = xs

The pattern (y:ys) appears on the left-hand side of the definition in the
where-clause. But this raises an awkward question: what would happen if the
pattern (y:ys) did not match the result of evaluating xs? In particular, what
would happen if we evaluated (head [])?

It is clearly unacceptable for the system to proceed in ignorance that
anything is wrong, so it is necessary to check that xs matches the pattern,
rather than assume that it always will. This is called the conformality check,
since it checks that xs conforms to the pattern.

Notice that the possibility of a mismatch only arises in the case of refutable
patterns, involving sum-constructor patterns or constants. The irrefutable
patterns, involving variables and product-constructor patterns only, cannot
fail to match (in a type-checked implementation).

The translation into the enriched lambda calculus does not affect the
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problem of conformality checking. For example, the definition of head
translates to:

head = Axs.(letrec (CONS y ys) = xs in y)

The pattern (CONS y ys) is refutable, and may fail to match. The problem
applies equally to lets and letrecs.

Having decided that conformality checking is essential, the next question
is: when is the conformality check performed? There are two possible
answers:

(i) When the evaluation of the entire let(rec)-expression begins.
(i) On the first occasion when either y or ys is used.

To illustrate the consequences of this choice, consider the (rather
contrived) expression

let (CONS y ys) = NIL in 6

The first answer specifies that the evaluation of this expression should cause
an error, while the second specifies that it should return 6.

In keeping with its lazy approach, the semantics of Miranda specifies the
second of the two answers, and so this property should be inherited by
let(rec)-expressions. How is this to be achieved? The simplest way seems to be
to transform the expression

let (CONSyys) =B in E
into
let (PAIR y ys) = (((M(CONS y ys).PAIR y ys) B) [] ERROR) in E

and rely on the transformation of Section 6.2.5 to cope with the simple product
pattern (PAIR y ys). The expression on the right-hand side will evaluate B, check
that it is an object constructed with CONS, take it apart, and construct a pair
cohtaining its two components. These components are then bound to y and ys using
a simple product pattern on the left-hand side.

If it is not an object constructed with CONS, then the application of the
pattern-matching lambda abstraction to B will return FAIL, and [] will retumn its
second argument, namely ERROR.

There are two points to notice about this transformation:

(i) No conformality check will be made if neither y nor ys is used in E,
because the lazy product-matching ensures that the right-hand side of the
definition is not evaluated unless at least one of the components of the
tuple is used.

(ii) The conformality check is made at most once. The evaluation of y or ys
will cause the evaluation of the right-hand side of the definition, at which
point the conformality check will be made, and the tuple built. Now,
further use of y or ys will simply access the components of this tuple.
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It seems hard to improve on these two properties, so we now generalize the
method to handle any let(rec)-expression. Given a definition of the form

p=8
where p is a refutable pattern, we use the following transformation:
p=B = (tvi...va)=(AP.(t vi ... vp)) B) | ERROR

where tis a product constructor of arity n. The resulting definition now has an
irrefutable pattern on the left-hand side. We call this the conformality
transformation, and it applies separately to any definition in a let or letrec
which has a refutable pattern on the left-hand side.

The variablesv; ... vaaresimply the variables that appear anywhere in the
pattern p. This suggests a new definition.

DEFINITION

For any pattern p, the set of variables of p, abbreviated Var(p), is defined
thus:

if pis a variable v, then Var(p) = {v}

if pis a constant k, then Var(p) = {}

if pis a structured pattern (c p1 ... pr),
then Var(p) = Var(py) U... U Var(p,)

Now we see that the variables vy ... v, in the conformality transformation
are simply the variables of p, namely Var(p). Hence, we can express the
conformality transformation as follows:

p=B = (tvi...v)=(Ap.(t vi... vy B) | ERROR

where (v, ..., Va} = Var(p),
t is a product constructor of arity n.

We would like to use the pattern-matching compiler of Chapter 5 to
transform the new right-hand side of the definition to an efficient form, and a
small modification to the conformality transformation will make its result
directly amenable to such transformation:

p=B = (tvi...vg) =letv=8
in (AP.(t v1 ... va)) v) | ERROR

Whel'e { v‘, L Y vﬂ } = var(p)’
tis a product constructor of arity n,
vis a new variable which is distinct from all the v;.

The pattern-matching compiler relies on the fact that the pattern-matching
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lambda abstractions are applied to variables only, which we achieve by
binding B to a new variable v using a let-expression. Now the expression

(Ap.(t v1 ... va)) v) [} ERROR

can be transformed by the pattern-matching compiler.

There are some unexpected consequences of the rule that the complete
conformality check is performed whenever any variable from the pattern is
used. For example, consider the following Miranda function definitions:

fl x=ywherey =X
(h:t) =[]
f2 x = y where (y,(h:t)) = (x,[])
f3 x = y where (v,2) = (X[}
(h:it) = z

Given the rules of this section, f1 will behave as the identity function,
ignoring the mismatch between (h:t) and []. The function 3 will behave in the
same way; it binds z to [], but ignores the mismatch between (h:t) and z.
However, 2 will always return ERROR, because when extracting Y from the
pair it will perform a conformality check on the whole pattern, and discover
that (h:t) does not match []. Nevertheless, the programmer might be forgiven
for thinking that f1, 2 and f3 should all behave in the same way.

In this section we have given a complete and consistent semantics for
refutable patterns in let(rec)s, which we believe accurately describes the
(current) semantics of this part of Miranda. As we have seen, however, the
semantics gives results which may occasionally be unexpected, which is only
to say that it is not the only possible choice. The examples of unexpected
behavior were suggested by Simon Finn, of the University of Stirling.

6.2.8 Dependency Analysis

The transformation of where-clauses given in Section 4.2.8 does not introduce
any let-expressions. The reason for this is that all definitions in a where-clause
may potentially be mutually recursive, so we assume the worst and generate a
single letrec-expression. Similar remarks apply to the overall scheme
described in Section 3.3. '

This is often unnecessarily pessimistic, and in this section we show how to
replace letrecs with lets wherever possible, and how to sort mutually recursive
definitions into minimal groups. For example, consider the following letreoc-
expression:

letrec x = fac z
fac = an.F(=n0) 1 (* n (fac (— n 1))
z =4
sum = AX.AY.IF (= x0) y (sum (— x 1) (+ y 1))

in sum x z
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An equivalent expression, which exposes more information, would be
let
z=4
in letrec
sum = AX.AY.IF (= x0)y (sum (— x 1) (+ y 1))
in letrec
fac = An.IF (= n0) 1 (* n (fac (— n 1))
in let
X = fac z
in
sum x z

In this latter form, the structure of the expression exposes clearly which
definitions depend on each other, and the use of letrec is restricted to the
occasion where it is actually necessary. Even when recursion is being used,
separate groups of recursive definitions are in separate letrecs (so that sum and
fac are in separate letrecs).

This transformation is called dependency analysis, since it sorts definitions
into groups according to the dependency relationships which hold between
them. Itis closely related to dataflow analysis techniques used in conventional
compilers.

It is highly desirable to perform dependency analysis, for two reasons:

(i) Let-expressions can be implemented considerably more efficiently than
letrec-expressions, so the use of the latter should be avoided unless
recursion is actually present.

(ii) Type-checking may be impossible if dependency analysis is not
performed (see Chapter 8). Furthermore, other steps such as strictness
analysis (see Chapter 22) become considerably more efficient if depen-
dency analysis is performed first.

We will now describe the dependency analysis algorithm in more detail,
using the following example as an illustration:

letrec

-2 0O TN
([
Qo

-ty

5Q
U
<Q

n

The example is a simple letrec, but the algorithm requires only minor
modification to deal with general let(rec)s.

The algorithm divides into four steps, which are performed separately on
each letrec.
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(1) For each letrec construct a (directed) graph in which the nodes are the
variables bound by the letrec. There is an arc from one variable, f, to
another variable, g, if g occurs free in the definition of f (i.e. the definition
of f depends directly on g). We call this graph the dependency graph.
Figure 6.4 shows the dependency graph for our example.

T el

f -
Figure 6.4 Example dependency graph

(2) Now, two variables x and y are mutually recursive if there is a path (direct
or otherwise) in the dependency graph fromx toy and from y to x. But this
is precisely the defimtion of a strongly connected component of a graph, so
the next phase is to discover the strongly connected components of the
dependency graph. There are a number of standard algorithms for doing
this (see, for example, Aho et al. [1974, 1983a] and Dijkstra [1976)).

In our example, the strongly connected components are

{cd} {tgh} {b} {a}

(We put non-recursive variables, such as a and b, in a singleton
component.) Each of the variables in each group depends on the others,
and these are the largest such groups.

(3) Next we need to sort the strongly connected components into dependency
order. In our example above this is to ensure that the let-expression for a
will enclose the let-expression for b. First of all we coalesce each strongly
connected component to a single node, forming a new graph (the
coalesced graph) which is guaranteed to be acyclic. Figure 6.5 shows the
effect of this operation. Now we can perform a topological sort to put
them in dependency order (this is again a standard algorithm [Aho ez al.,
1983b]). A topological sort puts the nodes of an acyclic graph into a linear
order such that no node has an arc to an earlier node. Alternatively, a
suitable strongly connected component algorithm (such as those given
above) will produce the components in topologically sorted order, so that
a separate topological sort would not be necessary.

o -k
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()
! {tan}
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Figure 6.5 Example coalesced graph

A possible result of the topological sort in our example is
{c.d}, {b}, {tg.}, {a}

This tells us that it is acceptable for the definition of {a} to enclose that of

{tg,n}, which encloses that of {b}, which encloses that of {c,d}. An
alternative result is

{cd}. {tgh}. {b}. {a}

The fact that more than one result is valid reflects the lack of dependency
between {f.g,h} and {b}.

Non-recursive definitions will be singleton components which do not
point to themselves in the dependency graph; we will produce let-
expressions for these.

(4) Finally we generate a let- or letrec-expression for each definition group in
the topologically sorted order. For our example this would generate the

following expression:

let
a =

in let
b =...a...

in letrec
f =...g...h...a
g =...f...
h =...g...

in letrec
¢c =...h...b...d
d =...c...

in

6.3 Transforming case-expressions

The translation scheme of Chapter 5 made use of the case-expression
construct, and we now demonstrate how case-expressions may be
transformed into an expression in the ordinary lambda calculus.
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We recall that a case-expression is of the form

case v of
C1 Vi1 ... Viny = Eq
Cn Vn.‘l PR Vn.rn = En
where ¢y, ..., caare a complete family of constructors of a structured type, v

is a variable and the E; are expressions.
As usual, there are two possibilities to consider, depending on whether the
constructors in the case-expression are those of a sum type or a product type.

6.3.1 Case-expressions Involving a Product Type

The general case-expression for product types is of the form:

case v of
tV1...Vr = E1

where t is the constructor of a product type. This case-expression is
degenerate, since there is no need to test v to determine which case to pick, so
we should perform lazy product-matching. We cén therefore use the follow-
ing transformation:

case v of = UNPACK-PRODUCT-t (Avy.. .)w,.E,) v
tvy...vv = E;

remembering that UNPACK-PRODUCT works lazily. For example, consider
the following Miranda definition of addPair:

addPair (xy) = x + Yy

Translated into the enriched lambda calculus, and transformed into case-
expressions, this becomes

addPair = Aw.(case w of (PAIR xy) = (+ XYy))
Now transforming the case-expression gives

addPair = Aw.(UNPACK-PRODUCT-PAIR (Ax.Ay.+ X y) W)
and a final n-reduction is now available, giving finally

addPair = UNPACK-PRODUCT-PAIR (AX.Ay.+ X )

6.3.2 Case-expressions Involving a Sum Type

Now suppose that the constructors are those of a sum type. Then the case-
expression is of the form:

case v of
S1 Vi1 ... Vi > Ey
Sn VnJ PP Vn.rn => En
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where sy, ..., spare the constructors of a sum type T. We can transform this
case-expression using the following transformation:

case v of
81 Vi,1 ... iy = Eq
S|| v“,j .« vll,lh = Ell

= CASE-T v (UNPACK-SUM-8y (Av11...AV1y,.Eq) V)

(UNPACK-SUM-S, (AVa1. . .AVagy.En) V)

The function CASE-T, of which there is one for each sum type T, selects one
of its n arguments depending on the constructor used to build its first
argument: ' :

CASE-T (s1a1 ...ag by ... b ... ba = by
CASE-T | bi...bi...ba=1

where T is a sum type. Operationally speaking, CASE-T evaluates its first
argument and returns the argument corresponding to the constructor.

We could use CASE-T to translate the definition of reflect, for which we have
the following case-expression (see Section 4.4):

reflect = At.case t of
LEAF n = LEAF n
BRANCH t1 t2 => BRANCH (reflect 12) (reflect t1)

Applying the transformation gives:

reflect

= \t.CASE-tree
t
(UNPACK-SUM-LEAF (An.LEAF n) 1)
(UNPACK-SUM-BRANCH

(At1.AM2.BRANCH (reflect 12) (reflect t1)) 1)

This is a more satisfactory definition than the one we produced in Section
6.1.3, because it will execute in fewer reductions, and because no check for
FAIL need be made by CASE-tree. Furthermore, UNPACK-SUM-LEAF is
guaranteed only to be applied to leaves, so it need not check the constructor of
its argument, thus giving a further gain in efficiency. Similar remarks apply to
UNPACK-SUM-BRANCH.

6.3.3 Using a let-expression Instead of UNPACK

The transformations given in the previous sections both introduced a new
lambda abstraction. For all but the simplest implementations, simple let-
expressions can be implemented much more efficiently than lambda
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abstractions (Section 3.2.4), so in this section we will see how to transform
case-expressions into simple let-expressions instead.
In the case of a product type, we use the following transformation:

case v of = |ot vi = SEL-t-1 v
tvy ... vy = E1 .o

Ve = SELt-r v
in E4

This transformation is precisely equivalent to the one given before, as can be
confirmed by transforming the let-expression into lambda abstractions using
the transformation that defines simple let-expressions (Section 3.2.1). The
addPair example would then become

addPair = Aw. (let x = SEL-PAIR-1 w
y = SEL-PAIR-2 w
in (+ xy))

This looks more complicated than the previous version, but it is more
efficient, because addPair can now be applied in fewer reductions.

This idea can be applied to the sum-constructor case as well, by applying the
transformation

case v of
S1 V4,1 ... Viy > E;

Sn Vnit ... Vi, = En
= CASE-T v (let vi1 = SEL-SUM-s4-1 v

Vig = SEL-SUM-s:-r1 v
in E4)

(let vn1 = SEL-SUM-Sp-1 v

Votg = SEL-SUM-S,rp v
n En)

'The selector function SEL-SUM-s-i selects the ith component of an object built
with the sum constructor s. (Remember that the selector functions SEL-t-i
apply only to objects of product type.) Again, the correctness of this trans-
formation can easily be shown using the equations for CASE-T and the
definition of simple let-expressions.

As before, the transformation seems to increase the complexity of the
expression, but it achieves the important objective of eliminating a lambda
abstraction. The result may run less efficiently on simple implementations,
but it will run much more efficiently on sophisticated implementations (see
Sections 20.10.4 and 20.11).
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6.3.4 Reducing the Number of Built-in Functions

The ideas of Section 6.1.4 can be applied to case functions also, to reduce the
number of built-in functions required.

Specifically, CASE-T can be replaced by CASE-n, where n is the number of
constructors for the type T. The integer structure tag of the first argument can
be used directly to select the appropriate one of the other arguments.
Similarly, SEL-SUM-s-i can be replaced with SEL-SUM-r-i, where r is the arity
of s. As before, these replacements should only take place after type-
checking.

As a bonus, the use of let-expressions instead of lambda abstractions has
also avoided the introduction of UNPACK-SUM and UNPACK-PRODUCT. If all
pattern-matching is compiled to case-expressions, then UNPACK-SUM and
UNPACK-PRODUCT do not need to be implemented at all!

The CASE-T function has deliberately been defined to select one of its
arguments (based on the constructor of its first argument), rather than apply
one of its arguments to the components of its first argument. This latter
approach might at first seem more efficient, but there are two reasons for not
taking it:

(i) When performing the replacements described in this section, CASE-T
would have to be replaced by CASE-n-ri-rs. . .-rn, where r; is the arity of
the ith constructor of type T. This seems rather excessive!

(ii) More importantly, it allows us to use let-expressions rather than lambda
abstractions, when transforming case-expressions to the ordinary lambda
calculus.

6.4 The [ Operator and FAIL

Finally, we must transform the [| construct into the ordinary lambda calculus.
This is not difficult, because the [| construct was only syntactic sugar which
allowed us to write [] as an infix operator. We therefore use the trans-
formation:

E1 [l E2 = FATBAR Ei E2

where FATBAR is a built-in function, with the same semantic equations as [J:

FATBAR a b=a ifa # FAlLanda # |
FATBAR FAIL b = b
FATBAR | b=1]1

It would be better still to eliminate [] and FAIL from the program altogether,
and optimizations which often succeed in doing this are described in Section
5.4.2. Any remaining occurrences of [] and FAIL can still be compiled sur-
prisingly efficiently by a sophisticated implementation (Section 20.4).
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6.5 Summary

In this chapter we have seen how to transform all the constructs of the
enriched lambda calculus into the ordinary lambda calculus, using Y to
express recursion. This is the method we will assume for the early implemen-
tations of Part II.

In addition, we have seen that it is also possible to transform the program
into the ordinary lambda calculus augmented with simple lets and letrecs. This
is essential for type-checking, though it can be transformed into the ordinary
lambda calculus after that, but the use of let and letrec makes it easier for later
parts of the compiler to produce more efficient code. Subsequent implemen-
tations, from Chapter 14 onwards, will therefore use the latter form
exclusively.
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Seven

LIST COMPREHENSIONS
Philip Wadler

List comprehensions are a syntactic feature of several functional languages,
which, like pattern-matching, can greatly increase the ease with which one
can read and write functional programs. Like pattern-matching, they add no
fundamental new power to the language, and it is easy to translate a program
containing list comprehensions into an equivalent program that does not
contain them.

This chapter is organized as follows. Section 7.1 explains the list compre-
hension notation. Section 7.2 gives a formal semantics of list comprehensions
in terms of reduction rules. Section 7.3 presents a method of translating
comprehensions into the enriched lambda calculus, and Section 7.4 uses
program transformation techniques to improve this method. For simplicity,
Sections 7.2-7.4 do not allow patterns in comprehensions, and the results of
these sections are extended to include patterns in Section 7.5.

7.1 Introduction to List Comprehensions

Set comprehensions were introduced by Burstall in an early version of the
language NPL (which later evolved into Hope, but without set compre-
hensions). List comprehensions were first used by Turnerin KRC, where they
were called ZF expressions [Turner, 1982]. List comprehensions have since
been included in several other functional languages, including Miranda and
SASL (in both of which they are called ZF expressions), and Orwell.

(List comprehensions have sometimes been called set abstractions. This

127
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name is unfortunate, since they operate on lists rather than sets, and since the
word ‘abstraction’ already has too many other meanings. )

List comprehensions are analogous to set comprehensions in Zermelo-
Frankel set theory. An example of a set comprehension in mathematics is

B = {square x | x € A & odd x}

that is, the squares of the odd elements of the set A. For example, if A is
{1,2,3} then B is {1,9}. The corresponding list comprehension in Miranda is

ys = [ square X | x <— xs; odd X ]

The only difference in notation is that the curly braces are changed to square
brackets, the &is changed to a semi-colon, and the symbol € is changed to <—,
which is pronounced ‘drawn from’. A much more important difference is that
the result is a list, not a set. Thus, if xsis[1,2,3] then ysis[1,9] and if xs is [3,2,1]
thenysis[9,1].

In general, a list comprehension has the form,

[<expression> | <qualifier>; ...; <qualifier>]

where each <qualifier> is either a generator (such as ‘x <— xs')or a filter (such
as ‘odd x').

Here are some more examples of list comprehensions. The function cp finds
the Cartesian product of two lists:

cpxsys=[(xy) | X <— xs; y <— ys ]
For example,
cp ['a',/b] [1,23] = [ (‘a')1), ('a'.2), ('a".3),
('b'1), ('b.2), (b".3) ]
Note that the last generator changes most rapidly.

The function pyth returns a list of all Pythagorean triangles with sides of
total length less than n:

pyth n =[ (abc) | a, b, c <— [1..n];
a+b+c<=n
square a + square b = square c ]

(Here [1..n] returns the list of numbers from 1 to n, and a generator such as
‘Xy <— 2zs’ is shorthand for ‘x <— zs; y <— zs’.) This function may be
written a little more efficiently as

pyth n =[ (abc) | a <— [1..n];
b <—- [1..n—a];
c <— [1..n-a-b];
square a + square b = square c ]

A later qualifier may refer to a variable defined in an earlier one, but not vice
versa.

The function sort sorts a list into ascending order. The method used is that
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of quicksort: the list is divided into those elements less than or not less than
the first element, and the two sublists are sorted recursively:

sort [] =[]
sort (x:xs) =sort [y | y <— xs; y < x]
++ [x] ++

sot [y |l y <— xs; y >= x]
(Here, ++ is list append.)
Patterns may appear to the left of the <— arrow. For example, suppose that
the function zip returns a list of pairs of corresponding elements of a pair of
lists, so that

zip ([1,2,3], [4,5,6]) = [(1.4), (2,5), (3,6)]

Then we can define a function vecAdd for performing vector addition (adding
corresponding elements of two lists) as follows:

vecAdd xs ys = [x+y | (xy) <— zip (xs,ys)]
The pattern (x,y) appears to the left of a <— arrow. For example,
vecAdd [1,2,3] [4,5,6] = [5,7,9]

It is often convenient to use zip with list comprehensions in this way.

More generally, in a generator ‘p <— L’ the pattern p may be refutable. In
this case, elements of the list L which do not match the pattern are simply
filtered out. The function singletons takes a list of lists and returns the
elements of each list of length one:

singletons xs = [x | [x] <— xs]
For example,
singletons [ [1,2], [5), [1, [2] ] = [5, 2]

Here the ‘[x]’ to the left of the arrow is the refutable pattern. The elements
[1,2] and [ ] do not match the pattern, and so are filtered out.

For simplicity, in Sections 7.2-7.4 we will ignore the fact that a pattern may
appear on the left of the <— arrow, and only deal with variables. The results of
these sections will then be extended to patterns in Section 7.5.

(In Miranda there is a second form of ZF expression, written with curly
braces, which indicates that duplicates should be removed from the result list
and generators should be ‘diagonalized’. This form will not be dealt with
here. There is also another form of generator which we do not cover here.)

" 7.2 Reduction Rules for List Comprehensions
Just as reduction rules (such as the 8-rule) can be given to define the behavior

of lambda abstractions, so can reduction rules to deﬁne the behavior of list
comprehensions be given.
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To present these rules, we will write comprehensions in the form
[E 1 Q]

where E is an expression and Q is a sequence of zero or more qualifiers. The
sequence Q will

(i) either begin with a generator, in which case the rule is of the form
[Elv<—-L Q]

where vis a variable and L is a list-valued expression;
(ii) or begin with a filter, in which case the rule is of the form

[E | B; Q]

where B is a boolean-valued expression;
(iii) or will be empty, in which case the rule is of the form

[E 1]

One does not normally see comprehensions with no qualifiers such as[E 1 ],
but they are useful for defining reduction rules in a uniform way.

Abbreviations should be expanded so that all comprehensions are in the
above form. In particular, generators of the form

Vi, ..o Vn <— L
should be expanded to
vi<—1L ...;vww<-1L
where vy, ..., vnare variables.

After abbreviations are expanded, the following five reduction rules suffice
to define list comprehensions:

1) E1v<-]]:Q] - [] -

2 Elv<—FE:L';Q] - [EIQEN ++ [EIVv<—-L,Q]
(3) [E | False ; Q] - []

4 [E| True ; Q] - [E 1 Q]

5) [E] - [E]

The first two rules define the behavior of generators, the second two define
the behavior of filters, and the last ‘cleans up’ after all the generators and
filters have been processed. The second rule uses the substitution notation of
Chapter 2, so [E | Q][E’/v] means [E | Q] with all free occurrences of v
replaced by E'.

From rules (1) and (2) we can see that

(2b) [E | v <— [Ey, ..., En}; Q]
— [E | QJ[E/V] ++ ... ++ [E | Q][EnV]
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which may be an easier way to think of the rule for generators. For example,

[square x | x <- [1, 2, 3]; odd x]
— [square t | odd t] ++ [square 2 | odd 2] ++ [square 3 | odd 3]

(by rules (1) and (2))
— [square 1 | True] ++ [square 2 | False] ++ [square 3 | True]
(reducing odd)
— [square 1 | ] ++ [] ++ [square 3 I ] '
(by rules (3) and (4))
— [square 1] ++ [] ++ [square 3]
(by rule (5))

- [t, 9]

These rules are based upon using append (++) to combine the result lists,
rather than cons (:) as one might expect. This is necessary in order to make it
easy for filters to remove elements (by reducing to the empty list, as with
[square 2 | odd 2] in the example above). It is also necessary for multiple
generators, as in the example below:

cp ['a’,’b’] [1,2,3]
- [(xy) | x <—[a,b] y <- [1,23] ]

(definition of cp)
= [Cawy) ty <-[123] ] ++ [(b'y) 1 y <~ [1,23] ]
(by rules (1) and (2))
= [(at) 1 ] ++ [(a2) | ] ++ [(a'3) 1 ] ++
[Cot) 1 ]+ [(b2) 1 ] ++ [(b'3) 1 ]

(by rules (1) and (2) again)
- [(a'1), (a'2), (2'3),
(b’,1), (b"2), (b'3) ]
(by rule (5))

The careful reader will have noticed that the above examples have ignored

lazy evaluation. A lazy evaluator would begin to reduce the first example as
follows:

[square x | x <- [1, 2, 3]; odd x]
— [square t | odd 1] ++ [square x | x <- [2, 3]; odd x]

(by rule (2))
-> [square t |] ++ [square x | x <- [2, 3], odd x]

(by rule (4))
— [square 1] ++ [square x | x <—[2, 3]; odd x]

(by rule (5))

— 1 : [square x | x <— [2, 3]; odd x]

and so the first element of the result can be returned without examining the
entire input list.
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7.3 Translating List Comprehensions

The above rules provide a concise definition of list comprehensions. In this
section we will see that a very similar set of rules can be used to translate
Miranda list comprehensions into the enriched lambda calculus.

The translation requires one new function, flatMap. This is defined in
Miranda as follows:

flatMap f []
flatMap f (x:xs)

[]
(f ) ++ (flatMap f xs)

That is, (flatMap f xs) applies a list-valued function f to each element of a list
xs, and then appends all the resulting lists together.

The rules for translation can be expressed by giving some extra rules for the
TE scheme, which was introduced in Chapter 3, and Figure 7.1 gives these
extra rules.

flamap (\Ww.TE[ [E 1 Q] 1) TE[ L ]
IFTEf B I TEL[E! Q] T NIL
CONS TE[[ E J NIL

(a) TEf[E1v<-LQ]]
(b) TEf[E1B Q]
(c TEL[E!]]

where E is an expression
B is a boolean-valued expression
L is alist-valued expression
Q is a sequence of zero or more qualifiers
v is a variable

Figure 7.1 Translation scheme for list comprehensions

It is not hard to see that rule (a), together with the definition of flatMap, is
equivalent to rules (1) and (2) of the preceding section. Similarly, rule (b) is
equivalent to rules (3) and (4), and rule (c) is equivalent to rule (5).

Here are two examples, showing how to compile comprehensions like those
used in the examples in the preceding section:

TE[[ [square x | x <— xs; odd x] ]I

= flatMap (Ax.TE[[ [square x | odd x] ]]) xs (rule (a))
= flatMap (Ax.IF (odd x) TE[[ [square x | ] J] NIL) xs (rule (b))
= flatMap (Ax.IF (odd x) (CONS (square x) NIL) NIL) xs (rule (c))
TEL [(xy) | x <— xs; y <— ys] ]I
flatMap (\x. TEIL [(xy) 1 y <— ys] 1) xs (rule (a))
flatMap (\x.flatMap (ry.TE[L [(xy) + 11D ys) xs (rule (a))

flatMap (Ax.flatMap (»y.CONS TE[[ (xy) 11 NIL) ys) xs (rule (c))
flatMap (Ax.flatMap (ry.CONS (PAIR x y) NIL) ys) xs

It is left as an exercise for the reader to evaluate the terms above (for some
suitable values of xs and ys) and verify that they return the desired results.
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7.4 Using Transformations to Improve Efficlency

The translation scheme described in the previous section is complete, but is
not the most efficient translation method possible. This section uses well-
known techniques of program transformation to derive a more efficient
translation scheme.

The translation scheme will be improved in two steps. The first step
improves efficiency using the well-known idea of expanding-out a program in
place. Notice that an expression of the form

flatMap (Av.E) L

‘may be replaced by the equivalent enriched lambda calculus expression

letrec
h = Aus. case us of
NIL = NIL
CONS v us’ = APPEND E (h us’)
in (h L)

where h, us and us’ are new variable names. It is straightforward to show that
this expansion corresponds to the original definition of flatMap.

TEE[EIv<-LQ]]

= |etrec
h = Aus. case us of
NIL 2 NIL
CONS v us’ = APPEND TE[[E | Q] ] th us)
mnthTEELD

where h, us and us’ are new variables which do not occur free in E, Lor Q

Figure 7.2 Improved rule (a) for translation scheme

If we apply this transformation to rule (a) then we get a new, equivalent
rule, shown in Figure 7.2. Combining this rule with rules (b) and (c) gives a
more long-winded, but more efficient, translation scheme. An example of the
use of this scheme is shown in Figure 7.3.

TE[ [square x | x <— xs; odd x] ]
= letrec
h = Aus. case us of
NIL = NIL
CONS x us’ = APPEND
(IF (odd x) (CONS (square x) NIL) NIL)
th us)
in (h xs)

Figure 7.3 Example of a translation using the improved rule



134 Chapter 7 List Comprehensions

This translation scheme is quite efficient, but there is room for further
improvement. For instance, the example shown in Figure 7.3 contains the
expression

APPEND (IF (odd x) (CONS (square x) NIL) NIL) (h us’)
and it would have been more efficient to generate the equivalent expression
IF (odd x) (CONS (square x) (h us’)) (h us’)

instead.

In general, it would be desirable to eliminate all calls of APPEND. The
reason for this is simple: rather than generating two lists and then appending
them, it is better to generate the desired list directly. This will be significantly
more efficient, since evaluating APPEND requires time and space proportional
to the length of its first argument.

Surprisingly, it is indeed always possible to translate list comprehensions in
such a way that APPEND does not appear in the final result. The second, and
final, improvement in the translation scheme will be derived by applying
program transformation methods to the first scheme to eliminate all appear-
ances of APPEND.

Observe that the only place that APPEND appears in the current translation
scheme is in the following phrase in the improved rule:

APPEND TEf [E | Q] T (h us’)

This suggests that we might define a new translation scheme that will translate
the above expression directly. That is, we wish to define a new translation
scheme TQ, such that

TQE[EI1Q++ L] = APPEND TE[[E | QI J TEL L 1 (7.1)

for any expression E, list of qualifiers Q and list-valued expression L. Then we
can replace the previous expression by:

TQ [E 1 Q] ++ (hus) ]

Itis easy to prove this is equivalent to the previous expression using rule (7.1).

The rules defining TQ are given in Figure 7.4. Readers familiar with
program transformation will see that it is easy to derive the new rules (A), (B)
and (C) from the modified rule (a), and rules (b) and (c). For example, here is
the derivation of rule (C):

TEE!I]++ L]

= APPEND TE[f [E' ]I TEL L T (by (7.1))
= APPEND (CONS TEf E I NIL) TEf L 1 (by rule (c))
= CONSTE[fETNTE[ L ] (by definition of APPEND)

The derivation of the other rules is not much harder, and is left as an exercise
for the interested reader.
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TE[EI1Q]] = TOL[E1 Q] + [1]

(A) TAE[E Iv<—L; Ql + L2 1

= [etrec
h = \us. case us of
NIL = TEf L2 1]
CONS vus = TQE[E 1 Q] ++ (hus) }§
NnthhTEF L D

(B) TQE[E 1 B; Q] ++ L] = FTEELBITOL[E | QI+ LETEL L ]
(C) TAE[E 1]+ L3 = CONS TEfE § TE[ L }

where h, us and us’ are new variables which do not occur free in E, Ly, Lzor Q

Figure 7.4 Optimal translation scheme for list comprehensions

TE[ [square x | x <— xs; odd x] ]
= |etrec
h = Aus. case us of
NIL = NIL
CANS x us’ = IF (odd x) (CONS (square x) (h us’)) (h us’)
in (h xs)
TEL [(xy) | x <— xs; y <— ys] §
= |gtrec
g = Aus. case us of
NIL = NIL
CQNS x us’ =>
letrec
= \vs. case vs of
NIL = (g us)
CONS y v8' = CQNS (PAIR x y) ¢(h vs’)
in (h ys)
in (g xs)

Figure 7.5 Example translations using the optimal scheme

Figure 7.5 shows two examples of the translations produced by the new
scheme. These should be compared with the examples at the end of the
previous section. The reader will see that the new translations are consider-
ably longer, but also considerably more efficient. Indeed, the translations
produced by the new scheme are as good as the best translations one would
make by hand. '

More precisely, we can state that the new translation scheme is optimal in
that it performs the minimum number of CONS operations. For a list compre-
hension, this means performing exactly one CONS operation for each element
in the returned list. The old translation scheme performed rather more CONS
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operations than this, because of the extra CONS operations performed by
APPEND. However, the new scheme is indeed optimal in this sense, as the
reader may verify (informally or by a simple inductive proof).

Although the work here has been presented in an informal style, it is an
excellent example of the power of formal methods. As has been pointed out,
starting from the reduction rules of Section 7.2, one may derive the trans-
lation scheme of Section 7.3 and the improved translation scheme of this
section. None of the transformation steps is particularly difficult. On the other
hand, had formal methods not been used, the development would have been
much more troublesome, and quite possibly the optimal translation scheme
described here would not have been discovered.

7.5 Pattern-matching in Comprehensions

Sections 7.2-7.4 have ignored the fact that in general a pattern rather than a
variable may appear to the left of the <~ in a generator. This was done in
order to make the presentation of the material a little simpler. This section
updates the results of the previous sections to allow patterns in generators.
First, we consider the reduction rules that define the semantics of list
comprehensions. Recall that the reduction rules for generators are:

M EIv<-[] ;Q] = 1]
2) [Eiv<-E:L";Q] - [EI QEN ++ [El v <—-L; Q]

To allow for patterns in generators, these are replaced by:

1) Ertp<-101 Q1 - ]
2)IEIp<-E:;Q] - ((Ww.I[EI1Q)E)DNI])
+ [El p <= L% Q]

The only changes are that the variable v has been replaced by the pattern p,
and that in the second rule the phrase

[E | QJ[E'N]

has been replaced by
(Ap.[E1 QD EY D]

Thus, instead of substitution we use a pattern-matching lambda abstraction,
as described in Chapter 4. If the pattern does not match then [ ] is returned; so,
as desired, if an element does not match a pattern it is as if it had been filtered
out of the list.



Section 7.5 Pattern-matching in comprehensions 137

Notice that if the pattern p is replaced by a variable v then

(Ww.[E1 Q) E)DI]
- [Et QIE'NTI] (by B-reduction)
- [E | Q]J[E'N] (by definition of [])

so the rule for variables is just a special case of the rule for patterns. -
Here is an example using the new reduction rules:

[x 1 [x] <= [ [%,2], [5]) ] [2] )]

= ((Mx].Dx 1 D) [1.2D D []) ++
((Dx).0x 1 D [S) DOIL]) ++
((x).Dx 1 D LD OL)) ++
((Mx).xt D [2D 0O11)
(by rules (1') and (2))

— (FALQ[D) ++ @5S100) ++ FAL I [D ++ (210 (D
(by the rules of pattern-matching and rule (5))
= []++ [6] ++ [] ++ [2]
(by definition of [])
- [5, 2]

which is the desired result, as described in Section 7.1.
The modification to the translation scheme is analogous to the modification
to the reduction rules. The only rule which contains a generator is rule (a):

(@ TEL[E I v<-LQ)Y = flatMap GW.TEL[E ' QI TEL L |

For patterns, this is modified to:

@) TEL[E 1 p<-L Q]
= flatMap A.((ATEf p BTEF[E' QI H u)INIL ) TEF L 1

where u is a new variable which does not occur free in p, E or Q.

Notice that the subexpression

(ATEL p R.TEL [E 1 Q) 1) u) I NIL

is in exactly the right form to be further translated by the pattern-matching
compiler described in Chapter 5. Moreover, in the case that the pattern p is
justa variable v, applying the pattern-matching compiler to rule (a’) will yield
the same result as rule (a), so again the rule for variables is just a special case
of the rule for pattems. Further, just as one can show that rule (a) follows
from rules (1) and (2), one may show that rule (a') follows from rules (1') and
@)

Finally, the optimal translation scheme may be generalized in a similar way,
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The translation rule (A) of Figure 7.4 should be replaced by the rule

(A') TMQEE I p<-Ly;Ql ++ L2 1

= |etrec
h = Aus. case us of
NIL = TEQ L2 1
CONS u us’ =
( (ATE[L p 1.7TQ [E | Q] ++ (h us’) ) v)
0 (h us))
in(hTEL L« 1)

where h, u, us and us’ are new variable names which do not occur
freeinE, L,, LoorQ. :

Again, the central phrase of this rule is in just the right form for further
processing by the pattern-matching compiler, and the rule for variables
emerges as a special case of the rule for patterns. And, again, just as rule (A)
can be derived from rule (a), so rule (A’) can be derived from rule (a’).
Furthermore, the new translation scheme is still optimal, in that it performs
" the minimum number of CONS operations.

In short, extending the results of the previous sections to allow patterns in
generators is straightforward; the new rules have the old rules as a special
case; the correctness of the new results may be shown in the same way; and the
efficiency of the translations is unimpaired.
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POLYMORPHIC TYPE-CHECKING

Peter Hancock

In common with several other modern programming languages, Miranda
has the property that a programmer need not specify the types of the objects
defined in his program. The compiler can work out those types, if the program
can be consistently typed at all. The part of the compiler that does this is
usually called the ‘type-checker’. It attempts to infer the types of expressions
in the program from their contexts. This kind of type-checking was first
implemented for the language ML, around 1976. The type discipline was first
expounded by Milner [1978].

Whether or not a type-checker requires information from the programmer
to check that a program is well typed, type-checking is of great value in
drawing the programmer’s attention to a variety of errors, from trivial slips in
program entry, to gross logical blunders. It helps us to write robust programs.

Another advantage of type-checking is that it helps to build faster
implementations of programming languages. If a program is passed by the
type-checker, then no type error should occur at run-time, such as the use of
an integer as if it were a function, a boolean as if it were an integer, or a
function as if it were a tuple. In Milner’s words, well-typed expressions do not
‘g0 wrong’: at run-time we will never misinterpret the representation of an
expression. By omitting run-time checks for such errors, the implementation
of a language can be made simpler and faster. Of course, any implementation
should still provide for diagnosis of its own internal errors.

The purpose of this chapter is to explain in some detail how a type-checker
works. Then, in Chapter 9, we put the ideas into practice by constructing a
type-checker for a simple functional language. The type-checker is con-
structed in Miranda, in the hope that the development of such a functional
program may itself be of some additional interest.

139
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Given the informal spirit of this book, and its concentration on setting up
intuitions rather than on attaining impregnable conceptual rigor, it is not
appropriate to proceed ‘from the ground up’. Instead, we shall assume that
the reader already has some understanding of the notion of a type, and wishes
to see how that notion can be appliéd in practice. Nevertheless, some
cautionary remarks may be in order, and they are made at the end of the
chapter.

This chapter is organized as follows. Section 8.1 reviews some basic
concepts, and notations for types. Section 8.2 illustrates the concept of
polymorphism, using several examples. Section 8.3 shows in an informal way
how types may be inferred from the structure of a definition. Section 8.4 sets
out the language for which we will build a type-checker. Section 8.5 considers
the detailed type structure of expressions in the language, and attempts to
clarify the rules of type inference, which are summarized in Section 8.6.
Section 8.7 contains the cautionary remarks referred to before.

Important note: The type-checker described here is actually somewhat
more liberal than that of the Miranda compiler itself, in that it will succeed in
type-checking some programs which the Miranda compiler would reject. This
difference is explained in Section 8.5.5. The Miranda type-checker is also
considerably more sophisticated than the one we describe here, because it
supports features, such as abstract data types and a module structure, which
are beyond the scope of this book.

8.1 Informal Notation for Types

The types with which we are concerned in functional programming include
ground types such as characters, numbers and booleans, types of tuples, lists
and, of course, functions. To talk about these types, we will use the following
notation. Capital letters will be used for type variables. A type variable A
stands for a type in much the same way that a numerical variable n stands fora
number in mathematics. Lower-case letters will be used for the elements of
types. The notation

a:A

means that a has type A. For example, 42::num, 'f'::char, where num is the
type of numbers, and char is the type of characters. (Note: the notation used
for types in this chapter differs from that of Miranda — in Miranda an upper
case letter cannot stand for a type.)

8.1.1 Tuples

Given types A and B, (A,B) is the type of ordered pairs (a,b) where a::A, and
b::B. Using Descartes’ terminology, a is the first coordinate of (a,b), and b is
the second. More generally, ifn = 2andA,,. ..,Aq are types, then
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(A1,.. ., An)
is the type whose values are of the form of tuples
(a1 yo o oy an)

where aq::Ay,. .., an:Aa. Theimportant points about tuples, so far as typing is
concerned, are:

(i) the coordinates of a tuple need not be of the same type;
(ii) the type of a tuple determines the number of its coordinates (that is, its
dimension), and their types.

8.1.2 Lists

Given a type B, [B] is the type of lists whose entries are of type B. More
specifically, an object of type [B] must be

(i) either the empty list, which is denoted by [];
(ii) or a non-empty list, formed by prefixing an object b::B to a list bs::[B],
which is denoted by b:bs.

If all the successive entries by,.. .,bx of a finite list are known, we may write
it using the notation

[b1, ..., by
‘The important points about lists, so far as typing is concerned, are:

(i) In contrast with the coordinates of a tuple, all entries of a list must be of
the same type. For example, it would make no sense to form a list in which
the entries were alternately characters and truth values. (We could in fact
define a type of such entities, but they would not be lists.)

(ii) In contrast with the dimension of a tuple, the length of a list is not
determined by its type. Indeed, when programming in a lazy language,
we may operate with infinite lists such as the list of positive integers.
There is no requirement that a list must be built up from the empty list by
a finite number of applications of the prefixing operation (b:bs), or that a
principle of well-founded induction on the structure of lists should be
valid.

8.1.3 Structured Types

Tuple types and list types are both examples of structured types, which were
introduced in Chapter 4. As explained there, in Miranda the general form ofa
declaration of an operator for forming structured types is:
name vy ... Vg == ©C1 ty,1 ... tyny
...
| Cm tm_1 “o tm,rm

| where m=1, ri=0 for 1=i=m, and k=0. Here v, ..., vk stand for schematic
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type variables, which in Miranda have the special form *, #*, *** etc. Also,
t1.1,. . ., tms,, ar€ type expressions, built up using variables from the listvy,. . ., vk
and names for type-forming operations which are either built-in or declared
elsewhere in the script.

For example, in the type declaration

tree * ::= LEAF * | BRANCH (tree *) (tree *)

vy is *, cqis LEAF, and ty4 is *; c2 is BRANCH, and ta1, t22 are both (tree *).
‘tree’ is a type-forming operator since, given a type as ‘argument’, it produces a
type as its ‘result’; for example, (tree char), (free num), (tree (tree num)). In
this sense, the built-in basic types (such as char, num, bool) are simply type-
forming operators which take no arguments.

A declaration with the form above means that an object of a type

name t'y ... t'y
must have one of the constructed forms
Ci X1 ... Xy

where x;:t'y for 1sj<r, and t; denotes the result of simultaneously
substituting the type expressions t'y,. . .,t'x for the type variables vy,. . .,vk in
the type expression t;;.

For example here is an object of type (tree char):

BRANCH (LEAF ‘a’) (LEAF ‘'b')

In this case, t'y is char; the form of the object is a BRANCH, and x, is
(LEAF 'a’):tree char, xz2is (LEAF ‘b’)::tree char.

8.1.4 Functions

Given types A and B, we use the notation:
A —>B

to denote the type of functions f applicable to objects a::A, whose values (f a)
are of type B.

For example, (char —> num) is the type of integer-valued functions of
characters. The function ‘code’ which maps a character to its ASCII code is of
this type.

(char —> bool) is the type of boolean-valued functions of characters. For
example, the function

isdigit ch = (code 'O’ <= x) & (x <= code '9’)
where x = code ch

is a function of this type.

([char] —> [num]) is the type of functions whose arguments are lists of
characters, and whose values are lists of integers. The function which returns
the list of ASCII codes corresponding to a character list is of this type.
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(Note: in functional programming, we consider a function to belong to a
type (A —> B) even though it is not totally defined on the domain type A. For
example, the partial function which assigns to every even number its successor
has type (num —~> num).)

The arrow in the function type notation (A —> B) is considered to be a
right-associative binary operator. So

A->B->C
means the same as
A ~-> (B ->(C)
and
(A ->B ->C)
-> (A -> B)

-> A
->C

means the same as
A->@B->C) —>((A->B)->(A->CQ)

(We shall often lay out a large type expression over several lines, as above.)
The reason we choose —> to be right associative can be seen by considering
a (curried) function f of two arguments a::A and b::B. Then we have:

f tA->B~->C
fa) =B ->C
(fab):C

If —> were left associative, we would have to write
fo:A->(B ~-> 0

which is less convenient, since it uses more brackets.

8.2 Polymorphism

Many of the functions we define in a functional program are to a greater or
lesser degree indifferent to the types of their arguments. This can be
illustrated with a few examples.

8.2.1 The Identity Function
The identity function id, defined by
id x = x

works equally well on arguments of any type. For example, in
id 3 =3
id Ial - Ial
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id (3,/a’) = (3,a’)
the function id is used with the types
num —> num

char —> char
(num,char) —> (num,char)

In this sense, id is indifferent to the type of its arguments. However, id always
returns a result of the same type as its argument. We express this by saying
that id is of type A —> A, for all types A.

Sometimes we omit the ‘for all types A’ (the jargon for which is schematic
generality; A is said to be a schematic (or generic) variable). When the
schematic variables are not given explicitly, every type variable is here to be
understood as a schematic variable.

To say that id is of type (A —> A)for all types A means that the name id can
occur in a larger expression in any context suitable for a function whose type is
of that form. When we indicate a form by means of a type expression, we
should say which parts of the expression may vary, by indicating the schematic
variables. To say that a type T is of the form

...A...B...A...C...

where A and B are the schematic variables, is to say that T may be obtained by
substituting certain types TA and TB for the schematic variables. In other
words, T is a substitution instance of the indicated type. The types

num -> num

char —> char

(num,char) —> (num,char)

are all substitution instances of the form

A-—>A
where it is understood that A is the schematic variable.

For a final example, consider the expression:

id (code (id 'a’))
The first occurrence of id must have type (num ~> num), and the second must
have type (char —> char). Since these are both substitution instances of the
type ofid, (A —> A), the expression is correctly typed. :

Note: What we here call schematic type variables are called in Miranda
generic type variables and written using the special symbols *, **, etc. to
distinguish them from ordinary (non-generic) names for types.)

8.2.2 The length Function

‘The function which returns the length of a list may be defined by the equations
length (] 0
length (x:xs) = (length xs) + 1



Section 8.2 Polymorphism 145

The function length works equally well on any list, regardless of the type of its
entries. For example, in the equations:

length [7,1,4] =3
length [p7p"1p"4p"z'] . 4
length [(3,'a’),(26,'2")] = 2
length [id,id] =2

the function is used with the types:

[num] -> num
[char] -> num
[(num,char)] —> num
[(A —> A)] —> num

respectively. We express the type of length by
length :: [A] —> num, for all types A
which conveys that

(i) length is a function;
(ii) its arguments are lists;
(iii) its values are numbers;
(iv) the type of the entries in the argument list does not matter.

8.2.3 The Composition Function

Let us represent the composition of two functions f and g with a right-
associative infix dot, and define:

(f.9)x=1(x

(We shall write the composition function ‘compose’ when we do not want to
indicate its arguments.) Composition is well defined so long as both its left-
and right-hand arguments are functions, and the type of arguments of its
left-hand argument is the same as the type of values of its right-hand
argument. For example, the following make perfect sense:

(i) decode . succ . code

where succ denotes the successor of an integer. The expression denotes a
function which returns ‘b’ from ‘a’, ‘¢’ from 'b’, and so on. The composi-
tion function is used here with the type:

(num —> char) —> (char —> num) —> char —> char
at its first occurrence, and with the type:
(num —> nNum) —> (char —> nNum) —> char —> num

at its second.
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(ii) code . id, andid . code

where id is the identity function discussed above. In these expressions, the
composition function is used with the types:

(char —> num) —> (char —> char) —> char —> num
(num —> num) —> (char —> num) —> char —> num

respectively.
(iii) isdigit . decode
which is the predicate of an integer which is itself the ASCII code of a
decimal digit. Here the composition function is used with type:
(char —> bool) —> (num —> char) —> num —> bool
We can express the constraint on the types of the arguments of compose by
saying:
compose :: (B —>C) ->(A->B) ->A->C

where A, B and C are the schematic variables.

8.2.4 The Function foldr
The function foldr may be defined by the equation

foldr f b [] = b
foldr f b (a:as) = f a (foldr f b as)

Again, foldr is to a certain extent indifferent to the types of its arguments. For
example, the following make perfect sense:

(1) foldr plus 0 [7,1,4]

where plus means binary addition. The function foldr is used here with the
type:

(hum —> num —> num)
—-> num
—> [num]
—> num

(ii) foldr append [] [“str1”“str2”,"str3"]

Here append is the function which concatenates two lists. The function
foldr is being used here with type:

(string —> string —> string)
—> string
—> [string]
—> string
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(iii) foldr cons [] [5,4,1,4,1]

Herecons x y = x:y. In this expression, foldr is used with the type:

(num —> [num] —> [num}))
—> [num] —> [num] —> [num]

In general, foldr may be used in any context which requires a type of the form:
(A —>B ->B)
->B
—-> [A]
-> B

where A and B are the schematic variables.

8.2.5 What Polymorphism Means

Polymorphism is a style of type discipline which seems to have been first
identified by Christopher Strachey [1967]. A programming language has a
polymorphic type discipline if it permits us to define functions which werk
uniformly for arguments of different types. For example, in a polymorphic
language, we can define a single function length of type:

[A] => num

In contrast, a language with a monomorphic type discipline forces the
programmer to define different functions to return the length of a list of
integers, a list of fioating point numbers, a list of binary numerical functions,
and so on. Languages such as Pascal and Algol 68 are monomorphic.

Strachey distinguished between ad hoc polymorphism, and parametric
polymorphism. A type discipline exhibits ad hoc polymorphism if it permits
the use of the same expression to denote distinct operations at distinct types,
such as the use of the addition symbol to denote addition of integers,
rationals, real numbers, ordinals, complex numbers, and so on. This char-
acteristic of a language is often now described as the ability to overload
expressions. On the other hand, parametric polymorphism is just poly-
morphism as explained above.

The words polymorphic and monomorphic are also sometimes used to

distinguish between objects whose types are described by expressions with
schematic type variables, and those whose type expressions have none. For
example, the empty list is polymorphic, the functions id, compose, length and
foldr are polymorphic, while the function decode which returns from an
integer the character with that ASCII code is monomorphic.
:. A polymorphic object may take on different types at different occurrences,
~ where these different types are substitution instances of the schematic type of
» - the function. For example, we do not need to have different versions of foldr
;- for each pair of types that instantiate A and B in the type expression

“A->B ~->B) ->B ->[A]l -> B
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or to parameterize foldr with the type variables A and B. Precisely the same
code is executed whatever the types A and B (at least in a naive implemen-
tation of the compiler), and it would be artificial to duplicate that code, or
name it differently for each pair of types.

The terminology is also sometimes (perhaps unfortunately) applied to
types themselves. For example, it is said that foldr possesses a ‘polymorphic’
type, meaning that its type is expressed with schematic variables. (Going by
etymology, ‘polymorphic’ should mean ‘of many forms’, and it is precisely in
order to identify a single form that we use an expression with schematic
variables.)

A polymorphic type discipline was first worked out for the language ML
around 1976, and since then has been incorporated in a number of functional
and imperative languages. In pragmatic terms at least, polymorphism repre-
sents a significant advance over the type disciplines of languages such as
Pascal or Algol 68.

8.3 Type Inference

This type discipline is not only polymorphic; it has the property that the only
places in a program where we have to mention types at all are in the type
definitions themselves. The type-checker is able, as part of a single process,

(i) to determine whether the program is well typed; and
(ii) if the program is well typed, to determine the type of any expression in the
program.

(Of course, to make a program easier to understand we should almost always
accompany a definition with a specification of the type of the defined entity.)
Before delving into the details of type-checking, we should ask ourselves
how we can informally deduce the types of functions given only their defining
equations.
Consider the definition:

isdigit ch = (code '0’ <= x) & (x <= code '9’")
where x = code ch

From the right-hand side of the definition we can see that, if the function is
well defined at all, its value must be a truth-value, since the outermost
operator & (conjunction) produces truth-values. Moreover, the infix operator
<= which supplies its values as arguments to & also produces truth-values. (So
we can see that & is used consistently with its type.) The arguments to <= must
both have the type num, and this is clearly the case for the actual arguments,
namely (code ‘'0’) and (code '9’). It follows that x must be a number, and for
this to hold, ch must have type char. So the right-hand side of the definition is
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well typed, with type bool, provided that the argument ch has type char. Since
the left-hand side of an equation must have the same type as the right-hand
side, we deduce that:

isdigit :: char —> bool
Consider now the definition of length, repeated here:

length [] 0
length (x:xs) = (length xs) + 1

From the first equation, it is clear that the type of length is of the form

[A] —> num

We must also look at the second equation to see whether it constrains the
type A any further. For example, if the second equation were something like

length (x:xs) = (length xs) + 1, x = 'a’
= jength xs

(using a conditional expression), we would have to conclude that the type A is
not in fact completely general, but completely specific: it is the type char. But
in the case of the function length, the second clause imposes no further
constraint, so we can say that

length :: [A] —> num, for all types A
Consider now the function foldr, with definition

foldr f x =gwhere g[] =x
g (a:as) = f a (g as)

The local function g is evidently a function on lists, since it is defined by cases
on the two constructors of list form. So suppose g has type ([A] —> B).
Both x and (f a (g as)) must be of type B. Since (g as) has type B, f must
have type (A —> B —> B). So, allin all,

foldr :: (A ->B ->B) ->B ->[A]->B

In general, by examining the context of an expression, we may be able to
deduce an expression for the form of the type of an object which can fit into
that context. By examining the expression itself, we may be able to deduce the
form of the types which that expression can take on. So we have two type
expressions that will usually contain variables, the first giving the form of the
type required by the context (deduced from the ‘outside’), and the second
giving the form of type which the object can take (deduced from the ‘inside’).
For the whole expression to be well typed, these two type expressions must
match, in the sense that by substituting for the schematic variables of the type
expressions, they can be brought to the same form.
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8.4 The Intermediate Language

The language for which we will construct a type-checker is the language of the
lambda calculus. We will use the form of that language in which recursion is
expressed using the letrec construct rather than by using the Y combinator.
Briefly, the forms of expression are these:

(i) Variables: x, y, etc.
(i) Lambda abstractions: Ax.E
(iii) Application: E1 E2
(iv) Simultaneous definitions (let-expressions):

let x4 = E4
xk = Ex
in E

(v) Mutual recursion (letrec-expressions):
letrec x4 = E;

xx = Ex
in E

The type-checker should be invoked when the source program has been
brought into this form, and before lambda-lifting, or transformation to a
supercombinator program (see Chapter 13). It is, however, important that
the program is subjected to the dependency analysis referred to in Section 6.2.8
before type-checking. This is for the following reason. If we include in a
letrec-expression a deflnition whose right-hand side does not ‘really’ depend
on the other names defined in the letrec, we may not be able to type-check the
program at all. (For an explanation of this, see Mycroft [1984].)

The most conspicuous absentee from this list of constructs is anything
corresponding to function deflnitions by pattern-matching. But as is shown in
Chapters 4-6, we can replace such deflnitions by using instead built-in case
functions associated with the type-forming operations defined by the
programmer or supplied by the system. The names of these case functions,
and indeed of the associated discriminators and selectors, can be regarded as
the names of variables with predeclared types. Hence they are of no special
interest in the type-checker.

(In the same vein, we might have taken the easy way out in our treatment of
recursion, and used the Y combinator, regarding this as having a priori the
predeclared type

Y i (A —> A) —> A, for all types A

However, the issues involved in the problem of how a type discipline should
treat recursion are rather subtle. Although the solution we have adopted is in
fact precisely equivalent to adoption of the Y combinator for the expression of
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recursion, we take the point of view that to do this would be to sweep the
problem under the carpet.)

The type-checking algorithm can still be developed when pattern-matching
is present in the language. Indeed for practical reasons it is better to type-
check while the program is still close to the form in which it was entered, in
order that error messages can refer to program text that the programmer can
recognize.

8.5 How to Find Types

Presumably, when we construct an expression E in a program, we reason to
ourselves that it is well typed. As a product of this reasoning, we are in a
position to say what the type is of any subexpression E' of E. We can, as it
were, label each subexpression with the type which we think it has. When we
enter that expression into the text of our program, that ‘labelling’ has been
lost. It is the job of the type-checker to reason out the type structure of the
expression once again, and to recover the labelling.

If we accept that type-checking is a species of inference, this raises the
question as to what forms of inference we may validly employ in checking the
type of an expression. We shall not go so far as to try to state those forms of
inference explicitly (akin to an exercise in formal logic), but rather by
considering a sufficient variety of examples (as it were, particular syllogisms),
try to work up some confidence that we can tell the difference between right
and wrong inference.

8.5.1 Simple Cases, and Lambda Abstractions

In order to make enough space to expose the type structure of an expression,
let us lay it out as a tree, where at the top we have the variables and constants,
and as we proceed down towards the root, we pass through nodes labelled
with the constructors applied in the formation of the expression. For an

example containing both application and abstraction nodes, take the
expression

(Ax.Ay.Az. x Z (y 2))

Laid out as a tree this becomes
X z y z
\/ \/
@ @
\@/
I
AX.AY.AZ.

Each node in this tree corresponds to a subexpression of the original
expression, and should therefore possess a type. Assign arbitrary type labels
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To, T1, ..., T7 to the nodes of the tree. Drawing the tree in a slightly
different way to use less space, we get:

x:To z:= Tt y:T2 z: T3
@ e @
T4 T5
@
Té
——AX.AY.\Z.
17

In order to be sure than an expression (E1 E3) of application form is well typed,
the function E; must have a functional type (A —> B), where Ezis of type A,
and (E. E») is of type B. So whatever else is clear, the types of the sub-
expressions must be related by the following equations:

TO=T1 ->T4
T2=T3->T5
T4 =T5 -> T6

Substituting back in the tree, we get

x:T1T->T5->T6 z2:T1 y:T3->T56 z:T3
@ @
5 -> T6 75
@

T6
—— AX. MY .AZ.
114

Now what should we say about the abstraction? Certainly T7 will have the
form

Tt —> T5 -> T6) —> (183 —> T5) —> ...

but it is not immediately clear what to do about the two type labels T1 and T3
for the two occurrences of the variable z. It would be simple if we could see
some reason to say that the labels T1 and T3 must stand for the same type. For
then we could add two more equations to the set above, namely

Tt = T3
T7 =(T0 —> T2 —> T1 —> T6)

and then on substituting back in the tree we would get

x: Tt =>T5 —> T8 z: T1@ yu T ->T5 z: T

T5 -> T6 15

@
T6

AX.AY.AZ.
M->T5->T6) —> [T —>T6) —> T1 —> T6

On the other hand, we have already seen in Section 8.2.3 expressions such as
I . code . |
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which make perfect sense, but in which the two occurrences of the
composition function receive different types (to be sure, types sharing a
common form, but nonetheless different).

So it is not obvious that we should require all occurrences of a variable
bound by a lambda abstraction to have the same type. However, let us take
this requirement as an assumption, and explore its consequences using the
following example '

F = A.Aa.Ab.Ac. ¢ (f @) (f b)

and laid out as a tree, the expression is

f-2T0a: T
c:T2 T3 f:2:T4 b:T5
@ @
T6 17
@
T8
—f.Aa.Ab.AcC.
™

from which we derive the equations

T=T1->T7T3
T2 =T3 -—> T6
T4 = T5 -> T7
T6 = T7 —> T8

If we now require that the different occurrences of f have the same type, we
can add the equation TO = T4 to the list above. But then we must also have
that T1 = T5and T3 = T7, which gives the tree

f=:T1—>T3 a::T1@
c:T3-—>T3->T8 T3 f:TM-—=>T3 b:T1

@
T3 —> T8 3

@

T8
Af.aa.ab.\c.
M->TW)>TM->T—>T3->T3->T8 —>T8

By demanding that both occurrences of f should have the same type, we
have forced a and b to be of the same type. Renaming variables, the function F
has type

A->B)->A->A->B->B->C)->C

according to our assumption.

Itis not hard to think of contexts (F f a b) which would make sense when a
and b are of different types. For example

Flo'a
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seems to be the function which when applied to a function ¢ of type
(num —> char —> A)returns the value (¢ 0 ‘a’). On the other hand,

F code 0 'a’ K

would certainly be an error, since it would result in the evaluation of (code 0),
whereas the function code is applicable only to characters. At last we can see
the point of the assumption. In order for an expression to be well typed, it is
not enough that it cannot ‘go wrong’ when evaluated on its own, or in a
particularly favorable context. We have to make sure that it cannot ‘go wrong’
when plugged into any well-typed context.

So we shall require that variables bound in a lambda abstraction receive the
same type at all their occurrences. Without ‘outside knowledge’ of the
arguments to which an abstraction will be applied, we must assume the worst:
all occurrences of a variable bound by the same lambda abstraction must
share the same type.

To sum up, so far we have adopted the following rules:

(i) The function part f of an application (f a) has a function type (A —> V),
where A is the type of the argument part a and V is the type of the
application (f a).

(i) All occurrences of a A-bound variable must have the same types.

Moreover, when solving a system of equations, we have used the following
rule:

(M ->T2) = (T1' —> T2'),thenTl = T1'and T2 = T2’

(This follows from a more general law which states that if two compound type
expressions are equal, then they must be formed with the same construction,
and their corresponding parts must be equal.)

8.5.2 A Mistyping

Consider the expression
An.Aa.Ab. b n (n a b)

(This is sometimes used to define the successor function on natural numbers in
the type-free lambda calculus.) Written as a tree, the expression is:

n:TO a: T
@
b:T2 n: T3 T4 b:T5
@ @
T6 17
@
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From which we get the equations:

TO=T1 -> T4

T2 =T3 ->T6

T4 =T5 -> T7

T6 =T7 —> T8
MM=T0O->T1 ->T2 ->T8
T3 =T0

T5 = T2

Eliminating T4 and T6, these become

TO=T1 -—>T5 —> 17
T2=T3->T7 >T718
T9=T0->T1 ->T2 -> T8
= TO

T2

T5

Now note that these equations contain a circularity. If we try to use the last
two equations to eliminate T3 and T5, we get

TO=T1 -> T2 ->T7 (since T5 = T2)
=Tt -=> @03 ->T7 ->T8) —> T7
=Tt —> (T0 —> T7 —> T8) —> T7 (since T3 = TO)

So it is clear that the type T0 is not finite, and so neither is the type T9.

Nevertheless, T9 possesses an infinite type, which may be expressed
informally:

0 ->T1 —> T2-> T8
where
=TI >0 ->T7 ->T8) —> T7

There are many difficulties in dealing with infinite types. We shall simply
avoid them by imposing the rule:

IfT1 = ...T1..., where the type variable T1 occurs properly within the
right-hand side of the equation, then the system of equations cannot be
solved, and the expression from which the system was derived is ill-typed.

As a consequence of this, the definition in Section 2.4.2 of the fixed-point
combinator Y is ill-typed.

8.5.3 Top-level lets

Consider the expression
lot S = Ax.Ay.Az. x 2 (Y 2)
K = AX.Ay. X
in SKK
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It seems intuitively reasonable that we allow K to take on different types at its
different occurrences in the body of the let-expression. Indeed, it is hard to see
what polymorphism would mean if we insisted that variables introduced by a
let definition should have the same type, as with variables bound by A.

To examine the type structure of this expression, we need to extend the tree
notation to represent it:

ST >T7—>T8 K:Té

@
17 -> T8 K:T7
Tree—S Tree-K @
S:TS K:TK T8
let SK.
T9

Since we already know how to type-check the right-hand sides of the
definitions of S and K, we have merely indicated their type trees, to save
space. Moreover, we have skipped a few steps in representing the type
structure of (S K K). The equations for the type structure of the right-hand
sides of the definitions of S and K can be solved to yield:

TS =00 ->T1 ->T2) -> (T0 -> T1) -> T0 -> T2

TK=T3 -> T4 —> T3
The new constraints we have to consider are those relating T8 to T9, and the
types TS and TK to the types of their occurrences in the body of the let-
expression.

For the first constraint, plainly we should require that T8=T9. As for the
second, the constraint is that the type of the occurrence of S should be an
instance of the type TS, and the types of the two occurrences of K should each
be an instance of the type TK. But how should we represent such a require-
ment by means of an equation?

When working out the equations by hand, it is quite natural to proceed as
follows: refrain from making any such representation at the outset. Instead,
obtain first a fully evaluated expression for the type of TS and TK (as we have
done). Then introduce new type labels for the instantiated variables at
each occurrence of S and K in the body of the let-expression. (In this case,
there are three such variables in the type for S, namely T0, T1 and T2; and two
in the type of K, namely T3 and T4.) If we use a fresh set of variables for each
occurrence, then we can still work with equations, and leave the values of
those fresh variables to be worked out while we are exploring the type
structure of the body. So in this case we should add new variables T10, T11,
T12 to instantiate TS at its first occurrence, T13 and T14 to instantiate TK at the
first occurrence of K, and T15 and T16 to instantiate TK at the second
occurrence of K. We then add the equations

T6 —> T7 —> 18 = (T10 —> Ti1 -> T12)

-=> (T10 —> T11) —> T10 -> T12
Ti3 —> T14 -> T13

Ti5 —> T16 -> T15

T6
17
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From the first of these we derive:

T6 = T10 —> Ti11 -> T12
T7 = T10 —> T11
T8 = T10 —> T12

reasoning thatif (Tt —> T2) = (T1" —> T2'),thenT1 = T1'and T2 = T2'.
By the same reasoning, we have

T10 = T13 = T12

Ti1 =Ti4
T10 = T15
Ti1 = T16 —> T156

which allows us to express the types of the two occurrences of K as

T6 = T10 —> (T16 —> T10) —> T10
T7 = T10 —> T16 —> T10

and the type of the whole expression as
T9 = T8 = T10 —> T10

So the rule we adopt as the type-constraint for let-expressions is that the
types of the occurrences of the defined names in the body must be instances of
the types of the corresponding right-hand sides. The procedure we adopt to
compute those instances is to instantiate the variables in the types of those
right-hand sides with new variables, making a fresh instance for each
occurrence of the defined name in the body of the let. In fact, we shall not in
general be able to instantiate all the type variables, as we shall see shortly.

8.5.4 Top-level letrecs

Turning now to letrecs, it seems clear that a variable introduced by a letrec
definition shiould be capable of taking on different types in the body of the
program governed by the letrec, just as in the case of let-definitions. So in

letrec f = (...)
in (...f...f...f...)

we expect f to be capable of taking on different types throughout the
expression body. However, there is a new question we must answer. The
variable introduced by a recursive definition can also have many occurrences
in the right-hand side of its definition, as it were ‘while’ it is being defined, as
well as ‘after’. In general, when there are several mutually recursive
definitions, as in

letrec x1 = (...%1...%...X...)

Xk = (.. X1...%...X...)
in (...X1. . X . Xk )
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any one of the defined names x; can occur many times in many right-hand
sides, as well as in the body. Should we insist that all these occurrences have
the same type, in the sense of requiring equality to hold between the type
labels for the variable occurrences in the definitions? Or should we treat them
as we treat them in the body, and require only that at each such occurrence,
the type be an instance of the type of the corresponding right-hand side?
Unfortunately, in the nature of things, there is no obvious answer. Never-
theless, to see what the question means, consider the example

letrec Y = (M. £ (Y f)) in ...

Written out as a tree, the first definition is

Y:-TOo f:=T1
@
f-T2 T3

@

M.

T4
Y:T5

The constraints we can write down straight away are these:

T™ =T2
TO=T1 —> T3
T2 = T3 —> T4
T =T1 —> T4
from which it follows that

TO = (T3 —> T4) —> T3
and
T5 = (T3 —> T4) —> T4

The question is, should we ask that TO = T5, or only that TO be an instance
of T5? In the former case, the only solution is T5 = ((T4 —> T4) —> T4),
as we would expect of a fixed-point function. On the other hand,
the alternative requires only that T3 be an instance of T4, so again
T5 = ((T4 —> T4) —> T4)is asolution.

We shall adopt the (usual) approach according to which ‘during’ such
definitions all occurrences of the defined variables must share the same type as
the right-hand side of their definitions. On the other hand, ‘after’ the
definitions, the defined variables are polymorphic, and the type of such a
variable can be instantiated differently to satisfy the local constraints on
different occurrences of the variables in the body of the definition. If nothing
else, this approach has at least the merit of simplicity.

Some different approaches to the type-checking of recursive definitions
have been explored by Mycroft [1984]. In some (but not all) of these
approaches the problem of whether an expression is well typed becomes only
semi-decidable.
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8.5.5 Local Definitions

We have presented type-checking as the search for the solution of a system of
constraints, represented by equations T' = T between type expressions. So
far, we know that when type-checking an expression of let or letrec form, we
should impose the constraint that the types of the occurrences of the defined
variables in the body should equal new instances of the types derived for their
right-hand sides. But just which type variables may be instantiated?

To understand this issue, we have to probe a little into the reason for our
conviction that a defined name can take on different types in the body of its
definition. The reason seems to be this:

An expression (et x = E in E’) is well typed just in case the expression
E'[E/x] is well typed, which is the expression obtained by substituting E for
the free occurrences of x in E'.

For each occurrence of x in E’, we should be able to instantiate the type
variables in the type tree for E in such a way that it forms a subtree of the type
tree for E'[E/x]. This instantiation is only possible if we do not thereby violate
the law that occurrences of a \-bound variable must have the same type, or the
corresponding law for letrecs.

Consider the expression (Ax.let y = x in y y). By the principle above, this
is well typed just in case (Ax.x x) is well typed, which it blatantly is not. The
problem is that the type expression for y contains (is!) a variable occurring in
the type of a more global A-bound variable. We cannot instantiate that
variable differently at the different occurrences of y in (y y).

Consider the partial expression

AX.
let | = NZ. Z
prxl = Xc. (¢ x 1)
pt = M.A\y. X
P2 = AX.\Y. Y
in ...
Informally, the types of the defined names are
l T A—->A

prxl :: (X —> (A -> A) ~> B) —> B
pt :A->B->A
pR2 A-—>B ->B

where A and B are schematic variables, and X is the type of x. If we take the
body of the let-expression to be the expression

prxi pt (prxl pt)

then it cannot be typed. For to satisfy the type constraints of this body, we
would have to instantiate X differently at the different occurrences of prxl. On
the other hand, if the body were

prxi p2 (prxl p2)
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then the expression is well typed. For the structure of that expression does not
constrain X to be instantiated differently at the different occurrences of prxI.

When we are type-checking the body B of a let or letrec definition, we must
therefore distinguish the type variables in the type derived for a defined name
according to whether they may or may not be differently instantiated at the
various occurrences of the name. Variables of the former kind are those that
do not occur in the type of any constrained variable in the definition of the
name. A constrained variable is one which is a bound variable of a lambda
abstraction enclosing B, or one defined in a letrec-expression enclosing B in
one of its right-hand sides.

This is one of the points at which the type regime of Miranda differs from
that of the type checker described here. The Miranda compiler requires that
all occurrences of a variable bound in a local definition share a single type.
This has the effect that local definitions cannot introduce new polymorphism
into a program. We will not explore the implications of this difference here -
the type checking rules given in this and the following chapter are for a
standard implementation of the Milner type discipline.

We have used the notion of type trees to help elucidate the type structure of
expressions, and guide us towards a sharper view of the rules we use when
constructing and checking the types of expressions. In the next section we
summarize those rules. With luck, the device will have served its purpose, and
we can then consider how to turn our intuitions into algorithms.

8.8 Summary of Rules for Correct Typing

The following rules are intended to describe the local ‘look’ of the type
structure of a well-typed expression. To lighten the notational burden, we
shall sometimes simplify the expression whose type tree is depicted in the
figures. The simplifications are indicated in the commentary.

8.6.1 Rule for Applications

A->B A

B
8.6.2 Rule for Lambda Abstractions

A->8B

Note that all occurrences of the variable x bound by the abstraction must have
the same type.
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8.6.3 Rule for let-expressions

{..y:C...}
Y e XA ...x o A"
xA ........ B .....
let x
B

{ }
{ . }
{ 3 }

Here we have shown only the case where just one definition is made in the
let-expression: let x = E in E'.

Restriction: A’ and A" are instances of A. No variable may be instantiated
which occurs in the type of a variable bound in a more global lambda
abstraction or letrec-expression (i.e. one further down the tree). The portions
of the figure in curly brackets indicate such a situation. Any type variables in A
shared with C may not be instantiated in forming A’ and A”’.

8.6.4 Rule for letrec-expressions

Here we have shown only the case where just one definition is made in the
letrec-expression: lefrec x = E in E'. Note that the occurrences of x within
the right-hand side of the definition must have the same type.

Restriction: just as in the let rule.

8.7 Some Caytlonary Remarks

There is a beguiling similarity between the notion of type which we use in
mathematics, and the notion which we use in functional programming. It is all
too easy to transfer intuitions concerning the mathematical notion of type to
thenotion used in programming. There are at least two important differences.

First, the types in a functional language are types of partial objects, whose
evaluation may not terminate. In contrast, the mathematical notion of type,
whose study began with Frege [Gaeck and Black, 1970] and Whitehead and
Russell [1910-1913], concerns total objects, whose definitions are well
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founded. The purpose of the mathematical notion of type is to elucidate the
foundations of mathematics. The purpose of the notion in functional pro-
gramming is to assure us at compile-time that a program will not ‘go wrong’,
where we do not count a program to have gone wrong if it does not terminate,
or a function is applied to arguments for which it has not been defined.

Second, in functional programming ‘recursion’ is interpreted in a very
liberal sense, going far beyond recursion on well-founded structures, or
positive inductive definitions. As a direct result of this, the notion of a type in
functional programming cannot be the same notion that we use in
mathematics. For example, in a functional program we can define an integer
omega, where

omega = omega + 1

and this cannot belong to the (mathematical) type of integers. Another
symptom of this liberal attitude to recursion is exhibited by the definition of
the algebraic type

D == LAMBDA (D —> D)

in which the defined type occurs negatively (to the left of the arrow) on the
right-hand side of the definition. This is not to say that there is no mathe-
matical sense in the functional programming notions. On the contrary, there
is a rich and sophisticated theory (domain theory) which aims to give a
mathematical interpretation to just such constructs. But while constructing
that theory, and reasoning about the mathematical structures it involves, we
are using on the metalevel the ordinary mathematical notion of type.

We hope that this chapter has shown that a naive understanding of the
notion of type certainly gives us plenty to go on. We also hope to have
achieved another goal: that of showing that there are limits to the questions
we can settle on a naive basis alone.
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Nine

A TYPE-CHECKER

Peter Hancock

In this chapter we will construct a type-checker in Miranda, taking the rules
developed in the previous chapter as the basis for the type discipline.

Sections 9.1 and 9.2 show how the expressions of the intermediate language
and its type expressions can be represented as Miranda data types. Sections
9.3 to 9.6 are concerned with the basic mechanisms of the type-checker, which
is itself defined in Section 9.7.

9.1 Representation of Programs

Since we propose to write a type-checker in Miranda, we will have to
represent the program to be type-checked as a Miranda data structure, which
is passed as an argument to the type-checking function.

The program to be checked will be represented by an obj Ject of the
structured type vexp, defined below. Each line of the type definition is derived
directly from the corresponding construct in the concrete syntax.

vhame == [char]
vexp = VAR vhame
| LAMBDA vhame vexp
| AP vexp vexp '
I LET [vname] [vexp] vexp
| LETREC [vhame] [vexp] vexp

In a sense, this type encompasses slightly too much. We shall suppose that the
program is not ‘trivially’ malformed: in a LET or LETREC construct, the list of
variables must have the same length as the list of right-hand sides; the
variable list in a LET or LETREC construct must not be empty, and should

163



164 Chapter 9 A Type-checker

contain no repetitions. Moreover, the free variables in an expression must be
among those associated with predeclared types, either because they are
supplied by the system, or because their types can be deduced from type
definitions in the program. We can assure ourselves that these restrictions are
met in a simple recursive scan through the program.

To understand the representation, let us take for an example the following
trivial program:

let S = M.Ay.Az. x 2 (y 2)
K = AX.Ay. X
in SKK
Considered as an object in the type vexp, the program becomes:

LET [“S“."“K"] [ths_S, rhs_K] main

where
var_S = VAR “S"
var_ K = VAR “K"
varx = VAR “x"
var.y = VAR “y“
varz = VAR “2"
main = AP (AP var_S var.K) var.K
rm_s - p'm‘wa [llxll'lly"'llzu] My_s
ths_ K = plambda [“x","“y*] body_K
body_S = AP (AP varx var_z) (AP var_y var_z)
body_K = var_x

plambda vs e = foldr LAMBDA e vs

which the reader may write out without using ‘where* if so inclined.

9.2 Representation of Type Expressions

To construct the type-checker, we will need to represent type express1ons by
Miranda data structures. We need a type for the names of type variables and,
for the moment, we will take this to be the type of lists of characters. (For
technical convenience, we will revise this definition in Section 9.6.)

tvhame == [char]
type_exp := TVAR tvname
| TCONS [char] [type_exp]

This definition says that a type expression must be either a type variable or a
compound type (such as (A —> B), [A] or (AB)). We represent such
compound types by the name of the operator (e.g. “arrow” for (A —> B),
“cross” for (AB)), and a list of the operands.
Whatever other type-forming operators we have, we will certainly need the
function type operator. So let us define:

arrow ». lype_exp —> type_exp —> type_exp
arrow {1 2 = TCONS “arrow” [t12]
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If t1 and t2 are of type type_exp, and we know what types they represent, then
(arrow t1 12) will represent the type of functions from t1 tot2. Using Miranda’s
dollar notation for infixes, we may write this in the form (t1 $arrow t2), which
adheres more closely to the informal notation.

The other type-forming operations we have mentioned could be
represented in a similar way:

int : type_exp
int = TCONS “int” []

cross .. type_éxp —> type_exp —> type_exp
cross t1 2 = TCONS “cross” [t1,12]

list : type_exp —> type_exp
list t = TCONS “list” [t]

The function tvars_in returns a list of the variable names that occur in a type
expression. (The list may contain repetitions. )

tvars_in :: type_exp —> [tvname]
tvars_in t = tvars_in' t []
where
tvars_in' (TVAR x) | = x:l
tvars_in’ (TCONS y ts)| = foldr tvars_in’ | ts

9.3 Success and Failure

Since type-checking is something that can succeed or fail, we have to choose a
mechanism for representing success and failure within Miranda.

We shall use the type (reply *) for the type of the values of a function which
may succeed (returning an object of type *) or fail (returning no indication as
to why).

reply * := OK * | FAILURE

It would not be acceptable for a practical type-checker to return no indication
as to why a check has failed. One might then use a slightly more complicated
operator, such as

reply’ * ** = OK' * | FAILURE' **

which is capable of returning error information. It is notoriously difficult to
write error-handling code without obscuring the code to handle correct cases,
so we will use instead the simpler, less informative operator. Any error
detected while type-checking will be propagated up to the top level without
further examination of the program. Here, too, there may be grounds for
complaint, which we counter with the same excuse.

(There is more than one way to represent success and failure. An

. alternative approach to the one taken here is described by Wadler [1985].)
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9.4 Solving Equations

Consider type-checking an application (AP e1 e2), where we have worked out
the type t1 for e1 and the type 12 for e2. To do this, we try to ‘solve the
equation’

tt =12 —> (TVAR n)

where n is a type variable name that has not been used before. As we have
seen, the structure of an expression gives rise to a system of such equations.

How should we represent solutions of systems of type equations? In
mathematics, the solution of simultaneous equations

am Xx1+amxx2 = bl
as Xxl +a2_2><x2 = bz

is expressed by giving values for each of the unknowns x, and x, which satisfy
the equations. Analogously, an alleged solution of a system of type equations
can be expressed as a function from type variables (the unknowns) to type
expressions (their values). The allegation is that the equations are satisfied
when we replace (i.e. substitute) the unknowns by their values under the
function. We therefore take

subst == tvhame —> type_exp

to be the type of substitutions. We shall see how to determine whether a set of
equations between type expressions has a solution, and if so how to construct
a substitution that satisfies them. We shall use identifiers such as phi, phi’, psi,
as variables over substitutions.

9.4.1 Substitutions

Given a substitution function phi and a type expression .te, we define
(sub_type phi te) to be the type expression obtained by performing the phi
substitution on all the type variables in te:

sub_type :: subst —> type_exp —> type_exp
sub_type phi (TVAR tvn) = phi tvn
sub_type phi (TCONS tcn ts) = TCONS fcn (map (sub_type phi) ts)

Here map is the function that applies a function to each entry in a list:

map :: (* —> #%) —> [*] —> [*%]
map f[] =[]
map f (x:xs) = f x : map f xs

Two substitutions can be composed to give a further substitution:

scomp :: subst —> subst —> subst
scomp sub2 sub1 tvn = sub_type sub2 (subt tvn)
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The crucial property of scomp is that
sub_type (scomp phi psi) = (sub_type phi) . (sub_type psi)

(Remember that function composition is represented by an infix dot.)
The identity substitution id_subst has the property that

sub_type id_subst t =t
for allt::type_exp. It can be defined by:

id_subst : subst
id_subst tvn = TVAR tvn

A delta substitution is one that affects one variable only. We define:

deita : tvhame —> type_exp —> subst
deita tvn t tvn' = ¢, tvh = twny'
= TVAR tvn'

Hence, (sub_type (delta tvn t)) is the function that maps a type expression to
one that containst where before it had (TVAR tvn).

In fact, all the substitutions we need will be built up from the identity
substitution id_subst by composition on the left with substitutions of delta
form.

In general, a substitution may associate a variable with a value which itself
contains variables. If those variables in turn are given values different from
themselves, then the substitution is not ‘fully worked out’. When we work out
a set of equations '

Xy =ty ..., Xk = tx

by substituting t; for x; at all of its occurrences in ty,. . .,tx, we may have to
iterate the substitution many times before the equations stabilize to their final
forms. (Of course, this iterative process does not terminate if there is a
circularity in the equations.) In general, we are interested in obtaining ‘fully
worked out’ substitutions, which do not have to be re-applied. The next
definition is intended to capture what we mean by such a substitution.

A substitution phi is idempotent if

(sub_type phi) . (sub_type phi) = sub_type phi

or equivalently, if (phi $scomp phi) = phi. In other words, if you apply the
substitution twice, you get nothing different the second time. A type
expressiont is a fixed point of a substitution phi if

sub_type phit =t

In particular, if (TVAR x) is a fixed point of phi, then we say that x is unmoved
by phi.
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Note that if phi is idempotent, and phi moves tvn, then
sub_type phi (VAR tvn)

is a fixed point of phi, and hence cannot contain tvn.

9.4.2 Unification

In this section we will show how to construct a substitution which solves a
given set of type equations, using a process called unification.

A system of type equations can be represented by a list of pairs of type
expressions, where each pair (ti,t2) represents the equation

t1=t2

To solve the equations, we have to find a substitution phi which unifies the left-
and right-hand sides of all equations in the system, where phi unifies the pair
(t1,t2) if

sub_type phi ty = sub_type phi t2

If this equation holds, phi is said to be a unifier of ty and t2. If phi is a unifier of
each pair in the list representing a set of equations, we may think then of phi as
a simultaneous solution of the equations.

If the substitution phi solves a system of equations, then clearly any
substitution psi’ of the form (psi $scomp phi) is also a solution, but phi will
usually be a more general solution than psi'. A substitution phi is no less
general than a substitution psi if there is a substitution rho such that

psi = rho $scomp phi

If such an equation holds, then psi is said to be an extension of phi.

If we have constructed a solution phi of a system of type equations, and we
have done no more than is necessary to satisfy the equations, we will have a
solution which is maximally general, in the sense that it is no less general than
any other solution.

For an example (in informal terms), consider the type expressions

Tt=(A->8B) -=>C
T2 =B —> A) —> (A —> B)

The substitutions phit and phi2, where

phit A = B, phit C = B —> B)
phi2 B = A phi2 C = (A —> A)

are both unifiers of T1 and T2. In fact, they are examples of maximally general
unifiers: they each do (one version of) the minimum necessary t0o make T1 and
T2 equal, so that any other unifier of T1 and T2 is an extension of each of them.



Section 9.4 Solving equations 169

The problem of unification is to find a maximally general idempotent unifier
of a set of pairs of expressions. The method we use is Robinson’s [1965]
unification algorithm. It is convenient when coding the algorithm to concen-
trate on the problem of extending a given substitution, which solves a set of
equations

ti=t/; ..., k=1t
to one that solves an extended set
t1 =t ...tk =t ; tker = tiet'

So we shall pose the problem in the following way. Given a pair (t4,t2) of type
expressions, and an idempotent substitution phi, our algorithm should return
FAILURE if there is no extension of phi which unifies (ts,t2), and it should return
(OK psi), where psi is an idempotent unifier of (t;,t2) which extends phi. (In
fact, the one we construct will be maximally general among such extensions of
phi.)

The simplest equation we can consider is one of the form
TVAR tvh = t

To handle such cases in the unification algorithm, we will make use of the
following function:

extend :: subst —> tvhame —> type_exp —> reply subst
extend phi tvnh t = OK phi, t = TVAR tvn
FAILURE, tvh $in tvars_in t
OK ((delta tvn t) $scomp phi)

An expression (extend phi tvn t) will be evaluated only when:

(i) phiisan idempotent substitution (the solution we are trying to extend);
(ii) tis a fixed point of phi;
(iii) tvn is unmoved by phi (tvn does not already have a value under phi).

The value of the expression is either FAILURE, or of the form (OK phi’),
where phi’ is an idempotent substitution extending phi, such that

sub_type phi' t' =t if ¥ = TVAR tvn
= sub_type phi t’ otherwise

In fact, phi’ is maximally general among extensions of phi which solve the
equation: :

TVAR tvn = t

Note that if phi is idempotent, t is a fixed point of phi and tvn is moved by phi,
then tvn can occur in neither (phi tvn) nort.
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We can code the unification algorithm as follows:
unify :: subst —> (fype_exp, type_exp) —> reply subst
unify phi ((TVAR tvn),t)
= extend phi tvn phit, phitvn = TVAR tvn
= unify phi (phitvn,phi)
where
phitvn = phi tvn
phit = sub_type phi t
unify phi ((TCONS ten ts),(TVAR tvn))
= unify phi ((TVAR tvn),(TCONS tecn ts))

unify phi ((TCONS tcn ts),(TCONS tcn’ ts'))
unifyl phi (ts $zip ts’), ten = ten’
. FAILURE

The function zip, which is generally useful, turns a pair of lists into a list of
pairs, whose length is the same as that of the shorter of the lists:

Zip 2 [*] => [++] —> [(*,*#)]

zip [] xs =[]

zip (x:xs) [1 =[]

zZip (x:xs) (y:ys) = (x,y):zip xs ys
The function unifyl is defined such that (unifyl phi pts) constructs a substitution
extending phi which unifies corresponding entries in the list of pairs pts. This
function is also generally useful, so it is defined globally too.

unifyl :: subst —> [(fype_exp,fype_exp)] —> reply subst

unifyl phi eqns = foldr unify’ (OK phi) eqns

where
unify’ eqn (OK phi) = unify phi egn
unify’ eqn FAILURE = FAILURE
This completes the definition of the unification algorithm.

It is important to see why the unification algorithm terminates. After all, in
the definition above we have defined the value of (unify (TVAR tvn) t) in terms
of (unify phitvn phit) where phitvn = (phi tvn) and phit = (sub_fype phi t),
which may be very much larger expressions than (TVAR tvn) and t. However,
we only use that clause of the definition in circumstances when tvn cannot
occur in phitvn or phit. Define the solution set of phi to be the set of variables
which occur in an expression (phi tvn’), where tvn’ is moved by phi. We can
prove that (unify phi (t1,12)) terminates, by a nested induction: the outer
induction is on the number of variables in t1 and t2 which are not in the
solution set of phi, and the inner induction is on the combined length of t1 and
2.

'The unification algorithm has many applications other than type-checking.
In particular it is a key algorithm in the implementation of programming
languages such as Prolog.
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9.5 Keeping Track of Types

When type-checking an expression with free variables, there are two ways to
proceed.

9.5.1 Method 1: Look to the Occurrences

We can find the constraints imposed on the types of the free variables by the
manner in which they occur in the expression. In a complete program, the free
variables must stand for the system’s built-in functions or functions associated
with type definitions. We would then look to see whether the types deduced
for each occurrence of a free variable can be instances of the type supplied a
priori for that variable. When type-checking a lambda abstraction (Ax.E), we
would check that the types deduced for the various occurrences of x within E
can be unified to the same type expression, and we would handle occurrences
of defined variables in the right-hand sides of a letrec-expression in the same
way.

It is quite possible to develop a type-checker along these lines: one is
presented in Damas [1985].

9.5.2 Method 2: Look to the Variables

It is technically rather a nuisance that distinct occurrences of the same variable
in an expression are associated with different type expressions. Is there
something which we can associate with each variable instead?

Suppose we wish to type-check a let-expression. First of all we type-check
the definitions of the let, thus deducing a type for each variable defined by the
let. Then it seems that we could associate each variable with its type, and
proceed to type-check the body of the let-expression. At each occurrence of
one of these defined variables in the body, we should construct an instance of
its associated type, substituting fresh type variables for the schematic
variables in the type (see Section 8.5.3). However, as we discovered in
Section 8.5.5, some of the variables in the type are constrained and should not
be substituted for, and the instantiation mechanism must take account of this.

What is needed, therefore, is to associate with each variable a kind of type
template, in which the schematic variables are distinguished from the non-
schematic variables. Then the template can be instantiated by copying it,
substituting a fresh type variable for each occurrence of a schematic variable
(but copying non-schematic variables unchanged). This type template is
called a type scheme. To summarize:

(i) The schematic type variables in a type scheme associated with a variable
are those that may be freely instantiated to conform with the type
constraints on the various occurrences of that variable.

(ii) All the other (non-schematic) variables in a type scheme are constrained,
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and must not be instantiated when instantiating the type scheme. As we
remarked in Section 9.4, they behave in a similar way to the unknowns of
a mathematical equation. For example, consider the simultaneous
equations

al,l Xx1+al'2)<x2 = bl
a1 X X1+ a3, Xx; = b,

We seek values for the unknowns x; and x,, by solving the equations, but
. they must be consistently instantiated, so that x; stands for the same value
wherever it occurs (and likewise x;).

By analogy, we will refer to the non-schematic variables of a type
scheme as unknowns. They are the type variables whose values we seek
by solving the system of type constraints implied by the structure of an
expression.

(In papers about type-checking, schematic variables are often called generic
variables, and unknowns are called non-generic. We mention this only to
make it easier to link up with the literature, and will not use that terminology
here.)

There is a partial analogy between type schemes and lambda abstractions.
The schematic variables of a type scheme correspond to the formal parameter
of a lambda abstraction, and the unknowns of a type scheme correspond to
the free variables of a lambda abstraction. Applying a lambda abstraction to
an argument involves constructing an instance of its body, substituting the
argument for occurrences of the formal parameter (but copying free variables
unchanged). This is very similar to the process of instantiating a type scheme,
. which involves constructing an instance of the type scheme template,
substituting fresh type variables for occurrences of the schematic variables
(but copying unknowns unchanged).

We will represent type schemes by objects of the type

type_scheme ::= SCHEME {tvhame] type_exp

A type variable occurring in a type scheme (SCHEME scvs e) is schematic if
its name occurs in the list scvs, otherwise it is an unknown.

unknowns_scheme :: type_scheme —> [tvhame]
unknowns_scheme (SCHEME scvs t) = tvars_in t $bar scvs

where

bar :: [*] —> [*] —> [#]
bar xs ys = [ x <— xs | ~ (x $in ys) ]
in :* —> [*] —> bool
in x* [] = False
in x’ (x:xs) = True, X=X
= X' $in xs
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During the course of type-checking we will have occasion to apply a
substitution to a type scheme, to reflect additional information we have on its
unknowns. When doing this, we should take care that only the unknowns are
affected (remember that the schematic variables function like the formal
parameter of a lambda abstraction, and have only local significance):

sub_scheme :: subst —> type_scheme —> type_scheme
sub_scheme phi (SCHEME scvs t)
= SCHEME scvs (sub_type (exclude phi scvs) t)

where

exclude phi scvs tvh = TVAR tvn, tvn $in scvs
= phi tvn
In Section 2.2.6 we demonstrated the irritating problem of ‘name-capture’,
whereby a free variable of a lambda abstraction could become bound by being
substituted inside another lambda abstraction. There is a similar problem
here with substitution into type schemes. We must take care that the
expression

sub_scheme phi (SCHEME scvs 1)

is only evaluated when the schematic variables scvs are distinct from any
variables occurring in the result of applying the substitution phi to any of the
unknowns of t. Otherwise a type variable in the range of the substitution
(which is always an unknown) might surreptitiously be changed into a
schematic variable. The way in which we ensure this is to guarantee that
the names of the schematic type variables in the type scheme are always
distinct from those which can occur in the range of the substitution (which are
always unknowns).

9.5.3 Association Lists

Having decided to associate a type scheme with each free variable in an
expression, rather than a type expression with each occurrence of a free
variable, we now have to decide how this information should be provided to
the type-checker. There are two requirements on the data structure we use:

(i) It should provide a mapping from the free variables of the expression to
type schemes.
(ii) We should be able to determine the range of that mapping.

To understand the second point, consider type-checking (let x=E in E’). We
start by deriving a type t for E, in a type environment

Xy 2 tsq, ..., Xk ot U8k

which associates a type scheme ts with each variable x, free in E (the ts; thus
constitute the range of the type environment). In other words, we attempt to
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build a solution phi to the type equations implied by theé structure of E, such
that

E:t providedthat x;:tsy, ..., Xk 3 ts¢

where tsy’ is the image ofts; under the substitution phi. We then form the type
scheme ts to be associated with x when type-checking E’, in the extended
environment

Xy ntsy, ..., Xk st ,xts

The schematic variables ofts are all of the type variables of t except those that
are unknown (non-schematic) in any of the schemes tsy’, ... ,ts¢’. So
whatever data structure we choose to represent the environment of the
type-checker, it should give us ready access to the set of unknowns in its range
(thetsy).

An association list provides us with a suitable data structure.

assoc_list * ** == [(* )]

Here * stands for the type of keys, and #+ for the type of associated values. A
key k is associated with a value v by means of the pair (k,v). The partial
function itself is represented by a list of such associations. We shall use al, al’,
etc. as variables over association lists.

dom :: assoc_list * #x —> [#]
dom al = [ k| (kv) <— af]

(dom al) returns a list (possibly with duplications) of the keys associated with
values in the list, which is how we shall represent the domain of a partial
function.

val : assoc_ list * = —> = —> =%
valalk=hd[v I (kW) <—al;k=k']

Ifkis a key in (dom al), then (val al k) returns the first value in the list which is
associated with k. When using this function, we should be careful to ensure
that the second argument belongs to the domain of the association list.

install al k v = (k\v):al

(install al k v) returns an association list which implements the same partial
function as al, except that the key k is now mapped to the valuev.

g :: assoc_list * *x —> [##]
mg al = map (val al) (dom al)

‘The property which mg is intended to satisfy is that every entry in (g al)isa
value of (val al).
We shall represent the information passed to the type-checker about the
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types of the free variables of an expression by means of an object of the
following type:

type_env == assoc_list vname type_scheme

We shall use gamma, gamma’, etc. as variables standing for type environ-
ments. The functions unknowns_scheme and sub_scheme can be extended to
act on type environments, in the obvious way:

unknowns_te :: type_env —> [tvhame]
unknowns_te gamma = appendlist (map unknowns_scheme (rng gamma))
appendiist :: [ [*] ] —> [*]
appendiist lis = foldr (++) [] lis
sub_te :: subst —> type_env —> type_env
sub_te phi gamma
= [ (x,sub_scheme phi st) | (x,st) <— gamma ]

9.6 New Variables

When type-checking a closed expression, we first assigned a distinct type
variable to each subexpression, and then wrote down equations expressing
the constraints on those variables imposed by the structure of the expression.
When type-checking an expression containing variables defined in a let- or
letrec-expression, we chose first to work out the schematic types of those
variables (i.e. we checked the definitions first). We then assigned to each
occurrence of such a variable a type expression obtained by substituting new
unknown variables for the schematic variables, using a distinct set of
unknowns for each distinct occurrence.

So we will need a mechanism that enables us to ‘make up’ new type
variables, and guarantees that they are distinct from type variables we may
introduce in the future. There are many ways to provide such a mechanism.
The one we adopt here is to postulate that there is a type name_supply, and
functions

next_name :: name_supply —> tvhame
deplete :: name_supply —> name_supply
split :: name_supply —> (name_supply,name_supply)

such that if ns is a name supply, then (next_name ns) is distinct from any name
supplied by (deplete ns), and if (nsO,ns1) = spiit ns, then any name supplied
from ns0 is distinct from any name supplied by ns1. One way to implement
such a type is to (re)define tvname, thus:

tvname == [num]
name_supply == tvhame
nextname ns = ns

deplete (n:ns) = (n+2:ns)
split ns = (0:ns,1:ns)
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For example, if we start with the name supply [0], then the names it will supply
are [0], [2], [4], . . ., while the names supplied by splitting the supply into {0,0]
and [1,0] will be [0,0], [2,0], [4,0], ..., and [1,0], [3.0], [5,0], ..., respec-
tively. (The +2 in the definition of deplete is only an artifice to ensure that the
two halves of a split name supply are forever distinct.)

The function name_sequence returns from a name supply an infinite
sequence of distinct names derived from that supply:

name_sequence :: name_supply —> [tvhame]
name_sequence ns = next_name ns : name_sequence (deplete ns)

In practice, it is probably better to adopt an approach other than the supply
of new variables, according to which variables are named by integers, and the
name supply represented by the name of the next variable to be allocated. The
type-checker would then take the name supply as an argument, and return the
depleted supply as part of its value. We have adopted an approach which
wastes large portions of the variable name space, in order not to encumber the
type-checker code with a further avoidable detail.

9.7 The Type-checker

Finally, we are in a position to define the type-checker. This will take the form
of a function (tc gamma ns e) where

(i) gamma is a type environment, associating type schemes with each of the
free variables of e. When the type-checker is invoked upon a complete
program, this type environment should be initialized to contain
declarations of the types of the built-in system-supplied identifiers.

(ii) ns is a supply of type variable names.
(iii) e is the expression to be checked.

The value returned will be a :reply, which in the case of success will return a
pair of the form (phi,t) where

(i). phi is a substitution defined on the unknown type variables in gamma.
(ii) t is a type derived for the expression e, in. the type environment
(sub_te phi gamma). It will in fact be a fixed poinf of the substitution phi.

In other words, if
tc gamma ns e = OK (phit)

then e::t can be derived from gamma, provided that each unknown tvn in
gamma has the value given it by phl.

We shall define the function tc by induction on the structure of the
expression, with a different clause for each form which an expression can
take:
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fc :: type_env —> name_supply —> vexp —> reply (subst, type_exp)

tc gamma ns (VAR x) = fovar gamma ns x

tc gamma ns (AP el e2) = fcap gamma ns el e2
tc gamma ns (LAMBDA x e) = fclambda gamma ns x e

tc gamma ns (LET xs es e) = folet gamma ns xs es e

tc gamma ns (LETREC xs es e) = fclefrec gamma ns xs es e

We will describe each of these cases in a separate section, beginning at Section
9.7.2. First, however, we define a useful auxiliary function tcl.

9.7.1 Type-checking Lists of Expressions

It is convenient to define a function (icl es gamma n) which applies to a list of
expressionses, and will return in the case of success a similar result OK (phi,ts),
where ts is a list of types derived for corresponding components of the listes in
the type environment (sub_te phi gamma). phi embodies all the constraints
on gamma necessary to derive those types simultaneously. The function is
defined from tc by the equations:

tel :: type_env —> name_supply —> [vexp] —> reply (subst, [type_exp])
tcl gamma ns [] = OK (id_subst,[])
tcl gamma ns (e:es) = tcli gamma nsO es (tc gamma ns1 e)

where (nsO,ns1) = split ns

tcl1 gamma ns es FAILURE = FAILURE
tcl1 gamma ns es (OK (phit)) = tcl2 phi t (tci gamma’ ns es)
where gamma’ = sub_te phi ganma

FAILURE
OK (psi $scomp phi, (sub_type psi t) : ts)

The substitution can be thought of as built up in two stages. In the first stage,
we type-check each entry in the list, in the type environment ‘seen’ through
the substitutions derived for previous entries. Then in the second stage, we
form the substitution by cumulative composition, and ensure that each type
returned for an expression is a fixed point of the composite substitution.

tci2 phi t FAILURE
tel2 phi t (OK (psits))

9.7.2 Type-checking Variables

When type-checking a variable x in a given type environment gamma, with
name supply ns, we look up the type scheme associated with that variable by
gamma. Recall that in a type scheme, a type variable is either schematic, in
which case we substitute a fresh type variable for it, or unknown, in which case
we leave it as it is.

So we return a new instance of the schematic type associated with the
variable, in which the schematic variables have been replaced by fresh type
variables. In this way, the type constraints on different occurrences of a
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variable x can be resolved independently, as indicated by the schematic
variables in the type scheme associated with x.

tcvar :: type_env —> name_supply —> vname

—> reply (subst,type_exp)
tcvar gamma ns X

= OK (id_subst, newinstance ns scheme)
where scheme = val gamma x

where

newinstance :: name_supply —> type_scheme —> type_exp
newinstance ns (SCHEME scvs t)
= sub_type phi t _
= scvs $zip (name_sequence ns)
phi = al to_subst al

Here we have built an association list between the schematic variables and
an initial segment of the name sequence built on the given name supply. Such
an association list can be made into a substitution, by means of the function:

al_to_subst :: assoc_list tvname tvhame —> subst
alto_subst al tvn = TVAR (val al tvn), tvn $in (dom al)
= TVAR tvn

9.7.3 Type-checking Application

When type-checking an expression (AP e1 e2) with respect to a type
environment gamma, we first of all try to construct a substitution phi which
solves the type constraints on e1 and e2 together. Suppose that the types t1
and t2 are derived for e1 and e2. We then try to construct an extension of phi
which satisfies the additional constraint

t1t =2 >t

wheret’ is a new type variable. We obtain this extension, as usual, by unifying
ti witht2—> t.

tcap :: type_env —> name_supply —> vexp —> vexp
—> reply (subst,type_exp)
tcap gamma ns e1 e2
= tcap1 tvn (tcl gamma ns' [e1,e2])
where tvh = next_name ns
ns’ = deplete ns

tcapt tvn FAILURE
= FAILURE
tcap1 tvn (OK (phi,ft1,t2]))
= tcap2 tvn (unity phi (t1,12 $arow (TVAR tvn)))

tcap2 tvn FAILURE = FAILURE
tcap2 tvn (OK phi) OK (phi, phi tvn)
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9.7.4 Type-checking Lambda Abstractions

When type-checking (LAMBDA x e), we know nothing at the outset about the
type of x. So we associate x with a scheme of the form
(SCHEME [] (TVAR tvn)), where tvn is a new type variable. Because this
scheme has no schematic type variables, the various occurrences of the
variable will be assigned the value of the same type variable. This is the formal
counterpart of our decision to insist that all occurrences of the same LAMBDA-
bound variable should have the same type.

tclambda :: type_env —> name_supply —> vname —> vexp
) —> reply (subst.type_exp)
tclambda gamma ns x e
= tclambdal tvn (tc gamma’' ns' e)
iwhere ns’ = deplete ns
gamma’ = new_bvar (x,tvn) : gamma
tvn = pext_name ns

tclambdati tvn FAILURE
= FAILURE
tclambdat tvn (OK (phi,t))
= OK (phi, (phi tvn) $arrow t)

new_bvar (x,tvn) = (x,SCHEME [] (TVAR tvn))

9.7.5 Type-checking let-expressions

When type-checking an expression (LET xs es e), we first of all type-check
the right-hand sides in the list es. We then have to update the environment so
that it associates the appropriate schematic types with the names in the list xs,
and type-check the body e. The details of constructing the ‘appropriate’
schematic types are slightly involved, so we shall hide them in the definition of
a function add_decls.

iclet :: type_env —> name_supply
—> [vname] —> [vexp] —> vexp
—> reply (subst, type_exp)
tclet gamma ns xs es e
= tclet! gamma nsO xs e (tc! gamma ns1 es)
where (nsO,nst1) = split ns

icleti gamma ns xs e FAILURE
= FAILURE
tclett gamma ns xs e (OK (phi,ts))
= {clet2 phi (tc gamma’’ nsi e)
where gamma’’ = add_decls gamma’ ns0 xs is
gamma’ sub_te phi gamma
(nsO,ns1) = split ns
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iclet2 phi FAILURE
= FAILURE
iclet2 phi (OK (phi'.1))
= OK (phi’ $scomp phi, 1)

The purpose of add_decls is to update a type environment gamma so that it
associates schematic types formed from the types ts with the variables xs. The
variables which become schematic variables are those that are not unknowns
in gamma. The definition is slightly complicated by our obligation to ensure
that the names of the schematic variables are distinct from the names of any
unknown variables which can occur in the range of a substitution. We use the
name sequence ns to supply new names for the schematic variables.

add_decls ‘.. type_env —> name_supply
—> [vname] —> [type_exp] —> type_env
add_decls gamma ns xs is
= (xs $zip schemes) ++ gamma
where schemes map (genbar unknowns ns) ts
unknowns = unknowns_te gamma

genbar unknowns ns t
= SCHEME (map snd al) t'
where al = scvs $zip (name_sequence ns)
scvs = (nodups (tvars_in t)) $bar unknowns
" = sub_type (al to_subst al) t

Here snd is a function which projects a pair to its second coordinate. The
projection functions for pairs are defined by

fst ;: (*,%%) —> »

fst (xy) = x

snd i (%,%%) —> #»

snd (xy) =y

The function nodups returns a list with the same set of entries as its
. argument list, but without duplicates:

nodups :: [*] —> [*]

nodups xs = f [] xs

where
f acc [] = acc
f acc (x:xs) = f acc xs, x $in acc
= f (x:acc) xs

9.7.6 Type-checking letrec-expressions

The definition of the function invoked to type-check expressions
(LETREC xs es e) is rather intricate, as there are many things to do. In
outline, they are these:
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(i) Associate new type schemes with the variables xs. These schemes will
have no schematic variables, in accordance with our decision to insist
that all occurrences of a defined name in the right-hand sides of a
recursive definition should have the same type.

(ii) Type-check the right-hand sides. If successful, this will yield a
substitution and a list of types which may be derived for the right-hand
sides if the type environment is constrained by the substitution.

(iii) Unify the types derived for the right-hand sides with the types associated
with the corresponding variables, in the context of that substitution. This
is in accordance with our decision that the right-hand sides of recursive
definitions must receive the same types as occurrences of the corres-
ponding variables. Should the unification succeed, that constraint can be
met.

(iv) We are now in much the same situation as we were in with expressions of
LET form, when the definitions had been processed, and it remained to
type-check the body e, after updating the type environment with
appropriate schematic types.

tcletrec :: type_env —> name_supply
—> [vname] —> [vexp] —> vexp
—> reply (subst, type_exp)
tcletrec gamma ns xs es e
tcletrect gamma nsO nbvs e (tc! (nbvs ++ gamma) nst es)
where (nsO,ns’) = split ns
(ns1,ns2) = split ns’
nbvs = new_bvars xs ns2

new_bvars xs ns = map new_bvar (xs $zip (name_sequence ns))

tcletrect gamma ns nbvs e FAILURE
= FAILURE

tcletrect gamma ns nbvs e (OK (phi,ts))
= tcletrec2 gamma’ ns nbvs' e (unifyl phi (ts $zip ts'))

where ts' = map old_bvar nbvs’
nbvs’ = sub_te phi nbvs
gamma’ = sub_te phi gamma

old_bvar (x,SCHEME []t) =t

tcletrec2 gamma ns nbvs e FAILURE
= FAILURE

tcletrec2 gamma ns nbvs e (OK phi)
= tclet2 phi (tc gamma’’ nst e)

where s = map old_bvar nbvs’
nbvs’ . = sub_te phi nbvs
gamma’ sub_te phi gamma

gamma’’ = add_decls gamma’ nsO (map fst nbvs) ts
(nsO,ns1) = split ns

The definition of the type-checker is now complete.
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Ten

PROGRAM REPRESENTATION

At this stage, we assume that we have successfully translated the functional
program into a lambda expression. In the next few chapters we will show how
to execute the program, reducing the lambda expression to normal form.

First of all we have to establish some representation for the lambda
expression, as it is held in the computer’s memory. This chapter outlines the
possibilities.

10.1 Abstract Syntax Trees

In all implementations of graph reduction, the expression to be evaluated is
held in the machine in the form of its syntax tree.

The leaves of the tree are constant values (such as 0, ‘a’, TRUE), built-in
functions (such as +, —, *), or variable names.

The application of a function f to an argument x is represented thus:

@

/\

f X

The ‘@’ sign is called the fag of the node, and indicates that the node is an
application. We deal with functions of several arguments by currying:

@
s
/ \
+ 4

This tree denotes the expression (+ 4 2), which shows the function + applied
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to the argument 4, giving a function (+ 4), which is then applied to the
argument 2. Figure 10.1 shows a slightly more complicated example.

A
A A
+ 3 /@\2 8

*

Figure 10.1 Thetreeof (+ 3 (*+ 2 8))
A lambda abstraction (Ax.body) is represented thus:

AX
!

body

The Ax tells that the node is a lambda abstraction and gives the formal
parameter.

The graph of the expression (CONS E; E) will look like this
@
/\
@ E

/ N\
CONS E;

(E1 and E; stand for arbitrary expressions, as usual.) The result of evaluating it
will be a CONS cell, which we depict like this:
/" \

Eq Ea

where the ‘.’ tag labels the node as a CONS cell (just as @ labels a node as an
application).

10.2 The Graph

The process of reduction performs successive transformations on the syntax
tree. During this process the tree becomes a graph, for reasons that will
become clear in Chapter 12. We use the term ‘graph’ here in the sense of
‘network’, a collection of nodes connected together by some directed edges.
Figure 10.2 shows an example graph.

Node C —» Node D

Figure 10.2 Anexample graph
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A graph differs from a tree in that two edges can point to the same node.
For example, in Figure 10.2 node D is a descendant of nodes A and C (we say
that it is shared). A graph is said to be acyclic if there is no path from a node
back to itself (Figure 10.2 is not acyclic, since there is a path from node A to
itself, via node C). A directed acyclic graph is often abbreviated DAG.

10.3 Concrete Representations of the Graph

The pictures we have shown are still somewhat abstract. In a typical
implementation each node of the tree would be represented by a small
contiguous area of store, called a cell. A cell holds a tag which tells the type of
the cell (application, number, built-in operator, lambda abstraction, CONS
cell, etc.), and two or more fields. The number of fields in a cell varies between
implementations. Many implement fixed-size cells with two fields, but some
have variable-sized cells. This issue is further discussed below. We may draw a
cell thus:

Tag Fleld 1 Field 2

A field may contain the address of another cell, in which case we say that it
is a pointer, and that it points to the cell. We draw a pointer field like this:

Address L Another cell

Alternatively, a field may contain an atornic (non-pointer) data value. We
draw a non-pointer field like this:

A data value

Each node of the abstract syntax tree (or graph) corresponds to a cell of the
concrete representation. The tag on the node goes in the tag field of the cell.
Possible concrete representations for the syntax tree nodes we have met are
given in Figure 10.3, and, using these, our (+ 4 2) tree, for example, would
be represented as in Figure 10.4. Such pictures are rather laborious to draw,
so we will normally use the abstract version.

10.3.1 Representing Structured Data

We recall from Chapter 4 that an implementation of Miranda has to supporta
family of constructor functions, of which NIL and CONS are particular
examples. A constructor function builds a structured data object, which is
simply an aggregate of values together with a structure tag to distinguish it
from other constructors of the same data type. Typically the structure tag will
be a small integer, between 1 and the number of constructors of the type (but
see below, where tags and type-checking are discussed).
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Node type Abstract node Concrete cell
-@ !
Application f/ \ @ T +__l
X
X
AX
Lambda { A syt |
abstraction body Y
body
CONS cell VAN . L
X oy Y Y
X y
Number 34 N 34
Built-in + P| + | ]
function
Cell tag

Figure 10.3 Possible concrete representations

Tags: @ application
P built-in
N number

@

F—

@ > N | 4
—

Pl +

Figure 10.4 The concrete tree of (+ 4 2)

If the implementation supports variable-sized cells then we can implement
these structures directly:

Tag | Fied1 | ... | Field n

If the implementation supports fixed-size cells only, with two fields, then
the structure will have to be implemented as a linked collection of cells:
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Tag Field 1
Y
Tag Field 2 |
l
I
Y

Tag Fleld n—1 Field n

Notice that, since the size of the structured object is determined by the
structure tag, the last cell can contain the last two fields.

10.3.2 Other Uses for Variable-sized Cells

As we have seen, the provision of variable-sized cells gives a much more
efficient representation of structured data objects. However, variable-sized
cells may also be useful to contain other objects such as:

(i) arrays;
(ii) arbitrary precision integers;
(iii) blocks of compiled code;
(iv) multiple applications; for example, we could represent (f a b) as a single
three-field cell containing f, a and b. This takes less space than the normal
method, which requires two two-field cells.

Unfortunately, variable-sized cells carry an implementation cost, as we will
see in Chapter 17.

10.4 Tags and Type-checking

In what follows we will find it convenient to distinguish two families of tags.
The structure tags identify data objects, and distinguish them from one
another. For example, a CONS cell and NIL would have distinct structure tags.
System tags identify cells holding system objects, such as application nodes,
lambda abstractions, built-in operators, and so on. The ‘. . . and so on’ is
highly implementation-dependent. For example, some implementations may
tag an application node differently if it is discovered to be irreducible, so that
repeated efforts to reduce it can be avoided.
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10.5 Compile-time versus Run-time Typing

Some functional languages are polymorphically typed (see Chapter 8), and
type-checked at compile-time. In this case, only enough distinct tags are
required to identify system objects uniquely and to distinguish data objects of
a given type from each other (e.g. to distinguish a CONS cell from NIL). Thus
relatively few distinct tags are required, and a tag is typically represented in
eight bits or fewer.

Other languages rely on run-time type-checking, where each built-in
operator checks the type of its arguments before proceeding. This requires
that each data type be distinguishable from all the others used in the program.
Such run-time type-checked languages normally have only a fixed set of types,
and do not allow the user to introduce new types, so a fixed-size tag is still
sufficient.

Even in a type-checked system it is often considered desirable to carry
around type information at run-time to aid in system debugging. This is
problematic in languages that allow the programmer to introduce new types,
because there is no bound to the number of types which have to be distin-
guishable. In this case an escape mechanism is normally used for user-defined
types, whereby the first field of the cell representing the object carries a
unique type identification.

10.6 Boxed and Unboxed Objects

In Figure 10.4 each number seems to require a cell to itself. This seems rather
profligate, since a field of a cell is normally large enough to contain a number.
Thus, instead of a field pointing to a cell which contains a number, it would be
better to put the number directly in the field. For example, the tree repre-
senting (+ 4 2) using unboxed representations would look like Figure 10.5
(compare Figure 10.4).

Data objects which can be completely described by a single field are called
unboxed, while those which are represented by one or more cells are called
boxed (the cell ‘boxes’ the data object). Typical candidates for an unboxed
representation are integers, booleans, characters and built-in operators
(which can be identified by a small integer or code pointer). For example,
Figure 10.4 incorporates boxed representations of integers and built-in
functions, while Figure 10.5 gives them unboxed representations. It is clear
that significant savings in the number of cells allocated can be achieved by
using unboxed representations.

ANE
*__J
ef+[4

Figure 10.5 The concrete tree of (+ 4 2) (unboxed representations)
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In a boxed system, the tag of a cell completely determines which fields of
the cell are pointers and which are not; for example, the two fields of an
application cell are always pointers (see Figure 10.4).

In contrast, in an unboxed system, any field which may contain a pointer
may also contain an unboxed object. For example, a field of an application cell
may either be a pointer or an unboxed (i.e. non-pointer) object (see Figure
10.5). Hence, all such fields must have an extra bit, called the pointer-bit, to
distinguish pointers from unboxed objects. Fields now look like this:

Poi+nter-bit
A pointer field: | 1] Address — 1 »
A non-pointer field: 0 A data value

A minor shortcoming of unboxed objects for run-time type-checked
systems is that unboxed objects are not tagged (since tags are attached to cells
not fields). In Figure 10.4, the N tag on numbers enables the + built-in
operator to check that its arguments are indeed numbers, whereas this is not
possible with a basic unboxed system. However, an unboxed system can still
incorporate run-time type-checking by reducing the number of bits in the
unboxed object sufficiently to fit a tag into the field as well. Non-pointer fields
would then look like this:

0 Tag A data value

Even for compile-time type-checked systems it is vital that built-in
functions (such as +) are able to distinguish evaluated operands from
unevaluated ones (so that an unevaluated operand can first be evaluated).
Fortunately this is easy because if the operand is a pointer the tag on the cell
pointed to will show whether it is evaluated or not; and if the operand is a
non-pointer then it is an unboxed object which requires no further evaluation.

10.7 Tagged Pointers

Some implementations put a tag into pointer fields also, thus

1 Tag | Address ——»

For example, both the SKIM [Clarke et al., 1980] and NORMA [Richards,
1985] reduction machines do this, though they use the tag in different ways.
NORMA regards the pointer tag as a cache for the tag of the cell pointed to.
Thus if the pointer tag is valid (one value of the pointer tag is reserved for
INVALID) it contains the tag of the cell to which the pointer points. Like any
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cache, this technique should be regarded purely as an optimization of the
ordinary tagged-cell approach.

In SKIM, however; there are no tags on cells at all. The only tags are in the
fields. This has the advantage that a cell now consists of two identical fields
(instead of two identical fields plus a tag), which allows a more uniform
hardware design for SKIM. However, it means that a cell cannot change its
tag; for example, an application cell must remain an application cell, because
it would be impossible to change the tags of all pointers to the cell at once.
This makes reduction slightly more awkward.

In summary, both a pure tagged cell and a pure tagged pointer approach
can adequately support reduction. The tagged cell approach makes reduction
rather easier, but gives rise to a rather less uniform hardware implementation.
The NORMA cacheing approach is more complex still, but may give some
performance improvement.

10.8 Storage Management and the Need for Garbage Collection

As reduction proceeds we will need to build new pieces of graph. In order to
do so we have to allocate new cells. Cells are allocated from a (large) area of
storage called the heap, which is simply an unordered collection of cells. The
term ‘heap’ emphasizes that the physical adjacency of two cells is purely
coincidental; what matters is which cells point to which.

As well as allocating new cells, the reduction process will also discard cells,
or rather it will discard pointers to cells. We must re-use cells whenever
possible, because if we never did so we would soon run out of heap space.
Unfortunately, in a graph there may be many pointers to the same cell, and we
can only re-use a cell when there are no further pointers to it. So long as there
are further pointers to a cell from elsewhere in the graph, it cannot be re-used
because it is still in use. Cells with no pointers to them are said to be garbage.
It is quite tricky to identify garbage cells, and all implementations of
functional languages include a garbage collector whose purpose is to identify -
and recycle garbage cells.

The whole activity of cell allocation and garbage collection is called storage
management, and is further discussed in Chapter 17. As we will see there,
fixed-size cells allow for a rather more simple garbage collector than variable-
sized cells.
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SELECTING THE NEXT REDEX

When the graph of a functional program has been loaded into a computer, an
evaluator is called fo reduce the graph to normatl form. It does this by
performing successive reductions on the graph, which involves two distinct
_ tasks:

(i) selecting the next redex to be reduced;
(ii) reducing it.

In this chapter we shall address the first issue, before turning our attention to
the second issue in the next chapter.

As Section 2.3 has shown, the order in which reductions take place has a
profound effect on the behavior of the program. We begin by discussing the
nature of this effect.

11.1 Lazy Evaluation

In an ordinary imperative language (such as Pascal), arguments to a function
are evaluated before the function is called (call by value). However, it is
possible that the argument thus passed is never used in the body of the
function, so that the work done in evaluating it is wasted. This suggests that a
better scheme might be to postpone the evaluation of the argument until its
value is actually required (call by need). Call by need is in fact rarely
implemented in imperative languages for two main reasons:

(i) The evaluation of an argument may cause some side-effects to take place,
and may produce a result which depends on the side-effects (such as
assignments) of other parts of the program. Hence, the exact time at
which the argument is evaluated is crucial to the correct behavior of the
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program. However, it can be quite tricky to work out exactly when the
argument will first be needed (and hence evaluated).
(ii) Call by need is hard to implement in a stack-based implementation.

In the context of functional languages, call by need is often called lazy
evaluation, since it postpones work until it becomes unavoidable. Conversely,
call by value is often called eager evaluation.

11.1.1 The Case for Lazy Evaluation

In the context of functional programming, there are strong reasons for
providing lazy evaluation in the language.

It adds a new dimension of expressive power to the language, allowing, in
particular, the construction and manipulation of infinite data structures and
streams. A full justification of this point of view is outside the scope of this
book, since it lies in the area of software engineering rather than implemen-
tations, and the reader is referred to Chapter 8 of Henderson’s book [1980],
Section 3.4 of Abelson and Sussman [1985] and the author’s paper [Peyton
Jones, 1986].

Not all functional languages have lazy semantics. For instance, ML and
Hope are strict, while SASL, KRC, LML, Miranda, Orwell and Ponder are
lazy.

11.1.2 The Case Against Lazy Evaluation

There is only one argument against lazy evaluation, but it is a very persuasive
one: the price of lazy evaluation is execution speed. There seems to be no
avoiding this in practice. Faster implementations are possible when the
arguments to functions can be evaluated before the function is applied.

Languages like ML and Hope have strict (call by value) semantics, but
support lazy evaluation where it is explicitly requested by the programmer
(particularly in data constructors). The argument is that the price for lazy
evaluation should only be paid where it is actually required.

11.1.3 Nomnal Order Reduction

Any implementation of lazy evaluation has two ingredients:

(i) Arguments to functions should be evaluated only when their value is
needed, not when the function is applied.

(ii) Arguments should only be evaluated once; further uses of the argument
within the function should use the value computed the first time. Since the
language is functional we can be sure that this scheme gives the same
result as re-evaluating the argument.
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In a nutshell, arguments should be evaluated at most once and, if possible, not
at all.

Any implementation of a lazy language must somehow support these two
ingredients. We will have to wait until the next chapter before we see how to
support the second ingredient, but the first is rather easy — it is directly
implemented by normal order reduction!

Recall from Section 2.3 that normal order reduction specifies reducing the
leftmost outermost redex first. Given an application of a function to an
argument, the outermost redex is the function application itself, so a normal
order reducer will reduce this prior to reducing the argument to normal form.
For example, in the expression

(Ax.3) <bomb>

where <bomb> does not terminate, normal order chooses to apply the
lambda abstraction (giving the result 3) rather than first evaluating the
argument <bomb>. Hence normal order reduction directly implements the
first ingredient of a lazy evaluator.

In terms of reduction order, strict semantics means reducing the argument
to a lambda expression before reducing the application of the lambda
expression to the argument. This is called applicative order reduction.

As we will see in this chapter, normal order is actually an extremely natural
and easily implemented reduction order, since the rule for identifying the next
redex turns out to be rather simple. Thus graph reduction gives a ‘good fit’
with lazy evaluation.

11.1.4 Summary

There are strong arguments for and against lazy evaluation, but a detailed
discussion of the question is beyond the scope of this book. (The author is,
however, convinced that lazy evaluation is a crucially important feature for
functional programming.)

It seems undeniable, however, that graph reduction is a particularly
effective implementation technique for lazy languages. Since graph reduction
is the subject of this book, we will henceforth restrict our attention to
languages with lazy semantics, implemented using normal order reduction.

Arvind et al. [1984] give amore detailed description of some of these issues.

11.2 Data Constructors, Input and Output

Suppose that the result of evaluating our program is an infinite list. We want
this list to be printed out as it is generated. We certainly do not want to wait
until it has all been evaluated before printing anything, because we would
have to wait forever! Similarly, we do not want the program to evaluate its
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entire input before producing any output. These observations focus our
attention on the mechanisms available for input and output.

Input and output are regarded as side-effects in imperative programming
languages, so functional systems have to take a different view since they do
not support side-effects. The accepted solution is to regard the functional
program as a function from imput data to output data:

Input —| Functional program | ———» Output
data data

The input data are normally presented to the program as an infinite list of
characters, which might, for example, come from the user’s keyboard. The
output data are the result of applying the program to the input list, and are
normally some kind of data structure which might, for example, be displayed
on the user’s screen.

As well as getting the correct results to the program, however, we also want
it to have ‘nice’ operational behavior, namely that output is printed as soon as
it is available, and that input is not consumed until it is needed. In the next two
sections we discuss how this operational behavior can be achieved, beginning
with the printing mechanism.

11.2.1 The Printing Mechanism

Since we want to print out a data structure as it is generated, we see that the
evaluation of a functional program is driven by the need to print its result, and
that the evaluator is called from the printing program. The printing program
calls the evaluator, and then looks at the root of the result (i.e. the root of the
evaluated graph). If it is a number (or boolean, character, etc.), the printer
prints it and evaluation is complete. If, on the other hand, the result is a data
constructor (such as a CONS cell), the printing program can call the evaluator
successively to evaluate the components of the data structure, printing out the
results as it goes. The whole printing process can be repeated recursively on
the components of the data structure.

Assuming that our functional program always evaluates to a number or a
CONS cell, we might write a pseudo-code printing program like this:

Print( E )
begin
E' := Evaluate( E )
if (iIsNumber( E’ )) then Output( E' )
else begin :
Print( Head( E' ) )
Print( Tail( E’ ) )
end
end
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When Evaluate(E) yields a CONS cell it is vital that its head and tail are not
yet evaluated. If they were evaluated immediately then the entire data
structure would be evaluated before any of it could be printed. This is
achieved by using lazy constructors; that is, constructors that do not evaluate
their arguments.

It has become quite common for printing mechanisms to print the
components of a data constructor one after the other, with no separating
characters. This hides the underlying shape of the data structure, but gives the
functional programmer complete control over the character stream actually
output to the printer. SASL, for example, behaves in this way [Turner, 1983],
though Miranda does not.

So far we have assumed that the result of a program will be printed, but
there is no reason why it should not be put in a file, or fed into some other
program instead. This routing of output would be controlled by the ‘printing
mechanism’, possibly directed by routing information contained in the output
data structure itself.

11.2.2 The Input Mechanism

In order to extract characters from the input list, the program will need to
evaluate the list, element by element. Just as in the case of the printer, it is
vital that the first evaluation does not force evaluation of the entire list,
otherwise the entire input list would have to be evaluated (that is, read in)
before any of it could be used. This would effectively rule out interactive
programs, in which later input data depend on earlier output data.

11.3 Normal Forms

Our consideration of both input and output-have led us to the same
conclusion, namely that

evaluating an expression whose result is a CONS cell should not entail
evaluating its head and tail.

This means that we should stop reduction when there may still be some
redexes left in the graph (in the head and the tail). None of these redexes will
be reduced by a normal order reduction scheme until the whole expression
has been evaluated to a CONS cell, because until then there will always be a
top-level redex which normal order will select.

Hence, what we need to do is to pursue normal order reduction, but szop
when there is no top-level redex (even though there may be inner redexes left
in the graph).
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11.3.1 Weak Head Normal Form

To express this idea precisely we need to introduce a new definition:

DEFINITION
A lambda expression is in weak head normal form (WHNF) if and only if it
is of the form
FE E2... Ep
where n = 0;

and either Fis a variable or data object
or Fis a lambda abstraction or built-in function
and (F Ey E2 ... Em)is nota redex for any m=n.

Anexpression has no rop-level redex if and only if it is in weak head normal
form.

For example, the following expressions are in weak head normal form:

3

A CONS cell

+ (— 43 top-level + does not have enough arguments
(Ax.+ 5 1) not applied to anything

The last two examples are in weak head normal form, but not in normal form,
since they contain inner redexes. Weak head normal form is often confused
with head normal form; this point is discussed at the end of the section.

Our reduction order is therefore to reduce the top-level redex (there can

only be one such) until weak head normal form is reached. We can think of it
like this:

Original expression

Normal order reductions
Y of top-level redexes

Weak head normal form (no top-level redexes)

Normal order reductions
Y of inner redexes

Normal form (no redexes at all)

We pursue normal order reduction, but stop at WHNF rather than
proceeding all the way to normal form. This is an essential ingredient of lazy
evaluation, since reducing through to normal form risks performing unneces-
sary reductions.
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11.3.2 Top-level Reduction is Easier

The result of a functional program never has any free variables. For example,
(+ x 1)is not a valid functional program since it has the free variable x, whose
value is not specified.

Since we only ever reduce the top-level redex, which has no free variables,
it follows that the arguments of the redex have no free variables either. This
means that the name-capture problem described in Section 2.2.6 can never
arise in our implementations, which is a considerable relief. It is also an
essential property if we are to compile our programs (see Chapter 13).

11.3.3 Head Nommal Form

Head normal form is often confused with weak head normal form, so it merits
some discussion. The content of this section is, however, largely academic
since for most purposes head normal form is the same as weak head normal
form. Nevertheless, we will stick to the term WHNF for the sake of precision.

DEFINITION

A lambda expression is in head normal form (HNF) if and only if it is of the
form
AX1.2x2. . . Mp.(v M1 M2 ... Mm)

where n, m = 0;
v is a variable (x;), a data object, or a built-in function;
and (v My Mz ... Mp)isnot a redex for any p=m.

Anything in HNF is also in WHNF, but not vice versa. For example, the
following expression is in WHNF but not HNF:

Ax.((xy.y) 3)

To reach HNF the inner redex should be reduced.

The difference between HNF and WHNF is only significant when the result
is a lambda abstraction, since for data objects and built-in functions they are
identical. For the purists, though, the question is whether we should perhaps
reduce to HNF rather than WHNF. This raises some practical difficulties,
since it will involve performing inner reductions where the argument may
have free variables, so the name-capture problem of Section 2.2.6 comes
back.

Taking this idea further, Barendregt et al. [1986] advocate a reduction order
called innermost spine reduction. This is a modification of normal order which
evaluates the body of a lambda expression before applying it to an argument.
For example

(Ax.((xy.y) 3)) 4
— (AX.3) 4

- 3
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This is based on the insight that the body of the lambda expression will
subsequently be evaluated anyhow, so we do not risk non-termination by
evaluating it before applying it. Thus Barendregt et al. show that innermost
spine reduction never takes more reductions than normal order, and some-
times takes fewer. As mentioned above, the serious problem with innermost
spine reduction is that it entails performing reduction in the presence of free
variables. From an implementation point of view (only), this objection is so
serious (see Section 11.3.2) that we abandon innermost spine reduction
forthwith.
This view is not universally held; see, for example, Watson et al. [1986].

11.4 Evaluating Arguments of Built-in Functions

Some built-in functions, such as + and HEAD, need to evaluate their
arguments before they can execute. For example, consider

+(-493)5

The inner redex (— 4 3) must be evaluated before the + can proceed. We say
that + is strict in both arguments (see Section 2.5.4).

When the evaluator finds that the top-level redex is an application of a
built-in function which evaluates its argument(s), it has to check whether the
appropriate argunient(s) are already im WHNF. If they are not, it must
recursively invoke itself to reduce them to WHNF before proceeding with the
application of the function. For example, in the expression

IF (NOT TRUE) f g h

we will select the redex (IF (NOT TRUE) f g) for reduction. Now, the function
IF must evaluate its first argument (only), and that argument is not yet in
WHNF. So the evaluator recursively invokes itself on the (NOT TRUE)
expression, which returns FALSE, at which point the IF can proceed.

As another example, consider

HEAD (CONS 2 NIL)

The outer level redex is the application of HEAD, and HEAD must evaluate its
argument to WHNF (that is, until it is a CONS cell). So the evaluator invokes
itself recursively to evaluate

CONS 2 NIL

This evaluation produces a CONS cell in one reduction, from which HEAD
extracts the result, 2.

To summarize, the evaluator has to invoke itself recursively to evaluate the
arguments of strict built-in functions.



Section 11.5 How 1o find the next top-level redc_zx 201

11.5 How to Find the Next Top-level Redex

Having decided to implement normal order reduction of top-level redexes
only, we must ask how to find the appropriate redex given a graph to reduce.
Our expression can only be of the form

fE1E2... En
whose graph looks like this:
@
/' \
. En
/.
/@\
/@\ =
@ Ez
/\
f E4

Here, f is a data object, a built-in function or a lambda abstraction (but not an
application or we would have drawn another level in the picture), and there
may be zero or more arguments (E;), which are arbitrarily complicated
expressions. There are now various possibilities:

(i) f may be a data object such as a number or a CONS cell, in which case the
expression is in weak head normal form and we are done. However, in
this case n should be 0; if not, the data object is being applied to an
argument. This corresponds to a type error in the original program, such
as using a number as a function, and will never occur if the program has
been type-checked.

(ii) f may be a built-in function taking, say, k arguments. In this case we must
check to see whether there are enough arguments available (i.e. n = k);
if so, (f Es ... Ex)is the outermost redex which normal order will select.
For example, in Figure 11.1(a) the redex is (IF Ey E2 E3) and the $
marks the root of this subgraph.

If there are too few arguments (n < k) then the expression is in weak
head normal form.

(iii) fmay be a lambda abstraction. If it has an argument available (n = 1) the
redex we should reduce next s (f Es). For example, in Figure 11.1(b) the
redex is ((Ax.body) Es), and the $ marks this application node.

If there are no arguments (n = 0) then the expression is in weak head
normal form.

According to our abstract expression syntax there is one other possibility
forf: it could be a variable name. However, in this case the variable must occur
free in the entire expression, so we may justifiably give.an crror.
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@ @
A /@< -
Es $@ Ex
@/ \Ez M/ \ 1
IF° Ey b(ldy
@ . ®)

Figure 11.1 Finding the next redex (marked $)

Some evaluators insist that an expression always reduces to a data object in
the end. They will therefore treat the case of a built-in function with too few
arguiments or lambda expression with no arguments as an error. If in addition
the program is type-checked the test can be omitted altogether, since there
will always be enough arguments for a function. (Note: this is not true for
other reduction orders. For example, an applicative order reducer will
evaluate the argument to a function before applying a function, and the
argument might itself be a partially applied function.)

Thus to find f we just go down the left branch of each application node from
the root. This left-branching chain of application nodes is called the spine of
the expression, and the act of ‘going down’ the spine is sometimes called
unwinding the spine. Continuing the analogy, the vertebrae of the spine are
the application nodes encountered during unwinding, the ribs are the
arguments of the vertebrae (the E; in Figure 11.1), and the tip of the spine is
the extreme bottom of the spine (IF is at the tip of the spine in Figure 11.1(a)).

It is therefore rather easy to find the next redex to reduce. We just unwind
the spine until we find a function, and then, based on the function we find, we
go back up the spine to find the root of the redex.

Notice that the most natural way to proceed is to reduce the top-level redex,
so there is a good ‘fit’ between normal order reduction and graph reduction.
We have to go to extra trouble to evaluate arguments to functions before
applying the function.

11.6 The Spine Stack

So far we have said that we should ‘unwind the spine’ and ‘go back up the
spine’, without saying how to do so. In particular, as we unwind the spine we
pass by the arguments that we will subsequently require during the reduction
of the function (built-in or lambda abstraction) found at the tip. This suggests
that we should keep a stack of pointers to the vertebrae as shown in Figure
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11.2. Now the arguments are all readily available, and the number of
arguments is given by the depth of the stack. Furthermore, the vertebrae
themselves are also accessible from the stack. This will prove to be crucially
important once we start to consider how to perform a reduction (in Chapter
12), since the root of the redex is overwritten with the result of performing the
reduction.

Stack base
» @
/' \
» @
S '@/ \R
/\
@ Q
/' \
» f P
Stack top

Figure 11.2 The spine stack

When we recursively evaluate the arguments to a built-in function, we need
a brand new stack. Fortunately,

(i) the existing stack will not change until the argument evaluation is
complete,

(ii) the new stack can be discarded when the argument evaluation is
complete,

so the new stack can be built directly on top of the old one. We must, however,
take care to save the depth of the old stack first, so that we can restore it when
evaluation of the argument is completed. Most implementations have a
separate stack, called the dump, for this purpose. Alternatively, the depth of
the old stack can be saved on the stack itself. This technique is rather
reminiscent of the stack frames of imperative languages.

11.6.1 Pointer-reversal

In some ways the stack is rather a nuisance because its size has no convenient
bound, so it is not clear how much space to allocate to it. This problem is
particularly pressing in machines specifically designed to do reduction, where
the stack might have to be embodied in hardware.

It turns out that a clever trick, known as pointer-reversal, allows us to get
away without a separate stack at all. It is borrowed from a well-known
garbage collection technique (the Deutsch-Schorr-Waite algorithm [Schorr
and Waite, 1967]), and consists of simply reversing the pointers in the spine as
we unwind it.
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Specifically, we hold two pointers, F and B (for forward and backward). To
begin with, F points to the root of the expression, and B points to a unique cell
called TOP. This initial set-up is shown in the left-hand column of Figure 11.3,
where we have depicted the spine vertically on the page. Then to unwind one
level, we set

F = Left( F )
Lefi( F ) =B simultaneously
B =F

where Lefi( F ) means the left field of the node F points to. This operation is
shown taking place in the subsequent columns of Figure 11.3. When we reach
the tip, F will point to the tip and B will point back up the trail of reversed
pointers to the root. Thus the vertebrae nodes and the arguments to the
function can be found by following pointers from B.

When going back up (rewinding) the spine, we simply reverse the
operation, putting the pointers back into their original state. We can easily tell
when we reach the top because B becomes TOP.

B TOP TOP T?P TOP
F—»@—»R| B—@—>R @—>»> R @—>» R
—>»0| F>»@—2>0 | B-—»@—»0 ?-—-»o
@—>P | @—>P | Fp@—pP B-—-»@TP
Y y
f f Fot
Initial Step 1 Step2 Step 3

Figure 11.3 Pointer-reversalin actionon (f P O R)

11.6.2 Argument Evaluation using Pointer-reversal

There is a slight problem when we need to evaluate the arguments to a strict
built-in function. Consider the expression (IF (= x 0) P Q). When we have
unwound the spine to find the IF, the graph looks like the left column of Figure
11.4. Now we need to evaluate the argument, so we must unwind the spine of
the argument. Unfortunately, we cannot initialize B with TOP, because we
would then not be able to find our way back to the parent spine. Instead we
simply pointer-reverse our way into the argument spine, but marking the
parent spine vertebrae, in some way. To ‘turn the corner’ into the argument
spine, we perform the following operations:

F Right( B )}
F

Right( B )
Mark( B )

simultaneously
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TOP TOP TOP
(Z)—» Q i@—»Q @—Q
@—» P @—P —»P B
B—»@——»@-»0| B»@#¥ F >cia}—>o C;Z# -<—@-—>»0
F—»IF %-—>X | @-» x IF F —>@-»x
After unwinding After tuming the After first unwind
the IF spine comer on the arg spine

Figure 11.4 Pointer-reversal for argument evaluation

In the diagram we have marked the vertebra with #. Now when rewinding
the argument spine, we know we have reached the top when we encounter a
node marked with #, at which point we know that we have completed
evaluation of the argument, and can resume evaluation of the parent spine.

This technique was discovered by a number of researchers independently,
and is described by Stoye et al. [1984].

11.6.3 Stacks versus Pointer-reversal
Given the alternative, then, is pointer-reversal better than a stack?

(i) A stack is significantly faster than the pointer-reversing scheme. The
stack gives instant access to arguments and vertebrae, without having to
follow chains of pointers. This is particularly important in a parallel
machine, where there are much higher overheads associated with
accessing the (global) heap than the (local) stack. Furthermore, all
reversed pointers have to be un-reversed later, resulting in heap accesses
which a stacking implementation may not have to make.

(i1) Pointer-reversal uses very little extra storage. All that is required is a bit
in each cell to control the evaluation of arguments to strict built-in
functions. There is no (reasonable) bound to the possible length of a
spine, so not only does a separate stack require some extra storage, but
also (more seriously) we cannot know in advance how much extra
storage to allocate. This is a significant complication for machines which
implement the stack in hardware (e.g. NORMA [Scheevel, 1986]).

(iii) It turns out that the stack offers a large number of further opportunities
for performance improvement, and we address this topic more fully in
Chapters 20 and 21.

(iv) For a pointer-reversing implementation, the complete state of the
evaluation is described by the two pointers F and B (together with the
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graph). This is useful for a parallel machine, when evaluations may need
to be suspended and their state saved somehow. This topic is discussed in
Chapter 24.

It seems, therefore, that pointer-reversal alone is suitable only for small
experimental implementations. A stack is necessary for high performance,
but a parallel machine may well use both schemes together.
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Twelve

GRAPH REDUCTION OF LAMBDA
EXPRESSIONS

We have now dealt with the issue of which redex to reduce next, and how to
find it. In this chapter we will complete the implementation by showing how to
perform a reduction.

Performing a reduction constitutes a Iocal transformation of the graph
representing the expression, so the process of reduction successively modifies
the graph until it reaches its final form, the result of the computation.

As we have seen in the previous chapter, the function at the tip of the spine
may be either a lambda abstraction, or a built-in function (if, that is, the graph
has a top-level redex at ail). We will deal with these two cases separately.

12.1 Reducing a Lambda Application

Suppose the redex consists of a lambda abstraction applied to an argument.
Then we must apply the g8-reduction rule to the graph. That is, we must
construct an instance of the body of the lambda abstraction, substituting the
argument for free occurrences of the formal parameter.

We will sometimes refer to this process as ‘constructing a new instance of
the body of the lambda abstraction’, but we will often abbreviate this to
‘instantiating the lambda body’. Figure 12.1 gives an example.

@ reduces to @
/ \ /\
)ix TRUE NOT TRUE
@\
N04' X (A.NOT x) TRUE — NOT TRUE

Figure 12.1 Instantiating the body of a lambda abstraction

207



208 Chapter 12 Graph Reduction of Lambda Expressions

Three important issues of implementation arise here:

(i) The argument may be bulky and/or contain redexes, so we should
substitute pointers to the argument for the formal parameter (see Section
12.1.1).

(ii) The redex may be shared, so we must physically overwrite the root of the
redex with the result (see Section 12.1.2).

(iii) The lambda abstraction may be shared, so we must construct a new
instance of the lambda body, rather than substituting in the original body
directly (see Section 12.1.3).

We will deal with these issues in the following sections.

12.1.1 Substituting Pointers to the Argument

When substituting the argument for the formal parameter, we could just copy
the argument whenever the formal parameter occurred. But copying the
argument may be very wasteful, because

(i) the argument might be a very large expression, in which case we are
wasting space by making multiple copies of the same object;

(ii) the argument might contain redexes, in which case we are wasting work by
duplicating redexes which may subsequently have to be separately
reduced (if they are needed).

Both of these problems can be avoided by substituting pointers to the
argument for the formal parameter. This gives rise to sharing, whereby there
may be many pointers to the same expression, and it is for precisely this
reason that the expression tree becomes a graph. Figure 12.2 is an example of
this process in action, in which the (NOT TRUE) expression becomes shared.
Sharing by means of pointers was first suggested by Wadsworth [1971], who
called it graph reduction. 1t is the key idea that turns reduction into a practical
technique. The alternative, of copying the argument wherever it is used, is
called tree reduction or string reduction and is normally considered pro-

@ reduces to @
Ax/ \@ @/ \
I@ ot Yrue anp’ \@\m
UE

@/ \x NO
/\
AND x

(AX.AND x x) (NOT TRUE) — AND (NOT TRUE) (NOT TRUE)

Figure 12.2 Pointer substitution



Section 12.1 Reducing a lambda application 209

hibitively expensive (though Mago’s parallel reduction machine uses it
[Mago, 1980], relying on massive parallelism to overcome the inefficiency).

12.1.2 Overwriting the Root of the Redex

If we are to exploit sharing successfully we must ensure that when an
expression is reduced we modify the graph to reflect the result. This will
ensure that shared expressions will only be reduced once. For instance, in
Figure 12.2 the (NOT TRUE) expression will be reduced next (since AND
requires its argiments to be evaluated), and we would like to arrange that this
reduction is only done once.

We can achieve this by the simple expedient of physically overwriting the
root of the redex with the (root of) the result. Here is an example in which the
node marked ‘$’ is the root of the redex, and is physically overwritten with the
result of the reduction:

/@ reduces to @
@
/ /
AND @$ AND FALSE $
NOT/ \TRUE NOT TRUE

Notice that fragments of the redex (in this case just the NOT and TRUE nodes)
are not affected by the overwriting, and become completely detached from
the part of the graph we are considering. They cannot be recovered and
re-used immediately because they may be shared with other nodes not in the
picture. If not, then they will eventually be recovered by the garbage
collector.

There is an important complication associated with overwriting the root of
the redex, which we discuss later, in Section 12.4.

12.1.3 Constructing a New Instance of the Lambda Body

As the word ‘instance’ implies, when applying a lambda abstraction we must
make substitutions within a new copy of the body of the lambda abstraction
rather than updating the original body directly with the substitutions. This is
necessary because the abstraction may be applied many times, and its body
serves as a ‘master template’ from which an instance is constructed each time
it is applied; the master template should not be altered by the copying process.
Thus the example in Figure 12.1 should really look like this:

@s$ reduces to @$
/7 \ / \
AIX TRUE AX NOT TRUE
@ @
/' \
NOT X NOT x

The original lambda abstraction remains intact in case it is sharcd.
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We may describe the instantiation operation by a recursive function
Instantiate(Body,Var,Value), which copies Body substituting Value for free
occurrences of Var. This function implements precisely the substitution
operation described in Figure 2.3. Specifically:

Instantiate(Body,Var,Value) constructs Body[Value/Var]

instantiate proceeds by case-analysis on the root node of Body, and each case is
a direct transcription of the corresponding line of Figure 2.3:

(i) if Body is a variable x and Var = x then return Value (here we substitute
Value for an occurrence of Var),

(i1) if Body is a variable x and Var + x then return Body,

(iii) if Body is a constant or built-in function then return Body,

(iv) if Body is an application (Ei Ez) then return the application
(Instantiate(E1,Var,Value) Instantiate(Ez,Var,Value)),

(v) if Body is a lambda abstraction Ax.E and Var = x then return Body — the
new lambda abstraction binds Var anew, so no substitutions should occur
inside it, and hence we can avoid instantiating it altogether,

(vi) if Body is a lambda abstraction Ax.E and Var + x then return
AX. Instantiate(E,Var,Value) — we must instantiate the lambda abstraction
in case there are free occurrences of Var inside it.

This case is much simpler than the corresponding rule of Figure 2.3,
because we are assuming that Value has no free variables (see Section
11.3.2).

Figure 12.3 gives a possible definition of instantiate in the C language.

The instantiation process is simple enough, but it risks copying large
expressions in which Var does not occur free at all, and hence which could be
shared. We could alleviate this by adding a new first clause to the definition of
Instantiate:

if Body does not contain any free occurrences of Var then return Body.

This would, however, be an expensive test to make. We might imagine some
sort of annotation scheme whereby we could precompute such information,
but it is hard to do in general (even Wadsworth did not give an algorithm!).
An implementation which manages to perform this test, or which does
something equivalent, is said to be fully lazy. We discuss full laziness in detail
in Chapter 15, but ignore it until then.

12.1.4 Summary

In the previous chapter we saw that lazy evaluation had two ingredients:

(i) arguments to functions should be evaluated only if needed;
(ii) once evaluated, they should never be re-evaluated.
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Instantiate{ Body, Var, Value )
expression *Body, *Var, *Value;.

if (ISAp( Body )) /+* Is Body an application node? */
retum( MakeAp( Instantiate( GetFun( Body ), Var, Value ),

if (IsVar( Body )) /* Is Body a variable? */

retum( Value );
else
retumn( Body );

i{f (IsLam( Body )) /* Is Body a lambda abstraction? */

retum( Body );
else

retumn( MakeLam( GetVar( Body ),

)
/* So Body must be a constant or built-in function */

retum( Body );

Note: IsAp(B) tests whether B is an application node
GetFun(B) gets the function from an application node
GetArg(B) gets the argument from an application node
MakeAp(F,A) makes a new application node

IsVar(B) tests whether B is a variable node

IsLam(B) tests whether B is a lambda abstraction node
GetVar(B) gets the formal parameter from an abstraction
GetBody(B) gets the body from an abstraction node
MakeLam(V,B) makes a new lambda abstraction node

Instantiate{ GetArg( Body ), Var, Value ) );

if (Body == Var) /* Is Body the variable Var? */

if (GetVar( Body ) = Var) /* Same formal parameter? */

Instantiate( GetBody( Body ), Var, Value )));

Figure 12.3 The Instantiate functioninC

We saw that normal order evaluation implemented the first ingredient. We
can now see that the second ingredient is implemented by the combination of

two things:

(i) substituting pointers to the argument rather than copying it avoids

duplicating the (unevaluated) argument;

(ii) updating the root of the redex with the result ensures that further uses of

the argument will get the benefit of the work done.

To summarize:
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Normal order evaluation

to weak head normal form
+

Substitute pointers } = Lazy evaluation
+

Update redex root

with result y,

This implementation strategy is called lazy graph reduction.

12.2 Reducing a Built-in Function Application

Suppose the redex consists of a built-in function applied to the correct number
of arguments. First of all, any arguments whose values are needed must be
evaluated by recursively invoking the evaluator. Then the built-in function
can be executed, and the result physically overwrites the root of the redex.
For example, consider the expression (+ 6 (*+ 3 4)), which has the graph

N
+/ \6 @/<:

"

We first select node $ for reduction, but discover that + needs to evaluate its
arguments. So we recursively invoke the evaluator on the first argument, only
to discover that it is already in WHNF. Then we invoke the evaluator on the
second argument, which causes node # to be selected for reduction. Again,
we recursively reduce the arguments of the * (they are already in WHNF),
and now we can execute the *. The result of this multiplication overwrites
node #, thus

e$
1

Y
+/\6}\ 4

*

As always, we see that fragments of the original graph remain, subsequently
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to be recovered by the garbage collector. Now the evaluation of the
arguments of + is complete, and it executes, giving

188
@ 12
+/ \6 @ 4
/\
* 3

The node §, the root of the original expression, is the result, the other
fragments being garbage. From now on we will no longer draw the garbage
nodes in our pictures.

12.3 The Reduction Algorithm So Far

We now review our reduction algorithm, putting together the material of the
previous two sections.

REPEAT
(1) Unwind the spine until something other than an application
node is encountered.
(2) Examine the objects found at the tip of the spine (see

Section 11.5).

(a) A dataobject. Check that it is not applied to anything. If
not, the expression is in WHNF so STOP, otherwise
there is an ERROR.

(b) A built-in function. Check the number of arguments
available. If there are too few arguments the expression
is in WHNF so STOP. Otherwise evaluate any
arguments required, execute the built-in function and
overwrite the root of the redex with the resuit.

(c) A lambda abstraction. Check that there is an argument;
if not the expression is in WHNF so STOP. Otherwise
instantiate the body of the lambda abstraction,
substituting pointers to the argument for the formal

" parameter, and overwrite the root of the redex with the
result.

END

12.4 Indirection Nodes

In Section 12.1 we described how to reduce an application of a lambda
abstraction by constructing an instance of the body of the lambda abstraction,
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substituting pointers to the argument for the formal parameter, and updating
the root of the redex with the result. The final operation, updating the root of
the redex, contains a hidden danger, which this section will expose.

Suppose, then, that we have instantiated the body of the abstraction and
are about to update the root of the redex. The most obvious way to do this
seems to be simply to copy the root cell of the result on top of the root cell of
the redex. This is all very well, but it suffers from two shortcomings:

(i) The result of the reduction may not have a root cell to copy. For example,
consider

(Ax.4) 5

In an unboxed implementation the result, 4, is represented as a non-
pointer, and hence does not occupy a cell at all.

(ii) It is slightly inefficient, because the root cell of the result is constructed
(by Instantiate), copied over the root of the redex, and then discarded,
because there are no further pointers to it.

It would be more efficient to build the root cell of the result directly on
top of the root cell of the redex, thus avoiding ever constructing the root
cell of the result in the first place.

However, in a reduction such as

(Ax.%) (f 6)

the root cell of the result is not a newly constructed cell so we cannot
construct the root cell of the result on top of the root of the redex.

It appears, therefore, that lambda abstractions in which the body consists of
an unboxed constant or a single variable, form a special case. We consider the
former possibility first.

12.4.1 Updating with Unboxed Objects

We recall from Chapter 10 that an unboxed object is one which is represented
as a non-pointer, rather than as a pointer to a cell. How can we update the root
of the redex with such an object?

We are forced to introduce a new type of cell, an indirection cell. An
indirection cell has a tag, IND say, which identifies the cell as an indirection,
and a single field which is the contents of the cell. When updating an
application cell with an unbozxed object we overwrite the application with an
indirection cell whose content is the unboxed object. For example:

@$ reduces to V|$

"
4
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where we use V to identify indirection nodes.

This expedient seems not to be necessary in an implementation in which
everything is boxed, since we can just copy the top node of the object over the
root of the redex. However, we still need to take care as the next section
shows.

12.4.2 Updating where the Body is a Single Variable
Consider our example, the expression ((Ax.x) (f 6)):

es

o o g
LN

There are two ways in which we can update the root of the redex:

(i) We could copy the root cell of the result on top of the root cell of the redex

thus:
@$ reduces to a@s
M/\ # (@r:>
[ A /3

6

Now the result (seen from the point of view of node §) is quite correct
(viz. (f 6)). However, now the application of f to 6 has been duplicated,
(f 6) may be evaluated twice if node # happens to be shared. This would be
wasted work if (f 6) were expensive; we have lost laziness. Notice that this
problem can only arise if the body of the lambda abstraction consists of a
single variable. If the body is an application, then the root of the result
will be a newly constructed application cell, and hence cannot be shared.
Even if this were not the case, and the (f 6) were already in normal
form, node $ is a duplicate of node #, which is a waste of storage space.
Furthermore, this alternative might not be possible in an implemen-
tation supporting variable-sized cells, if the root cell of the argument was
bigger than the root cell of the redex.
(ii) We could take the hint from Section 12.4.1, and use an indirection node.
We would then overwrite node $ with an indirection to node #, thus:

@$% reduces to \|7$
J\lx % /@ b
X f/\s f \6
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.The trouble with introducing indirection nodes is that they can then
appear at any point in the graph, so the reduction machine must contain
tests for indirection nodes in many places.

Furthermore there is a danger that long chains of indirection nodes
might build up (for example, suppose (f 6) evaluated to an indirection
node), which would clog up the machine.

The issue of whether to copy or to use indirection nodes arises in other cases
also. For example, HEAD selects the head of its argument (which it first
evaluates to a CONS cell), and meets the same problem in overwriting the root
of the redex with the result. IF is another example of such a function.
Functions like these which simply select some component of their
argument(s) are called projection functions.

All the arithmetic and boolean functions will suffer too in an unboxed
implementation, because their result is unboxed.

In general, any function whose result is not a cell constructed during the
reduction will raise the question of how to update the root.

12.4.3 Evaluating the Result before Updating

A solution which overcomes the major problems of either method is to
evaluate the result before updating the root of the redex. We can justify this
approach with the following two observations:

(i) We are currently trying to reduce node $ to weak head normal form. So
the first thing we are going to do once this reduction is complete is to
reduce the result of the reduction ((f 6) in this case) to WHNF.

Hence we can safely reduce node # to WHNF before overwriting node
$ with the result.
(it) Once an expression is in WHNF its root is never again overwritten,
because it is never again selected as the root of a redex.

Observation (i) means that if the result of the reduction of node # was an
indirection to a CONS cell *, we could overwrite node $ with an indirection to
node * (not node #).

@$ reduces to Vs
AW v
;'( f/ \6 \___; *
/7 \
P’ q

‘Thus we would never get more than one indirection node in a chain.
Observation (ii) tells us that it is safe to copy node # once it is in WHNF



Section 12.4 Updating the root and indirection nodes 217

since it will never again be overwritten; by copying it we still waste space, but
we no longer risk duplicated reductions. For example, if the (f 6) evaluated to
a CONS cell, copying would give this:

@ reduces to : 8§
7/ \
A @
X f 6 T #
/' \
Y q

12.4.4 Summary: Indirection Nodes versus Copying

This is a slightly tricky section, and we shall summarize our conclusions.

(i) When the root of the result is constructed during the reduction, and is
sufficiently small, it should be constructed directly on top of the root of
the redex, rather than being allocated elsewhere, copied and discarded.

(ii) If the rootof the result was not constructed during the reduction, then we
can overwrite the root of the redex either with a copy of the root of
the result, or with an indirection to the result.

(iii) The cases covered by (ii) arise for
(a) functions (both lambda abstractions and built-in functions)
returning unboxed results,
(b) lambda abstractions whose body consists of a single variable,
(c) built-in projection functions, which include HEAD, TAIL and IF.

(iv) In the cases covered by (ii), the result should be evaluated to WHNF
before overwriting the root of the redex. If this is done, no sharing is lost
and the number of reductions performed is the same either way.

There are the following arguments in favor of using indirections:

(i) There is no alternative if the result is an unboxed object.

(ii) They use no fewer cells at the time the reduction takes place. However,
indirection nodes can be ‘shorted out’ and recovered by the garbage
collector, thus recovering the storage they occupy, whereas the garbage
collector cannot recover the duplicated storage allocated by the copying
technique (see Chapter 17).

(iii) There is no problem if the root of the result is bigger than the root of the
redex.
(iv) Chains of indirection nodes can be prevented.

(v) It has been suggested by Hughes [1985] that implementations of
functional languages should incorporate memo functions; that is,
functions which remember what arguments they have been applied to so
far, together with the corresponding results, and when reapplied to one
of these arguments deliver the corresponding result directly. This idea
works better in a system based on indirection nodes, since if we make
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copies of nodes then identical arguments may look different to the memo
function.

There is only one argument against indirection nodes, but it is rather
persuasive:

(i) The reduction machine has to make continual tests for the presence of
indirection nodes, and de-reference them as they crop up. This adds a
large number of potentially slow tests to the implementation. Hardware
support would largely alleviate this problem.

On balance it looks as if copying has a short-term advantage of speed, but the
generality of indirection will probably win out in the end.

12.5 Implementing Y

We have said in Chapter 2 that Y is always implemented directly, and we now
discuss how this is done. The reduction rule for Y is

Y - f(Y T

and there are two ways of implementing this:

0 $@  reducesto $
N AN
2N

(ii) ' 6
7\ reduces to $/@_
f \_
The first is straightforward, but the second is more interesting. The right
branch of the result node $ points back at node $. To see that this is a correct
implementation, consider the reduction rule for Y. On the right-hand side of
the rule, the thing fis applied to is (Y f), but the original redex was (Y f)andso

f can be applied to the root of the original redex.
Another way to see this is to try taking the reduction sequence for Y further:

f(vf
f((y D
NN

> F@E ()

which is just what the suggested graph represents.
This is the first time our graphs have incorporated cycles and this is indeed

Y f

i
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the only source of cycles in many implementations. This form of Y is therefore
sometimes called cyclic Y or knot-tying Y.

Cyclic graphs give important economies in the use of storage. Using the
acyclic version of Y means that the graph representing (Y f) grows without
limit as each recurrent (Y f) redex is evaluated. In contrast, using a cyclic
version of Y means that (Y f) is represented by a single cell. Hence cyclic
graphs give finite representations of some infinite objects (such as recursive
functions and some infinite data structures).

The principal disadvantage of a cyclic Y is that the presence of cycles
prevents the use of simple reference-counting garbage collection (see Chapter
17).
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Thirteen

SUPERCOMBINATORS AND
LAMBDA-LIFTING

Since the operation of constructing an instance of a lambda body while
substituting for the formal parameter is the fundamental operation of our
implementation, we will now consider how to make it more efficient.

In this chapter and the next we will show how to transform a lambda
expression into a form in which the lambda abstractions are particularly easy
to instantiate. These special lambda abstractions are called
supercombinators, and the transformation is called lambda-lifting. Then, in
Chapter 15, we will show how to enhance the lambda-lifting transformation to
be fully lazy, a property alluded to in Section 12.1.3. The terms
‘supercombinator’ and ‘fully lazy’ were both coined by Hughes, who was the
first to combine full laziness with lambda-lifting [Hughes, 1984].

13.1 The ldea of Compilation

The operation of instantiating the body of a lambda abstraction was called
Instantiate in the previous chapter, and was performed by a recursive tree-walk
over the lambda body. Such an Instantiate operation is rather inefficient for the
following reasons:

(i) ateachnode of the body, Instantiate has to do a case analysis on the tag of
the node;
(ii) at each variable node Instantiate has to test if the node is the formal
parameter; a similar test has to be made at each lambda node;
(iii) new instances of subexpressions containing no free occurrences of the
formal parameter will be constructed when they could safely and
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beneficially be shared (we discuss this point in more detail in Chapter
15).

A more efficient alternative to this is compilation, whereby we associate
with each lambda body a fixed sequence of instructions which will construct an
instance of the lambda body. Then the operation of instantiating a lambda
body would consist simply of obeying the sequence of instructions associated
with the lambda body.

This instruction sequence can be constructed in advance by a compiler, and
contains implicitly the knowledge about the shape of the body and where the
formal parameter occurs. Hence we would expect the compiled code to run
much faster than the Instantiate method, for just the same reasons that
compiled code runs faster than interpreted code in conventional languages. In
effect, all the tests in Instantiate are made in advance by the compiler.
Furthermore, it turns out that compilation opens up many new avenues for
optimization, which offer considerable further efficiency increases.

Unfortunately, not all lambda abstractions are amenable to compilation in
this way. Consider, for example, the lambda abstraction

AX.(AY.— ¥ X)

When we apply the Ax abstraction to an argument, 3 say, we instantiate its
body, thus creating a brand new lambda abstraction (Ay.— y 3).
Furthermore, each application of the Ax abstraction to a different argument
will create a new and different Ay abstraction, thus making a nonsense of our
hope to compile a single fixed code sequence for each lambda abstraction.

The problem is that x occurs free in the body of the Ay abstraction, so that
we have to make a new instance of the Ay abstraction whenever xisbound to a
new value by an application of the Ax abstraction. In the case of lambda
abstractions which have no free variables there is no problem, and we can
compile a code sequence for it as outlined above.

One way around this problem would be to allow the code sequence to
access the values of the free variables in some way, thus parameterizing the
code sequence on the values of the free variables. This approach leads us to
the SECD machine [Landin, 1964; Henderson, 1980], in which the code
sequence for a lambda abstraction has access to an environment which
contains values for each of the free variables, thus allowing a single code
sequence for each lambda abstraction. It is also the route followed by all
block-structured languages, in which the values of free variables are found by
looking in the appropriate stack frame.

In this book, however, we will study a totally different approach, called
supercombinator graph reduction, which does not require the addition of an
environment to our model of graph reduction. The idea is to transform the
program into an equivalent one in which all the lambda abstractions are
amenable to compilation. This transformation algorithm, which is called
lambda-lifting, is of considerable interest in its own right, and we devote the
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rest of this chapter and the next to it. After this, we spend a chapter discussing
an important optimization to lambda-lifting, called full laziness, and Chapter
16 then digresses to describe an important alternative transformation, into SK
combinators. Finally, the bulk of the third part of the book (Chapters 18-21)
is spent in an extended discussion of how to compile the transformed program
into a linear instruction sequence, and the optimizations which this opens up.

13.2 Solving the Problem of Free Variables

In this section we outline our strategy for dealing with the problem of free
variables. We do so by using a modified form of 8-reduction, in which we may
effectively perform several 8-reductions at once.

Consider our current example

AX.AY.— Y X
Suppose we applied it to two arguments, thus:

(AX.AYy.— Y x) 3 4
The lambda reducer described in Chapter 12 would proceed like this:

(A.Ay.—yx) 3 4
— (Ay.—y3)4
- — 43

There is no reason, however, why we should not perform the Ax and Ay
reductions simultaneously, thus:

(AX.AY.— Yy x) 3 4
- —-43

This ‘multi-argument’ reduction entails constructing an instance of the body
(— y x) whilst substituting 3 for free occurrences of x, and 4 for free
occurrences of y. The following observations are crucial:

(i) Much is gained by performing the reductions simultaneously. Firstly,
doing so builds less intermediate structure in the heap, since the inter-
mediate result of the Ax reduction is never constructed. Second (and
more important), no problems are presented by the free occurrence of x
in the Ay abstraction.

(ii) Nothing is lost by performing the Ax and \y reductions simultaneously.
The result of performing the Ax reduction alone is a Ay abstraction, and
(assuming that we perform normal order reduction until WHNF is
reached) no further work can be done on the Ay abstraction until it is given
another argument.

Hence we may as well wait until both arguments are present and then
perform both reductions at once. This applies even if the application of the
Ax abstraction to a single argument is shared.
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13.2.1 Supercombinators

What sort of lambda abstractions are amenable to this sort of multi-argument
reduction? Simply lambda abstractions of the form (Ax4.Axaz. ..Axn.E). This
motivates a new definition:

DEFINITION
A supercombinator, $S, of arity nis a lambda expression of the form
AXt.AX2.. .M. E

where E is not a lambda abstraction (this just ensures that all the ‘leading
lambdas’ are accounted for by X1 . . . xy) such that

(i) $S hasno free variables,
(ii) any lambda abstraction in E is a supercombinator,
(iii) n = O; thatis, there need be no lambdas at all.

A supercombinator redex consists of the application of a supercombinator
to narguments, where nisits arity. A supercombinator reduction replaces
a supercombinator redex by an instance of the supercombinator body with
the arguments substituted for free occurrences of the corresponding
formal parameter.

For example,

3

(+ 2 5)

AX.X

AX.+ X 1
AX.+ X X
AX.AY.— Y X
AfE (AX.+ X X)

are all supercombinators, while the following are not:

AX.Y (y occurs free)

AY.— ¥ X (x occurs free)

AfLE (Ax.f x 2) (inner Ax abstraction is not a supercombinator, since f
occurs free)

13.2.1.1 Supercombinators of uou-zero arity
Supercombinators of non-zero arity (that is, having at least one A at the front)
are important because they will be our unit of compilation. Since they have no
free variables (clause (i)) we can compile a fixed code sequence for them.
Furthermore, clause (ii) ensures that any lambda abstractions in the body
have no free variables, and hence do not need to be copied when instantiating
the supercombinator body.

Such a supercombinator is somewhat analogous to a Pascal function which
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takes several (value) parameters, which does not refer to any global variables,
and which has no side-effects.

13.2.1.2 Supercombinators of arity zero and CAFs

A supercombinator of arity zero (that is, having no \s at the front) is just a
constant expression (remember that it has no free variables). These super-
combinators are often called constant applicative forms or CAFs. For
example,

3
+45
+3

are all CAFs. The last example makes the point that CAFs can still be
functions.

Since a CAF has no \s at the front, they are never instantiated. Hence, no
code need be compiled for it, since a single instance of its graph can freely be
shared.

13.2.1.3 Combinators
A ‘supercombinator’ sounds like a special sort of ‘combinator’ and indeed this
is the case:

DEFINITION

A combinator is a lambda expression which contains no occurrences of a
free variable [Barendregt, 1984].

A combinator is a ‘pure’ function in the sense that the value of a combinator
applied to some arguments depends only on the values of the arguments, and
not on any free variables. The term ‘combinator’ has a long pedigree [Curry
and Feys, 1958].

Thus some lambda expressions are combinators, and some combinators are
supercombinators.

13.2.2 A Supercombinator-based Compilation Strategy

If only all the lambda abstractions in our program were supercombinators!
Then it would be easy to compile them all, for the reasons mentioned in the
last section. Real programs, of course, have many lambda abstractions which
are not supercombinators, but it turns out to be relatively straightforward to
transform the program so that it contains only supercombinators. This will be
our strategy, and we embark on the transformation in Section 13.3.

For the sake of clarity we will often give names to supercombinators. These
names are entirely arbitrary, since the lambda abstractions are anonymous,
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and we will normally begin them with a $ to make them distinctive. Thus we
could write

$XY = AX.AYy.— ¥ X

but to emphasize their special status further we will write the definition like
this:

XY xy=-yx

Our strategy is therefore to transform the lambda expression we wish to
compile into: '

(i) aset of supercombinator definitions, plus

(i1) an expression to be evaluated.

To emphasize the inseparability of these tWwo components we use a box, justas
we did in the case of Miranda programs (Section 3.3), thus:

Supercombinator definitions

Expression to be evaluated

For example, we could represent the expression
(Ax.Ay.— yx) 3 4 '
as

XY xy=-yx

$XY 3 4

A crucial point in the definition of a supercombinator given above is that a
supercombinator reduction only takes place when all the arguments are
present. For example,

($XY 3)

is not a supercombinator redex, and will not be reduced. We can therefore
regard the supercombinator definitions as a set of rewrite rules. A reduction
consists of rewriting an expression which matches the left-hand side of a rule
with an instance of the corresponding right-hand side. Such systems are called
term rewrite systems and have been much studied in their own right
[O’Donnell, 1977; Klop, 1980; Hoffman and O’Donnell, 1982].



226 Chapter 13 Supercombinators and Lambda-lifting

13.3 Transforming Lambda Abstractions into Supercombinators

To summarize our progress so far, we have seen that certain sorts of lambda
abstractions, the supercombinators, are particularly easy to compile. Our
implementation effort now breaks into two parts:

(i) a translation algorithm which transforms all the lambda abstractions in
the program into supercombinators;
(ii) an implementation of supercombinator reduction.

First of all we consider how to transform lambda abstractions into super-
combinators. Here is an example program (in which neither lambda
abstraction is a supercombinator):

(AX.(AY.+ ¥y %) x) 4

Consider first the innermost lambda abstraction (\y.+ y Xx).
It has a free variable, x, so it is not a supercombinator. However, a simple
transformation will make it into one:

make each free variable into an extra parameter (we sometimes call this
abstracting the free variable).

Thus we would transform
(y.+yX

to
(ACAY.+ ¥ X) X

(This operation is simply B-abstraction.) To see that these two expressions are
equivalent, just perform a B-reduction on the second to get the first. To make
it slightly clearer we could perform an a-conversion on the Ax abstraction to

give
(AW.Ay.+ y W) X
This clarifies the distinction between the two xs which occurred in the previous

version. Now the lambda abstraction (\w.\y.+ y w) is a supercombinator!
Performing this transformation on our original program gives

(AC.(AW.AY.+ Y W) X X) 4

Next we give the supercombinator a name, $Y say, like this

SYwy=+yw

(Ax.$Y x x) 4




Section 13.3 Transforming lambda abstractions 227

Now we see that the Ax abstraction also fulfills the conditions for
supercombinatorhood, and we give it the name $X, thus

fYwy=+yw
X x=9%Y xx
$X 4

We can now execute our program by performing supercombinator
reductions:

$X 4
— $Y 4 4
- + 44
— 8

To review the algorithm so far:
UNTIL there are no more lambda abstractions:

(1) Choose any lambda abstraction which has no inner lambda
abstractions in its body.

(2) Take out all its free variables as extra parameters.

(3) Give an arbitrary name to the lambda abstraction (e.g. $X34).

(4) Replace the occurrence of the lambda abstraction by the name
applied to the free variables.

(5) Compile the lambda abstraction and associate the name with the
compiled code.

END

_ It is easy to see that we suffer an increase in the size of the program during this
transformation, but it is a price we pay willingly in exchange for the easier
reduction rules.

When we have completed the algorithm we arrive at a program of the form

. supercombinator definitions . . .

E

But what about the expression E? It must have no free variables, since it is
the top-level expression to be evaluated, so we can make it into a zero-
parameter supercombinator (a CAF) thus

. supercombinator definitions . . .
$Prog = E

$Prog
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thus completing the transformation of the program into supercombinators.
So far we have not made any explicit mention of recursion. This topic is so
important that we devote the whole of the next chapter to it.
Following Johnsson [1985], we call the transformation from lambda
expressions to supercombinators ‘lambda-lifting’ since all the lambda
abstractions are lifted to the top level.

13.3.1 Eliminating Redundant Parameters

In this section and the next we will consider two simple optimizations to the
lambda-lifting algorithm. Consider the expression

AX.AY.— ¥ X

It is actually a supercombinator as it stands, but suppose we blindly applied
our algorithm as described above. First we choose the Ay abstraction, noting
that x is free, and transform it to

Y Xy=-—-yx

AX.$Y x

(Here we have chosen to use x instead of w as the name of the extra parameter
to the $Y supercombinator. This choice is arbitrary, but we will normally
choose the same name as the free variable being abstracted.) Now dealing
with the Ax abstraction, we get

$Y xy=—-yx
$X x = $Y x

$X

. Itis clear that we can simplify the definition of $X to
$X = $Y

(This is just n-reduction, of course.) Having done this we see that $X itself is
redundant, and $X can be replaced wherever it occurs by $Y, giving

$Y Xy =—y X

$Y

So there are two optimizations to consider:

(i) Remove redundant parameters from definitions by -reduction.
(ii) Where this produces redundant definitions, eliminate them.
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These optimizations together exploit supercombinators that appear naturally
in the original program, and sometimes catch other n-reductions as well.

Caveat: it turns out that, for more sophisticated implementations,
performing such n-reductions is actually undesirable, unless they succeed in
eliminating a definition, which is always desirable. For a full explanation of
this point, see Section 20.3.4.

13.3.2 Parameter Ordering

When we take out several free variables from a lambda abstraction as extra
parameters the order in which we put them seems rather arbitrary. For
example, consider the program

(...
(AX.Az.+ ¥y (* x 2))
.

where the ‘... stands for some expression enclosing the Ax abstraction. It
could be transformed to

$Sxyz=+y(*x2
(.

"(Ax.)$s X )

or alternatively it could be transformed to

$Syxz=+y(*x2
(.

.88 y X
)

Both x and y are free, and it does not seem to matter which order we take them
out in. However, let us take the second possibility one stage further, by lifting
the Ax abstraction:

$Syxz=+y (*x2
$Tyx =8Syx
(...

($T)y)

Now we can remove the redundant parameters from the definition of $T, and
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eliminate the definition of $T altogether (since it is the same as $S). This
would not have been possible had we put the extra parametersx and y for $Sin
the other order. Hence we should order the free variables, with those bound at
inner levels coming last in the parameter list of the supercombinator.

This suggests that we could associate a lexical level-number with each
lambda abstraction, so that the lexical level-number of a lambda abstraction is
defined to be one more than the number of textually enclosing lambdas (the
experienced reader will recognize these level-numbers as de Bruijn numbers
[de Bruijn, 1972]). For example, consider

(AX.AY.+ X (* ¥ ¥)

The Ax abstraction is at level 1, while the \y abstraction is at level 2 (since it is
enclosed by a Ax abstraction).

The lexical level of a variable is now defined to be the lexical level of the
lambda abstraction which binds it. If the level of x is less than y we say that x is
freer than y, since it is bound further out.

Constants (including built-in functions such as +, and previously generated
supercombinators) can be regarded as being bound at the top level, and so
should be at level 0. There is, of course, no need to abstract out constants as
extra parameters during lambda-lifting.

To summarize:

(i) The level-number of a lambda abstraction is one more than the number
of lambda abstractions which textually enclose it. If there is none, then
its level-number is 1.
(ii) The level-number of a variable is the level-number of the lambda
abstraction which binds it.
(iii) The level-number of a constant is 0.

It is simple to determine the lexical levels of all variables in a single
tree-walk over the expression. On the way down the tree the level-numbers of
the lambdas are recorded in a sort of environment, while on the way up the
level of each variable is computed, using the environment.

Now to maximize the chances of being able to apply n-reduction we can
simply sort the extra parameters in increasing order of lexical level.

13.4 Implementing a Supercombinator Program

All the preceding work has shown how to compile our program into a set of
supercombinator definitions. What happens now? We have spoken of the
supercombinators being compiled in some way, but in fact there is a spectrum
of possible implementations:

(i) We could keep the body of the supercombinator as a tree, and instantiate
it using a function similar to Instantiate. This is the supercombinator
equivalent of the lambda reducer in the last chapter, and all the
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mechanisms described in the previous chapters concerning how to find
the next redex, how to perform a reduction, indirection nodes, the stack
and so on are still valid. The only change required is in the implemen-
tation of Instantiate. It is simplified because all lambda abstractions are
known to be supercombinators (which have no free variables, and hence
need never be copied), but is made more complicated because it has to
substitute for several variables at once.
We call this the template-instantiation implementation.

(i) We could keep the body of the supercombinator as a tree, but held in a
contiguous block of store. Now the instantiation can be done with a
modified block move, which can be implemented much more efficiently
than a tree-walking instantiation. This idea is used by Keller [1985]. It is
possible because supercombinators are constructed once and for all at
compile-time, rather than being generated on the fly at run-time.

(iii) We could compile the body to a linear sequence of instructions which will
create an instance when executed. This is the idea behind the G-machine
[Johnsson, 1984], which we discuss in Chapters 18-21. This is faster still,
and also opens the way to many further optimizations, as we shall see.

The fundamental point is that all we can do with a supercombinator is to apply
it, and hence we are free to choose a representation for the supercombinator
that makes this operation efficient.
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Fourteen

RECURSIVE
SUPERCOMBINATORS

So far we have made no explicit mention of how our lambda-lifter should
handle recursive definitions. One way to do so is to translate all our recursive
definitions into non-recursive ones, using the fixpoint combinator Y, as
described in Chapter 2. This is inefficient and slow for the following reasons:

(i) There is no reason why the supercombinators should not be explicitly
recursive since, unlike lambda abstractions, they have names so they can
refer to themselves. For example

$F x = $G BF (- x 1)) O

(ii) To make $F non-recursive using Y would require an auxiliary definition,
thus:

$F = Y $F1
SF1 Fx=%G (F(—x1)0

Defining $F in this way will require more reductions than the explicitly
recursive version, since the Y has to be reduced.

(iii) In Chapter 6 the translation into the ordinary lambda calculus of a letrec
involving mutual recursion was handled by first grouping the definitions
into a tuple, and then making this definition non-recursive with Y. Not
only is it annoying to have to introduce tuples to handle mutual recursion
of functions, but it is also very inefficient since the tuple has to be
constructed and then taken apart.

We conclude that explicitly recursive definitions of supercombinators will
give a better performance. We now describe the techniques required to obtain
a set of mutually recursive supercombinator definitions without using Y.

232
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14.1 Notation

Since we want to treat recursion directly, we do not want it to be compiled into
applications of the Y combinator. Hence we assume that the high-level
functional program is instead translated into the lambda notation augmented
with the simple let and letrec constructs, as was described in Chapter 3.

In passing we observe that the notation

$S1 x y = Bt
$S2 f = B2
etc.
E
is precisely equivalent to
letrec
$S1 = Ax.\y.B1
$S2 = Af.B2
etc.
in
E

so that the lambda-lifting process can be regarded as a source to source
transformation of the enriched lambda calculus.

14.2 Lets and letrecs in Supercombinator Bodies

Suppose we wanted to write a textual description for the graph

@
/ )
]
3
/
Whilst expressions such as (f (g a) b) can describe trees, they cannot express

the sharing and cycles embodied in the above graph. One solution would be to
name the nodes (a, b and ¢, say, working top to bottom) and express the

graph thus:

a=c¢b
b=c¢3
c=1¢%b

. We would also want to identify a as being the root of the graph. But we have
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just reinvented the letrec! The graph can be described by the letrec expression

letrec a =c b

b=c3
c=fb

in a
This gives us the idea that letrec expressions can be regarded as rextual
descriptions of a cyclic graph. Hence a letrec in a supercombinator body can be
regarded as the description of a graphical portion of the supercombinator
body.

Up to now we have considered a supercombinator body to be a tree, and
applying the supercombinator involves constructing a new instance of the
tree. Now we see that allowing letrecs in a supercombinator body allows the
body to be a graph, and applying such a supercombinator involves con-
structing a new instance of this graph. We say that such a supercombinator has
a graphical body.

For example, consider the following supercombinator definition:

$Y f = letrec yf = f yf
in yf
This is a definition of the cyclic version of the familiar Y combinator, whose
body is a graph. When $Y is applied, we make an instance of the graph,
substituting for occurrences of the formal parameter, f. During the
instantiation we must be careful to preserve the cycles of the original graph.

A compiling implementation would compile code which would, when
executed, construct the graph with the appropriate substitutions made. The
way in which this is done is described in Chapter 18.

In a similar way we can allow supercombinator bodies to contain let-
expressions, regarding them as descriptions of (acyclic) graphs. This will
actually save us reductions, because we can now describe directly expressions
such as

let x=3in E
where we would previously have translated this to
(\x.E) 3

which requires a reduction to explicate.
To summarize, we see that

(i) itis quite easy to extend supercombinators to allow them to have bodies
which are general graphs, rather than being restricted to trees;
(ii) graphical supercombinator bodies can easily be described using a letrec
(or alet in the case of acyclic bodies);
(iii) to instantiate a letrec (or let), we simply construct the graph described by
the letrec (or let);
(iv) using graphical bodies can save us reductions.
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We now discuss how to transform recursive programs into supercombinators
with graphical bodies.

14.3 Lambda-lifting in the Presence of letrecs

Our lambda-lifting algorithm will work as before, lifting the lambda
abstractions to the top level. No special note need be taken of letrecs; they can
be treated just like any other expression. In particular, lambda-lifting still
applies only to lambda abstractions, not to letrecs as well. Some lambda
abstractions will have letrecs in their bodies, which will give rise to super-
combinators with graphical bodies.

The question arises, however, of what lexical level-number to assign to
variables bound in a letrec.

The variables bound in a letrec will be instantiated when the immed:ately
(textually) enclosing lambda abstraction is applied to an argument, since that
_is when we construct the instance of the letrec, substituting for all the free
variables. Hence the variables bound in a letrec should be given the lexical
level-number of the immediately enclosing lambda abstraction.

What if there is no enclosing lambda abstraction? In this case the natural
level-number for such variables should be 0. But this gives us a hint, since 0 is
the level-number we assign to constants and supercombinators. If there is no
enclosing lambda abstraction, then the definition bodies of the letrec can have
no free variables (other than the variables defined in the letrec); in other words,
they are combinators. All that is needed to turn them into supercombinators
is to lambda-lift them to remove any inner lambdas. Notice that the variables
bound in such level 0 letrecs will not be taken out as free variables because
constants (level 0) are not taken out.

Suppose we have to lambda-lift this program, which computes the infinite
list of 1s.

letrec x = CONS 1 x
in x

The letrec is at level 0, and there are no lambda abstractions, so x is a
supercombinator already, and we get

$x = CONS 1 $x

$x
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As an example of a recursive function, consider the factorial function:

letrec fac = An.IF (= n 0) 1 (* n (fac (— n 1)))
in fac 4

The letrec is at level 0, and there are no lambda abstractions inside the body of
the An abstraction. Hence, fac is already a supercombinator and we get

$fac n = IF (= n 0) 1 (* n ($fac (— n 1))
$Prog = $fac 4

$Prog

14.4 Generating Supercombinators with Graphical Bodies

So far none of our supercombinators has had a graphical body. This occurs
when a letrec has some free variables. Consider, for.example, the program

let

Inf = Av.(letrec vs = CONS v vs in vs)
in

inf 4

(Inf v) returns the infinite list of vs. Again, Inf is at level 0 and contains no inner
lambda abstractions, so it is already a supercombinator, and we get

$Inf v = letrec vs = CONS v vs in vs
. $Prog = $Inf 4
$Prog

Notice that the graphical body of the supercombinator preserves the (finite)
cyclic representation of the (infinite) data structure.
14.5 An Example

We shall now work through an example to show the lambda-lifting algorithm
in action. Here is a Miranda program to sum the first 100 integers. It is written
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in a slightly odd style in order to demonstrate various aspects of the algorithm:

sumints m = sum (count 1)
where
count n = [}, n>m
= n : count (n+1)
sum [] =0
sum (n:ns) = n + sum ns
__s:;ll_nts 100

Translating this into the enriched lambda calculus gives

letrec
sumints
= Am.letrec
count = An.IF (> n m)
NiL
(CONS n (count (+ n 1))
in
sum (count 1)

sum = Ans.IF (= ns NiL) 0 (+ (HEAD ns) (sum (TAIL ns)))
in
sumints 100

(Note: this is not exactly the translation that will be produced by the pattern-
matching compiler described in Chapter 5, but it is a correct translation, and
will suffice for present purposes.) The variables sumints and sum are defined at
level 0, but sumints has an inner lambda abstraction. This An abstraction has
the free variables m and count. We lift them out to generate a super-

combinator, which we arbitrarily name $count, thus

$count count m n = IF (> n m) NIL (CONS n (count (+ n 1)))

letrec
sumints
= am.letrec
count = $count count m
in
sum (count 1)

sum = Ans.IF (= ns NiL) 0 (+ (HEAD ns) (sum (TAIL ns)))
in
sumints 100
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Now sumints and sum have no inner abstractions, and they are al the top
level, so they are supercombinators. Lifting them direcily, and adding the
final $Prog supercombinator, gives

$count count m n = IF (> n m) NIL (CONS n (count (+ n 1))
$sum ns = IF (= ns NIL) 0 (+ (HEAD ns) ($sum (TAIL ns)))
$sumints m = letrec count = $count count m

in $sum (count 1)
$Prog = $suminis 100

$Prog

We are done.

14.6 Alternative Approaches

The technique described earlier is not the only way of lambda-lifting recursive
functions. For example, Johnsson [1985] describes an algorithm which
constructs graphical supercombinator bodies for data siructures, but not for
functions.

Briefly, his technique works like this. Suppose we have a program with a
recursive function f containing a free variable v:

(...
letrec f = Ax.(...f...v...)
in (...f...)

)

We generate a recursive supercombinator $f from f by abstracling the free
variables (just v in this case) but not f itself. Instead, all uses of f are replaced
with ($f v), including those in the body of $f itself. This yields
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To illustrate the method we will recompile the sumints example given

earlier. Recall that we begin with the program

letrec
sumints
= am.letrec
count = An.IF (> n m)
NIL
(CONS n (count (+ n 1))
in
sum (count 1)

sum = Ans.IF (= ns NIL) 0 (+ (HEAD ns) (sum (TAIL ns)))
in .
sumints 100

First we lambda-lift the An abstraction, abstracting out the free variable m,
but not count. Instead, we replace all calls to count with ($count m), which gives

$count m n = IF (> n m) NIL (CONS n ($oount m (+ n 1))

letrec

sumints

= Am.sum ($count m 1)

sum = Ans.IF (= ns NIL) 0 (+ (HEAD ns) (sum (TAIL ns)))
in

sumints 100

There were two calls to count, one in the body of the An abstraction and one in
the definition of sumints, both of which were replaced with ($count m). Notice
that this substitution could equally well be carried out using a let-definition to

bind count to ($count m).

Now sumints and sum are supercombinators, so we lift them out to give

$count m n = IF (> n m) NIL (CONS n ($count m (+ n 1)))
$sum ns = IF (= ns NIL) 0 (+ (HEAD ns) ($sum (TAIL ns)))
$sumints m = sum ($count m 1)

$Prog = $sumints 100

$Prog

Notice that (unlike our previous method) no supercombinator has a graphical
body; all the recursion is handled by direct recursion of supercombinators.
However, it turns out that cyclic data structures have to be treated in a

different way, and do require supercombinators with graphical bodies.
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The new method has one major advantage. In our previous approach the
recursive call to count in the $count supercombinator was made to a function
passed in as a parameter (called count). In contrast, the new method makes
the recursive call directly to the supercombinator $count. This means that the
compiler can see which function is being called, and this information can
make the compiled code considerably more efficient (see Chapter 20).

On the other hand, the $count supercombinator generated by the new
method is larger than that generated by the previous method. It contains an
extra application node ($count m), and a new instance of this application node
will be constructed on every application of $count, which will consume more
store.

In the case of mutually recursive functions, it turns out that each function
needs to be passed the free variables of all the other functions in the mutually
recursive set, as well as its own. This involves doing the sort of dependency
analysis described in Section 6.2.8. Furthermore, as mentioned above, data
structures and functions must be treated in different ways by the new method,
which makes the compiler more complicated.

The trade-off between the two techniques is not yet clear.

14.7 Compile-time Simplifications

Once lambda-lifting has been completed there are some simple optimizations
that further improve the lambda-lifted program. These take the form of
compile-time simplifications of the program.

14.7.1 Compile-time Reductions

It may be advantageous to perform certain reductions at compile-time. For
example, consider the definitions

$Fxy=+ ($Gy) x
$Gp=*pp

The ($G y) in the body of $F is a redex which will be created every time $F is
applied. We could, however, reduce it at compile-time, giving

$Fxy=+(*yy)x

thus performing the $G reduction once and for all at compile-time. This
process is directly analogous to expanding out the code for a procedure call
in-line, a common optimization in conventional compilers. In order to
preserve sharing we should replace the redex with a let-expression:

$GE — letp=Ein*pp
Sometimes we can evaluate subexpressions completely, as in the definition
$H x =+ x (* 3 4)
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where we can safely evaluate the (*+ 3 4) once and for all at compile-time.
This is called constant folding in conventional compiler technology.

The question of exactly which redexes to reduce is not completely straight-
forward, especially in the case of recursive functions, because indiscriminate
use of the technique may cause the code size to increase significantly. The
decision is not clear-cut, because it depends on the relative priorities of speed
and code size. Hudak and Kranz [1984] give an interesting discussion of a
particularly thorough-going use of compile-time reduction.

14.7.2 Common Subexpression Elimination

Sometimes (for clarity) the programmer may write an expression such as
* ($F x) ($F x)

Rather than compute ($F x) twice, we can replace the expression with
let ix = $F x in * fx fx

Identifying common subexpressions may be done by a hashing algorithm
~ which checks to see if an expression already exists before building a new one.
This simplification seems always to be beneficial, but see Chapter 23 for a
warning about some possible drawbacks.

14.7.3 Eliminating Redundant lets

Sometimes lets of the form
let x =y in E

arise, in which the right-hand side of the definition is a single variable. These
can safely be eliminated by replacing occurrences of x by y in E.

It is also quite common to encounter code in which a variable defined in a let
is used only once in its scope. For example, consider the supercombinator

$sumSq x y = let xsq = * x x
ysq =*yy
in
+ xsq ysq

In this case we may as well substitute the right-hand side of the definition for
the (single) occurrence of the variable, giving

$sumSq x y =+ (* xX) (*yy)

This is simpler and, it turns out, slightly more efficient. It may be achieved
simply by accumulating information on the number of textually distinct
occurrences of each variable in the body of a let.
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Fifteen

FULLY LAZY LAMBDA-LIFTING

As we discussed in Chapter 11 our implementations support lazy evaluation.
However, there is one major way in which an implementation based on
lambda-lifting can be made still lazier than the version we have described so
far. The purpose of this chapter is to describe the opportunity and the
modifications required to exploit it.

15.1 Full Laziness

As we remarked in Section 12.1.3, a straightforward implementation of the
template-instantiation procedure risks constructing multiple instances of the
same expression, rather than sharing a single copy of them. This wastes space
because each instance occupies separate storage, and it wastes time because
the instances will be reduced separately. This waste can be arbitrarily large;
for example, the duplicated instances might each separately perform some
large calculation.

The loss of sharing can best be seen using an example. Consider the
function

f=2Ay.+ y (sqrt 4)

Whenever this function is applied to an argument we will slavishly construct a
new instance of the subexpression (sqrt 4) in its body, despite the fact that all
instances of the (sqrt 4) reduce to 2. It would be better not to construct a new
instance of such constant subexpressions, but to share a single instance
instead. This can do no harm, since the constant subexpression does not
contain any occurrences of the formal parameter, and hence its value cannot
change between one application and another.

243
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It looks as if these constant subexpressions could be spotted and marked by .
a compiler, but they can be generated ‘on the fly’. Consider the Miranda
program

f=9g4
gxy=y + (sqrt x)

1)+ (2

This compiles to the lambda expression:

letrec f =g 4

g = AX.Ay.+ y (sqrt x)
in+ (f1)(f2

Therefore, when evaluating the expression, we get

+(f 1) 2
- +(I1)(T2)

» ((Ax.AY.+ y (sqrt x)) 4)

- +(T1)(T2)

> (Ay.+ y (sqrt 4))

- + (I 1) (+ 2 (sqrt 4))

> (\y.+ y (sqrt 4))

- +(T1)4

> (Ay.+ Y (sqrt 4))

- + (+ 1 (sqrt 4) 4
- + 34
- 7

The crucial point is that the (sqrt 4) is evaluated twice, because a fresh
instance of it is made each time the Ay is applied. The reason for this is that it is
a dynamically created constant subexpression of the Ay abstraction.

Not surprisingly, just the same problem occurs with supercombinators. Qur
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example compiles to

$g xy = + y (sart x)
$f = $g 4
$Prog = + ($f 1) ($f 2)

$Prog

The reduction proceeds as follows:

$Prog
- + (I 1) (T 2)

> ($g 4)
- +(T 1) (+ 2 (sqrt 4))

> (5 4)
- +(T1)4

> ($g 4)

+ (+ 1 (sqrt 4) 4
+34
7

i

Again we see that the (sqrt 4) has been evaluated twice.

To be as lazy as possible we would like to share even these dynamically
created constant expressions. Specifically, the effect we want to achieve is that
every expression is evaluated at most once after the variables in it have been
bound. This is called full laziness. It corresponds closely to an optimization
sometimes performed by conventional compilers on loops, in which
expressions not-involving the loop variable (i.e. free expressions) are moved
out of the loop so that they are not repeatedly evaluated.

156.2 Maximal Free Expressions

The problem we have discovered is that laziness can be lost if we instantiate
too much of the body of a lambda abstraction. -

Which parts should not be instantiated? The parts of the body that should
not be instantiated are those subexpressions which contain no (free)
occurrences of the formal parameter, becausc if the formal parameter does
not occur then the value of the subexpression will be the same between all
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instances, and hence may be shared. To formalize this we need a new
definition.

DEFINITION

A subexpression E of a lambda abstraction L is free in L if all variables in E
are free in L. A maximal free expression of MFE of L is a free expression
which is not a proper subexpression of another free expression of L. (Eis a
pmper)subexpr&ssmofFifamlaﬂylelsasubexpr&sslonofFand
E+F

Examples
In the following lambda abstractions the maximal free expressions of the Ax
abstractions are underlined.

(1) (Ax.sqrt x)

(2) (A\x.x (sqrt 4))

(3) (y.Ax.x x (* ¥ ¥)

(4) A\y.Ax.+ (* YY) %

(5) (Ax.(Ax.x) x) (here the (Ax.x) is free despite the name clash)

To achieve full laziness, therefore, when performing a 8-reduction we must
not instantiate the maximal free expressions of the lambda abstraction.
Instead of instantiating them we must substitute a pointer to the single shared
instance in the body of the lambda abstraction. This key idea was first
recognized by Wadsworth [1971]. To illustrate, recall our example from the
previous section

letrec f = g 4

g = AX.AY.+ Y (sgrt x)
in+ (1)(¢2

The reduction sequence begins in the same way

+ @ 1)@ 2
— +(T1)(92)

» ((AX.Ay.+ y (sart x)) 4)

~> +(T1)(q2)

> (Ay.+ Y (sart 4))

But now we see that (sqrt 4) is free in the Ay abstraction, and hence should not
be instantiated when the abstraction is applied. Thus we get

- +(T1)(+21)

> (Ay.+ y (sart 4))
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The instance contains a pointer back to the (sqrt 4) in the body of the
abstraction.

-->+(T1)(+2l) l

» (A\y.+ y 2)
- +(T1)4
> (\y.+y 2)
—’+(+1l)4 L
2
- +34
- 7

Now the (sqrt 4) is only evaluated once, as we had hoped.

15.3 Lambda-lifting using Maximal Free Expressions

In order to achieve full laziness in the lambda reducer of Chapter 12 we
appear to need to identify maximal free expressions dynamically. As we noted
there, this is rather difficult to do efficiently

Fortunately, it turns out that we can modify the lambda-lifting algorithm so
that a straightforward implementation of the resulting supercombinator
program is automatically fully lazy. The algorithm was invented by Hughes
[1984].

15.3.1 Modifying the Lambda-lifting Algorithm

The modification we need is to abstract the maximal free expressions, rather
than free variables, when lambda-lifting a lambda abstraction.
In our running example, the function g has the lambda abstraction

AX.AY.+ y (sqrit x)

When doing lambda-lifting on the Ay abstraction, we abstracted x out as an
extra parameter, since it occurs free. Instead we should abstract out the entire
(free) subexpression (sqrit x) as an extra parameter, thus generating the
supercombinator

$g1 sqrix y = + y sqrix

The name ‘sqrix’ is an arbitrary name invented for the extra parameter. We
replace the Ay abstraction with the supercombinator $g1 applied to the
subexpression, thus:

Ax.$g1 (sqrt x)
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Completing the compilation in the normal way gives

$g1 sqrix y = + y sqrix
$g x = $g1 (sqrt x)

$ = $g 4

$Prog = + ($f 1) ($f 2)

" $Prog

We get an extra supercombinator because we lose an opportunity for
n-reduction when we take out (sqrt x) as an extra parameter rather than x.
However, in compensation, the execution will be fully lazy, because the uses
of (sqrt x) will be shared. Now we can follow the reduction sequence again:

$Prog
= + (9 1) (¢ 2

> ($g 4)
= + (9 1) (¢ 2

> ($g1 (sart 4))

- +(T1)(+2l)

» ($g1 (sart 4))

- +(T1)(+2l)

> ($g1 2)
- +(T 1) 4
» ($g1 2)
- +(+l1)4 | ¢
2
- + 34
- 7

The (sqrt 4) is shared, and hence only evaluated once.
So to preserve full laziness we should, during lambda-lifting,

abstract out the maximal free expressions (rather than only the free
variables) of a lambda abstraction as extra parameters.

This modification is sufficient to preserve full laziness. We call it fully lazy
lambda-lifting.

One slight optimization is that if a maximal free expression turns out to
have no free variables at all (so it is a CAF), then instead of abstracting it out
as an extra parameter, it can simply be given a name and made into a
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supercombinator. The name can then be used instead of the expression. This
is illustrated in the next section.

15.3.2 Fully Lazy Lambda-lifting in the Presence of letrecs

As in Chapter 14, our strategy needs to take account of letrecs. Consider the
program

let
f = Ax.letrec fac = An.(...)
in + x (fac 1000)
in
+ (f 3) (f 4)

The algorithm of Chapter 14 will compile it to

$fac fac n = (...)
$f x = letrec fac = $fac fac
in + x (fac 1000)

+ ($f 3) ($f 4)

The function facis defined locally in the body of f, and hence (fac 1000) cannot
be lifted out as a free expression from the body of f. Unfortunately, thismeans
that (fac 1000) will be recomputed each time $f is applied, so we have lost full
laziness.

The solution is to recognize that the definition of fac does not depend on x.
With this in mind we can ‘float’ the letrec for fac outwards, giving this program

letrec

fac = An.(...)
in let

f = Ax.+ x (fac 1000)
in

+ (f 3) (f 4)

Now our fully lazy lambda-lifter will produce a fully lazy program:

$facn=¢(..)
$fac1000 = $fac 1000
$f x = + x $fac1000
$Prog = + ($f 3) ($f 4)

$Prog
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This example also illustrates the utility making a maximal constant
expression into a supercombinator ($fac1000 in this case), rather than
abstracting it out as a parameter.

QOur strategy now breaks into two phases:

(i) Float out letrec (and let) definitions as far as possible.
(i) Perform fully lazy lambda-lifting.

How far out can a letrec definition be fioated? The value of a variable bound in
a letrec will generally depend on the values of certain free variables. We call
the set of free variables on which a variable x depends, x’s free variable set.
Once we know x’s free variable set we can fioat the definition of x outwards
until the next enclosing lambda abstraction binds one of the variables in the
free variable set.

This step has the additional benefit that definitions which have no free
variables at all will be floated out to the top level, where they will be turned
into supercombinators directly.

15.4 A Larger Example

We shall now work through a larger example to show the lambda-lifting
algorithm with full laziness modifications in action.

The example is the: function ' ‘foldl’, beingused to add up the numbers
between 1 and 100.

sumints n = foldt (+) 0 (count 1 n)

count n m = {], n>m
cout nm=n:count (n+ 1) m
foldi op base [] base

foldl op base (x:xs) = foldl op (op base x) xs

sumints 100

Translating the example into the enriched lambda calculus, we get

letrec
sumints = An.foldt + 0 (count 1 n)

count = An.am.IF (> n m) NIL (CONS n (count (+ n 1) m))

foldl
= Aop.Abase.Axs.IF (= xs NIL)
base

(foldt op (op base (HEAD xs)) (TAIL xs))

in sumints 100
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(Note: as before, this is not exactly the translation that would be produced by
the pattern-matching compiler, but it suffices for present purposes.) Applying
the algorithm to foldl, we choose the innermost lambda abstraction, (Axs. . .),
and look for maximal free expressions, which: are. (foldl op), (op base) and
base. We take these out as extra parameters, p, q and base respectively, giving

$R1 p q base xs = IF (= xs NIL) base (p (g (HEAD xs)) (TAIL xs))

letrec
sumints = An.foldt + 0 (count 1 n)

count = an.Am.IF (> n m) NIL (CONS n (count (+ n 1) m))
foldt = Mop.Abase.$R1 (fold{ op) (op base) base

in
sumints 100

Now the innermost lambda abstraction is Abase, and its maximal free
expressions are ($R1 (foldl op)) and op, which we will take out as r and op
respectively, giving

$R1 p q base xs = IF (= xs NiL) base (p (q (HEAD xs)) (TAIL xs))
$R2 r op base = r (op base) base

letrec
sumints = An.foldi + 0 (count 1 n)

count = An.am.IF (> n m) NIL (CONS n (count (+ n 1) m))

foldt = rop.$R2 ($R1 (foldl op)) op
in
sumints 100

3

Now all the definitions in the top-level letrec are supercombinators, because
we have lifted out all the inner lambdas, so after lifting out any constant
expressions we can lift them directly to get

$sumints n = $foldPlus0 ($countt n)

$foldiPlus0 = $foldl + O

$countt = $count 1

$count n m = IF (> n m) NIL (CONS n ($count (+ n 1) m))

$foldi op = $R2 ($R1 ($foid) op)) op

$Prog = $sumints 100

$R1 p q base xs = IF (= xs NIL) base (p (@ (HEAD xs)) (TAIL xs))
$R2 r op base = r (op base) base

$Prog
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Notice that we cannot eliminate the op parameter of $foldf, since it is used
twice on the right-hand side.

15.5 Implementing Fully Lazy Lambda-lifting

‘We now turn our attention to algorithms for achieving the transformations
required by fully lazy lambda-lifting.

15.5.1 Identifying the Maximal Free Expressions

How can we identify the maximal free expressions of a lambda abstraction?
We can use the concept of lexical level-number introduced in Section 13.3.2,
and compute the lexical level of expressions as well as variables. The lexical
level of an expression should be the maximum of the levels of the free
variables within it. Then when lambda-lifting a lambda abstraction at level n,
we should take out as extra parameters any subexpressions within the body
whose level is less than n.
For example, in the base of the lambda abstraction for g, which is

AX.AY.+ Y (sgrt x)

the Ax abstraction is at level 1 and the Ay abstraction is at level 2. Hence the
various subexpressions have level-numbers as follows

+ level 0

(+y) level 2

sqrt level 0

(sqrt x) level 1

(+ vy (sqrt x)) level 2
To summarize:

(i) The level-number of a constant is 0.
(ii) The level-number of a variable is the textual nesting depth of the lambda
which binds it.
(iii) The level-number of an application (f x) is the maximum of the level-
numbers of f and x.

Given an expression E, its native lambda abstraction is the enclosing lambda
abstraction whose level-number is the same as that of E. Looking ‘outwards
from E’ it is the first lambda abstraction which binds any variable in E.

All the maximal free expression information can be determined, and
lambda-lifting performed, in a single tree-walk over the expression:

(i) On the way down the tree, the level-number of each lambda abstraction
is recorded.

(ii) On the way up, the level of each expression is computed, using tlie
environment and the levels of its subexpressions. If it is applied to
another expression with the same level-number, then the two are
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merged, otherwise they are given new unique names (since they will be
maximal free expressions of distinct lambda abstractions). The merging
is the mechanism whereby free expressions are combined to form
maximal free expressions.

(iii) When a lambda is encountered on the way up, it is transformed into a
supercombinator, and the lambda abstraction is replaced by the super-
combinator applied to the maximal free expressions. The maximal free
expressions are those subexpressions with level-number less than that of
the lambda abstraction, after the merging has taken place.

15.5.2 Lifting CAFs

The maximal constant expressions (level 0) need slightly different treatment.
It would be correct to take them out as extra parameters, but there is an easier
way. We can simply define a new supercombinator of zero arguments to be
the constant expression, and use the name of the supercombinator instead of
the expression. No benefit is obtained, however, by doing this with constant
expressions consisting of a single constant (such as 3 or $F), so they can be left
as they are.
For example, in the expression

.+ 1 x

the (-F 1) is a maximal free expression at level 0, and can be made into a
supercombinator $inc:

$inc = + 1
Now the expression becomes
AX. $inc x

In this case all that we achieve is the sharing of the (+ 1) graph for each
application of the lambda abstraction, but if the constant expression is itself a
redex (like (+ 1 3), for example) then we also save repeated evaluation of the
redex. There was an example of the utility of this in the $fac1000 super-
combinator of Section 15.3.2. (Note: there is actually a strong case to be made

for not lifting out a constant expression unless it is in fact a redex —see Section
15.6.1.)

15.5.3 Ordering the Parameters

In Section 13.3.2 we put the parameters of a supercombinator in order of
increasing level-number, to maximize the opportunities for n-reduction. The
same ordering is useful for maximal free expression parameters, for two
reasons.

The first is the same as before. A maximal free expression will often be just



254 Chapter 15 Fully Lazy Lambda-lifting

a single free variable, and in this case, we should still like to have a chance of
n-reduction.

The second reason concerns the size of the MFE. To maximize sharing
(which is the object of the exercise) we should like to make our MFEs as large
as possible.

Suppose we have the lambda abstraction

A.(...G...F...E...)

where E, F and G are MFEs of the Ax abstraction, and
level of F < level of G < level of E

It would be best to define the supercombinator
$Sfgex=(..g...f...e...)

and replace the abstraction with
$SFGE

because then ($S F G) will have a smaller level-number than E, and hence will
be taken out of E’s native lambda abstraction as a single MFE. If we had
arranged the parameters in the reverse order, G and F would have had to be
taken out separately.

This will not affect the amount of computation involved (since ($S F G)
cannot be reducible), but it will mean that there is only one instance of the
($S F G) tree rather than one for each application of E’s native lambda
abstraction. Thus, correctly ordering the parameters should make the
maximal free expressions larger and fewer.

The example in the Section 15.4 showed an example of this optimization in
action. We abstracted (foldl op), (op base) and base from the body of the Axs’
abstraction, calling them p, q and base respectively. Though we did not
mention this at the time, we put p first, since (foldl op)is freer than (op base)
and base. This subsequently enabled us to abstract ($R1 (foldl op)) from the
Abase abstraction.

We conclude that ordering the parameters by increasing level-number is
better in both these respects.

15.5.4 Floating Out the lets and letrecs

We recall that to maintain full laziness we must ‘fioat’ definitions given in lets
and letrecs outwards. In this section we discuss the algorithm in more detail.

Since we will fioat out all the definitions in a letrec together, we assume that
the dependency analysis described in Chapter 6 has already been performed.
If it were not performed, then a definition might not be fioated out as far as
possible, merely because it happened to be defined in the same letrec as a
definition which could not be floated out so far. For the same reason we
assume that lets contain only a single definition.
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In practice, the algorithm of this section could probably be combined with
the dependency analysis algorithm.

How far out should a let(rec) be floated? We can compute the ‘correct’
level-number of its variables, by computing the level-numbers of their
deflnition bodies. This level-number is correct in the sense that it identifles the
innermost lambda abstraction on which the definition depends. The let(rec)
should then be floated out until the nearest enclosing lambda abstraction has
this level-number.

This still leaves some freedom in choosing exactly how far out a let(rec) can
be floated. The algorithm which we describe below specifies that:

(i) The immediately enclosing lambda abstraction has the same level-
number as that of the variables bound in the let(rec).
(ii) The let(rec) does not appear in the function position of an application.
(iii) It should be floated out as little as possible subject to the constraints (i)
and (ii).

The second condition rejects expressions such as:
(let v=E in Ey) E2

in favor of the following equivalent expression, in which the let is floated out
one more stage:

let v =E in (E1 E2)

(and similarly for letrecs). This has no effect on laziness, but allows an
important simplification in Chapter 20.

The final condition specifles that a let(rec) should be floated out no further
than is necessary to meet the first two conditions. To see why this may be
important, consider the expression

IFE (\x.let v=Fin G) H

where E, F, G and H are arbitrary expressions, and F does not contain x. The
algorithm will transform this to

IFE (et v=Fin (Ax.G)) H

A sophisticated implementation may be able to avoid constructing the graph
of H if E turns out to be TRUE, and vice versa (see Chapter 20). If we were to
float the let out further, we would get the expression

let v=F in (IF E (\x.G) H)

which is less good, because then the graph of F would have to be constructed
whatever value E turned out to have.

We can now outline the algorithm as follows. Working from the outside
inwards, for each let(rec) perform the following steps:

(1) Compute the level-numbers of each definition body. While doing so for
a letrec, assume that the level-number of the variables defined in the
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letrec is zero. The reason for this is that the level-number of a recursive
definition depends only on its free variables, and not on the (as yet
unknown) level-number of the recursive definition itself.

(2) For a letrec, compute the maximum of the level-numbers of the
definitions’ bodies. This is the correct level-number for the variables
bound in the letrec. For lets, the correct level-number is that computed
in Step 1. This level-number should be used for the variables bound in
the let(rec) when processing its body.

(3) Float out the definitions until the next enclosing lambda abstraction has
the same level-number as that of the variables defined in the let(rec),
which was computed in Step 2.

(4) Finally, if the let(rec) now appears in the function position of an
application, continue to float it out until it does not.

Note: if a letrec re-binds a variable that is already in scope, then it cannot be
floated outwards without risk of capturing occurrences of the outer variable.
The solution is to systematically rename one of the variables.

15.6 Eliminating Redundant Full Laziness

The transformations required to achieve full laziness have a price. There are
at least three ways in which we pay:

(i) Supercombinators with many arguments (for all the MFEs) are
generated. This increases the size of the redex and slows down reduction.

(ii) More seriously, more supercombinators may be generated because of
the loss of opportunities for n-optimization. To see this, refer back to the
example in Section 15.4, where three combinators were generated for
foldl where one would have sufficed for a non-fully lazy implementation.
More supercombinators mean more reductions.

(iii) Most serious of all, the program is broken up into small fragments,
fragments of the bodies of functions being exported piecemeal. For a
straightforward template-instantiation implementation this is not a
problem, but if the bodies of supercombinators are compiled then many
opportunities for optimization may be lost. This will become clearer in
Chapter 20, but consider for example the lambda abstraction

AWAIF (= v 0) (+ x 1) (+ x2)
The non-fully lazy lambda-lifter will generate a single supercombinator:
$Rvx=IF(=v0(+x1)(+x2

An optimizing compiler will produce code for $R which first tests the
value of v, and then evaluates either the (+ x 1)or(+ x 2), tocomputea
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numerical value. No heap will be consumed. A fully lazy lambda-lifter
will produce two combinators:

$S1 if-v-zero x = if-v-zero (+ x 1) (+ x 2)
$S v $S1 (IF (= v 0))

and will replace the Av abstraction with $S. The compiler will now have to
generate code for $S1 to construct (+ x 1)and (+ x 2)in the heap before
unwinding the spine of the if-v-zero function, about which it now has no
information.

These objections are substantial, but on the other hand full laziness can save
very large amounts of time and space in some cases. Further study reveals,
however, that the fully lazy lambda-lifter often abstracts out an expression
when nothing is gained by so doing. Hence we could improve the trans-
formation by selectively performing ordinary (rather than fully lazy) lambda-
lifting where nothing is gained by the fully lazy method. This section is
therefore devoted to identifying certain situations where fully lazy lambda-
lifting gains nothing, and is based on work by Fairbairn [1985] and Hudak and
Goldberg [1985].

156.6.1 Functions Applied to Too Few Arguments

In the example above, the fully lazy lambda-lifter took out (IF (= v 0)) as an
extra parameter. However, IF requires 3 arguments to reduce, so no work is
saved by sharing this expression. More precisely, just as much work would be
saved by taking out (= v 0) as an extra parameter, thus

$T1 v-zero x = IF v-zero (+ x 1) (+ X 2)
STv = §T1 (= v 0)

and replacing the Av abstraction with $T. In a straightforward template-
instantiation implementation some space would be saved by taking out the
‘larger expression (since the application of IF to (= v 0) would only be built
once), but even this is not always true in a compiled implementation (see
Chapter 20).

The conclusion is that no work is saved by abstracting out expressions which
consist of a built-in operator or supercombinator applied to too few
arguments. As the example shows, however, the arguments of the function
may be considered for abstraction.

" This applies equally to constant expressions which might otherwise be
candidates for a new supercombinator definition (see Section 15.5.2). As an
illustration of this, consider the example in Section 15.4, where.the $foldIPlus0
and $count! supercombinators are irreducible; nothing is gained by treating
them as separate supercombinators.
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15.6.2 Unshared Lambda Abstractions

Continuing with the same example, suppose the lambda abstraction under
consideration appeared in a context like this:

let

f=MWMIF (=v0 (+ x1) (+ x 2)
in

...(f45)...

and suppose that the (f 4 5) is the only use of f. In this case, the partial
application (f 4) cannot be shared, since it is used immediately. Using the $S
combinator for f, the reduction (f 4 5) would go like this:

f45 $S 456
$S1 (= 40)5
IF(=40)(+51) (+52)
+ 52
7

EERN

Since the partial application cannot be shared, neither can the painstakingly
abstracted expression (= 4 0). No sharing would be lost by using the original
$R combinator instead. From this example we can derive a general rule:

given a lambda abstraction Ax.E in a context in which it cannot be shared,
we should not abstract free expressions from E because they will not be
shared. Instead we should abstract only the free variables.

We can justify this rule by observing that free expressions abstracted from E
cannot be shared because:

(i) they are not shared inside E, since they are abstracted from a single place
in E;

(ii) they are not shared outside E, because the whole lambda abstraction Ax.E
is not shared.

The sharing of partial applications is just a specific instance of this general
rule. Notice that for the first time our lambda-lifting strategy becomes context-
dependent. The trick is to work out when a lambda abstraction might be
shared. This is not at all obvious. For astart, it might be passed as an argument
to another function, in which case a complete analysis would involve looking
at the body of that function. More subtly, consider an extension of our
example:

let
f=AMIF(=vO0 (+x1)(+x2)
g=M.Ay.+ 1 (fxy)

in

. .expression not mentioningf. . .
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It does not look as if a partial application of f can be shared. But if a partial
application of g is shared we will abstract (f x) as an MFE from the Ay
abstraction in g, so then the partial application of f is shared.

Discovering information about sharing is potentially very difficult (it seems
to be another application of abstract interpretation; see Chapter 22), but the
saving grace is that we can give up at any time and assume that a partial
application may be shared. The details are beyond the scope of this book but
Fairbairn [1985] and Hudak and Goldberg [1985] each describe their
algorithms.
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Sixteen

SK COMBINATORS

\
In this chapter we shall examine another graph reduction technique based on
a fixed set of supercombinators. The most important members of this set are
called S and K; hence the title of this chapter. The idea of having a fixed set of
supercombinators contrasts with the approach previously described, in which
the supercombinator definitions are generated from the program.

The method is appealing because it gives rise to an extremely simple
reduction machine which, in effect, only has to support built-in operators and
needs no template-instantiation mechanism. In addition it turns out that the
implementation is, in a certain sense, lazier than our best efforts so far, but as
we shall see, these benefits are won at a price.

(Note: in this chapter we"shall use lower-case letters to stand for
expressions, to avoid confusion with the combinators, which are written in
upper case.)

16.1 The SK Compilation Scheme

Our strategy is to transform the program into one containing only the built-in
operators and constants, together with the combinators S, K and I. These
combinators are described by the reduction rules

Sfgx - fx(@x
Kxy — x
I x - X

The motivation for choosing this particular set should become clearer as we
proceed. S, K and | are all supercombinators, since they satisfy the definition
given in Chapter 13, but for the purposes of this chapter, and for compatibility
with other published work, we will use the more general term ‘combinator’.

260
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16.1.1 Introducing S, Kand |
Consider the lambda abstraction Fun, where

Fun = (Ax.e1 @2)

where e4 and e; are arbitrary expressions. Given the reduction rule for S, an
equivalent expression is Fun’, where

Fun' = S (Ax.e1) (Ax.e2)

We can demonstrate that Fun and Fun’ are equivalent by applying them to the
same argument:

Fun arg = (AX.e1 ©2) arg
— (e4[arg/x]) (eo[arg/x])
Fun’' arg = S (Ax.e1) (Ax.e2) arg
~ ((Ax.e4) arg) ((Ax.e2) arg)
— (es[arg/x]) (ez[arg/x])

Hence Fun = Fun’ by extensional equality.
We call the transformation from Fun to Fun’ the S-transformation, and
denote it using a ‘=>’ arrow, in the following way:

AX.©1 €2 => S (AX.@1) (AX.€2)

Notice the difference between the arrows ‘=’ and ‘—'. Both denote the
transformation of one expression into an equivalent one, but the former
denotes a compile-time transformation and the latter denotes a run-time
reduction.

As an example of the use of the S-transformation, consider the expression

h = a.0OR x TRUE

Applying the S-transformation twice, we get

Ax.OR x TRUE
S = S (Ax.OR x) (Ax.TRUE)
S = S (S (A.OR) (Ax.x)) (\x.TRUE)

(We use an ‘S’ in the left margin to indicate that the S-transformation rule is
being used.)

As we perform the S-transformation, the Ax gets pushed down one level
each time, because so long as its body is an application we can apply the
S-transformation again. Each time we apply the S-transformation we produce
two new Ax abstractions, but with smaller bodies. In the end the body will be
an atomic object, and there are two cases to consider:

(i) The expression is (Ax.x). This is just the identity function, which we call 1,
with the definition

Ix - x
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The I-transformation replaces (Ax.x) with I, thus:
A.x = |

There was an instance of this in the previous example, and applying the
I-transformation, we would get

S (S (\x.OR) (Ax.x)) (\x.TRUE)
I = S (S (Ax.OR) l) (Ax.TRUE)

(ii) The expression is (Ax.c), where c is a constant or a variable other than x.
This is a function which takes one argument, discards it, and returns c, so
we can replace it with (K c), where

Kecx —-» ¢
The K-transformation rule is therefore:
Ax.c = Kec¢

where c is any constant, or a variable other than x. Asin the case of S, the
equivalence of (Ax.c) and (K c) can be shown by extensional equality.

There are two instances of this in our example, (Ax. OR) and (Ax. TRUE).
Replacing these with (K OR) and (K TRUE) we get

S (S (\x.OR) 1) (\x.TRUE)
K = S (S (KOR)I (K TRUE)

To summarize, we have developed the transformation rules and the reduction
rules for the combinators S, K and | shown in Figure 16.1.

S-reduction: Sfgx — fx(gx
K-reduction: Kex — ¢

lreduction: Ix - x

I-transformation: AX.X =2 |
K-transformation: AX.cC 2> Kec (c + %
S-transformation: AX.e1 €2 = S (AX.eq) (Ax.e2)

Figure 16.1 The SKl rules

We can use the reduction rules to evaluate the transformed program:

h x

S (S (KOR) I) (K TRUE) x
S (KOR) I x (K TRUE x)
K OR x (I x) (K TRUE x)
OR (I x) (K TRUE %)

OR x (K TRUE x)

OR x TRUE

(We use an S, Kor | in the left margin as a reminder of which reduction rule is
being applied.)

XeXOOW
N A A
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16.1.2 Compilation and Implementation

The S, K and | transformations together constitute a complete compilation
algorithm (the SK compilation algorithm), which will transform any lambda
expression into an expression involving only S, K, I and constants!

Here, then, is the SK compilation algorithm to compile an expression e:

WHILE e contains a lambda abstraction DO

(1) Choose any innermost lambda abstraction of e.

(2) Ifits body is an application, apply the S-transformation.

(3) Otherwise its body must be a variable or constant, so apply
the K or I transformation as appropriate.

END

By transforming the innermost lambda abstractions first we ensure that the
body of the chosen lambda abstraction contains no lambdas. This, inciden-
tally, means that we do not run into any a-conversion problems, either during
compilation or evaluation of the combinator expression; a very desirable
property in view of the subtle problems encountered in Chapter 2.

As an example, let us compile the expression ((Ax. + x x) 5).

(Ax.+ x x) 5

S (A\x.+ x) (Ax.x) 5

S (S (Ax.+) (Ax.x)) (Ax.x) 5
S (S (A\x.+) I) (\x.x) &

S (Nx.+) D15
SSEK+NI5

X = OO
ARRR

The successive _lin&s show the state of the expression at successive iterations of
the algorithm’s WHILE loop. To reassure ourselves that the aigorithm has

produced an equivalent expression, we can evaluate the result using the
reduction rules for the combinators:

SSEEK+NIS
S(K+)15(5)
K+ 5 (5)(5)
(t 5) (1 5)

5 (I 5)

5

A T

+
+
+
10

To summarize, we have developed a compilation algorithm which will
compile any expression into an expression involving only S, K, | and constants
(including built-in functions). All the variables have disappeared! Recursion
may be dealt with using Y, as previously explained in Chapter 6. Y is then
treated as a buiit-in function by the combinator compilation algorithm.

Figure 16.2 expresses the SK compilation algorithm more formaily using
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Name Syntactic object

e, ey, 62 Expressions

f, f4, f2 Expressions with no inner As

X A variable

ov A constant (including function constants, such as +, Y,

etc.), or a variable

CEL e 1 Compiles e to SK combinators

Cleie2 ] =ClesJClex]
Cilxx.el] =AxIC[ell}
Clovl = gV

Axff]R Abstractsxfromf.

Ax[fifa} =SAxEHDAxETf2D
AxIx1 = |
Axf[ol = K cv

Figure 16.2 SK compiiation algorithm

the [[ ]l notation. We give it here because it is easy to express optimizations to
the method using the [[ ]} notation, which we shall do in later sections.

TheCfunction compilesan expression into combinators, while the A function
(which C calls) compiles the body of a lambda abstraction by abstracting the
varniable from the body. The only notational addition is that the function A
takes two parameters instead of just one: a variable and an expression in [ ]}
brackets.

Notice that we apply C to the body of a lambda abstraction before applying
A; this ensures that any inner lambdas are dealt with first, so that A only has to
deal with atoms and applications. Unfortunately, this also means that the
algorithm is quadratic, because the expression has A applied to it once for
each enclosing lambda.

Let us compile the same expression ((Ax.+ x x) 5)usingthe new notation:

CL .+ xx) 5]

=Ax[ICI+xx]
=Ax[[+xx]}5

=S AxE+xDPDAxTxPS
=SS AxI+DAxExDIS5
=S (S(K+HNDIS
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16.1.3 Implementations

The combinators S, K, I, etc. are simply particular examples of super-
combinators, so the reduction machine required to execute them is a cut-
down version of the supercombinator reduction machine. The method of
finding the next redex by sliding down the spine, the choice of a spine stack or
pointer reversal, the implementation of Y, the use of indirection nodes, and so
on, all apply exactly as described in Chapter 12. The main differences are that

(i) the combinators are implemented directly as built-in functions by the
reduction machine, rather than indirectly via a general supercombinator
body instantiation mechanism;

(ii) the reduction machine does not need to implement the template-
instantiation mechanism described in Section 12.1, since there are no
lambda abstractions to instantiate.

This means that a graph reducer based on SK reduction is one of the simplest
implementations of graph reduction.

The implementations of Turner’s languages SASL [Turner, 1976] and
Miranda are based on SK combinators, exactly as described above, with some
minor enhancements (especially to assist pattern-matching).

The family of SK combinators can be thought of as the built-in instruction
set of a graph reduction machine, and, thus amenable to direct implemen-
tation in hardware. This idea has been taken up in two machines designed
specifically to implement SK reduction, the Cambridge SK1IM machine
[Stoye, 1985 and 1983] and Burroughs’ NORMA machine [Scheevel, 1986].

16.1.4 SK Combinators Perform Lazy Instantiation

A program compiled into SK combinators executes even more lazily than a
supercombinator program. For example, consider the supercombinator
definition

$F x = IF ec e &

where e; and ey are textually large expressions. When $F is applied, new
instances of e and e are constructed, despite the fact that one or other will
certainly be discarded. Let us instead compile it using SK combinators:

AX.IF ec e e
S =2 S (AX.IF ec e (Ax.ey)
S =2 8 (S (AX.IF eg) (Ax.ey) (Ax.ey)
S = S (S (S (K IF) (Ax.ec) (Ax.ey)) (Ax.ey)

Suppose that (\x. eg) compiles to a combinator expression cg, (Ax. ef) compiles
to ¢, and (Ax. es) compiles to c;. Then the whole expression compiles to

S(S(S(KIF)cgcy) ¢
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When we apply this compiled expression to an argument x, the reduction
sequence begins like this:

S (S (KIF) co) e ¢ x
S (S (KIF) co) ct x (¢ x)
S (K IF) cc x (¢t x) (cr x)

K IF x (cc X) (ct x) (¢t x)

IF (cc X) (i x) (cr X)

P

Notice that we have not constructed an instance of e; or e as we did in the
supercombinator case. Instead we have postponed this instantiation by
building the expressions (c; x) and (c; x). Only the branch selected by the IF
will be evaluated any further. '

The effect of S is to push the argument down one level (only) into the body
of the function. This is advantageous if any parts of the body are discarded.

The price paid for this laziness is the allocation of intermediate nodes to
hold the partially instantiated branches of the IF. For example, the application
node (c; x) would not have been allocated by a supercombinator implemen-
tation. In addition, the reduction steps are rather small. This question is
further discussed at the end of the chapter.

16.1.5 lis Not Necessary

Curiously enough, S and K are sufficient on their own, because the expression
(S K K)is extensionally equal to I:

S KKx 1 x
- Kx (K x) - X
- X

Hencel = S K K

It is for this reason that this chapter is entitled ‘SK combinators’, rather than
‘SKI combinators’. However, it is only of theoretical interest; all reasonable
implementations include I.

16.1.6 History

This remarkable and counter-intuitive transformation of lambda expressions
into combinators was first developed by Curry and Feys [1958], but was
thought to be of more mathematical than practical interest until David Turner
used it as the basis of an implementation of the functional language SASL
[Turner, 1979a and 1979b]. In these papers he described a number of
optimizations to the basic compilation scheme which we will examine in the
next section.
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16.2 Optimizations to the SK Scheme

The examples given above show that the basic compilation algorithm tends to
produce rather large combinator expressions from quite innocuous-looking
lambda abstractions. In fact, in the form given above it is virtually unusable,
because the combinator expressions become so large, and require so many
reductions to reduce to normal form.

Fortunately there are some optimizations which render the technique quite
practicable, which we will develop in this section. To perform these
optimizations we shall need to introduce five new combinators (B, C, S', B’
and C').

16.2.1 K Optimization

Consider the expression
Ax.+ 1

When we compile it, we get
SK+H K1

This is very stupid, because x is not used at all in the body of the lambda
abstraction. A far better result would be

K+ 1)
This optimization is easily achieved, by the optimization rule
SKpKag = Ko
It is a simple matter to prove the extensional equality of these expressions:

S Kp) Kag)x K({®aqg x
- Kpx(Kqx) - pgq
-» pKqx
- pq

Hence S Kp) Kq =K (q)

When applied to an argument (K (p g)) requires only one reduction, instead
of threefor (S (K p) (K p)), so the optimized version is indeed more efficient.
The effect of applying this rule consistently is that

Ax[[ell=Ke ifandonlyif xisnotusedine

This property shows that the K optimization is just what is needed to
preserve full laziness. To illustrate this, suppose that f = (Ax.p q), where p
and q do not use x. We can now produce two combinator translations for f,
with and without the K optimization:

f=xpq = SKp) Kq (unoptimized version)
=> K@Ppaqg - (optimized version)
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Now if we use the unoptimized version of f, whenever we apply f to a new
argument x, we get

S (Kp) (Kqg) x
- Kpx(Kgqgx)
- pKax
- pq

and this application of p to q, (p q), is brand new. However, if we use the
optimized version, we get

K(pa x
- pq

and this (p q) is the original shared instance in the (K (p q)) expression. Thus,
not only does it take fewer reductions toget to (p q), but we will only compute
(p q) once; that is, we have a fully lazy implementation.

16.2.2 The B Combinator
Consider the lambda abstraction

AX.— X
This compiles to
S (K-)I

which wastes time and effort passing x into the left branch (K —) where it is
promptly discarded. What we would like is a version of S which passes x to the
right only; let us call it B. The reduction rule for Bis

Bfgx — f(gx
The appropriate optimization rule is

S(Kpg = Bpg
which says ‘if x is not used in the left branch (as shown by the K), then use B
instead of S’. This rule would optimize our example thus

S(K-)I = B-1

Notice that this optimization saves work at compile-time (because the
resulting program is smaller) and at run-time (because there are fewer
reductions to be done). In fact, this particular example can be optimized
further. The expression

Bpl
is the same as
p
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For, applying (B p I) to any argument x, we see

Bplx

- p(x
- px

So we can use another optimization rule
Bpl = p

which optimizes our example further:
B-1 = =

This is a very good translation for (\x. — x), which is the same as that
obtained by n-conversion. In fact the (B p [) optimization is just n-conversio
in a new guise. ‘

16.2.3 The C Combinator

Just as (B f g x) sends x into g but not f, so it is convenient to have a
combinator C, which sends x into f but not g, thus

Cfgx = f'x g
The optimization rule for C is
Sp(Kq = Cpgq

Figure 16.3 summarizes the extra reduction and optimization rules we have
developed so far. The validity of these rules can readily be proved using
extensional equality. For example:

S (Kp)qx Bpqx
- Kpx(qx) - pQx
- p(Qqx)

Hence S (Kp)q=Bpaq

Reduction rules

Bfgx —» f(gx
Cfgx —» fxg

Optimization rules
SKpKq = K(pg
SKpl = p
SKp)q = Bpgq
SpKaq = Cpgq

Figure 16.3 B, C and K optimizations
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Ax[[f]] Abstracts xfromf

Axf[fif2a3 =OptfSAxEHDAxIRDI
Ax[x3 = |
AXf[cvl = K cv

Optf e 3 Optimizese
Opt S (Kp) (Ka) }

Optf SKp) ! B = p

Optf S(Kp)ql =Bpq
Optf Sp(Kaq) 3 =Cpq
Opti Spq3} =38pq

Figure 16.4 Modifications to SK compilation algorithm to include Band C

We can formalize the optimizations in the [[ JJnotation by introducing a new
function Opt, which optimizes a combinator expression. Figure 16.4 shows the
definition of Opt and a modified version of A which uses it.

Let us apply the new algorithm to the example in Section 16.1.2. We omit
some of the steps, which are rather laborious.

CI Z&x.+ xx) 511
AxI+xx]II5
Optfl s AxI+xI1 15
Optfl sOpfL s K ) 11115
Optllls

+

5

+11I5
S+15
can now evaluate the expression thus
| 5
(1 5)

£
o

an
S
- +

- 10

The compiled expression is much smaller, and the reduction sequence much
shorter, than before.

16.2.4 The S’ Combinator

There remains one major opportunity for improving the code produced by the
compilation algorithm. It occurs when abstracting many variables from an
expression. Suppose we were compiling

AXp...AX2.AX1.P q

where p and q are complicated expressions, which both use x4, xa,. . .,x,. We
define

=Axillp1
%=Aéﬁbﬂ

and soon.
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Now, we are going to have to abstract x4, xz,. . .,xpin turn from (p g). This
gives the following results:

Original expression Pqg

First abstraction(xq) S 'p 'q

Second abstraction(x2) S (B S ) X

Third abstraction(xs) S (B S (B (B S) ) q

Fourth abstraction(xs) S (8 S (B (8 S) (B (B (B8 S) P “a

The size of the expression expands quadratically with the number of variables
abstracted. This happens because the combinators introduced by one
abstraction complicate subsequent abstractions.

We would like to deal with the general problem of abstracting a variable, x1,
from

<combinator expression> p q

where <combinator expression> contains no variables. At the moment the
abstraction goes like this:

A x1 [[ <combinator expression> p q ]}
= S (B <combinator expression> 'p} 'q

and it is the fact that we introduce two new combinators (S and B), one of
which is nested, that causes the problem. Suppose we invent a new
combinator, ', with the following optimization rule

SBxylz = S xyz
Now we get a simpler abstraction:

A xi1 [[ <combinator expression> p q ]
= §' <combinator expression> 'p 'q

We must choose the reduction rule for S’ to make this optimization valid, so

S cfgx
= S((Bcf)gx (tomakeoptimization valid)
- Bcfx(gx)
= ¢ (f x) (g x)

which gives us the reduction rule for S, namely
Scfgx = c(fx)(gx)

Thus 8’ is like S, but ‘reaches over’ one extra argument.
Let us see what effect the S’ optimization has on multiple abstraction:

Original expression Pq

First abstraction(x;) S 'p 'q

Second abstraction(x2) S’ S P X

Third abstraction (xa) S’ (8’ 8) % %
Fourth abstraction (xs) S’ (S’ (S' S)) P “q
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Now there is only a linear build-up of combinators as we perform successive
abstractions. This key optimization renders the whole system practicable.

16.2.5 The B’ and C’' Combinators

Sometimes the variable being abstracted will only be used in p or q, so we need
companion combinators B’ and C’, with reduction rules

Bcfgx — cf{gx
Ccfgx - c(fx)g

each of which is like its undashed counterpart, except that it ‘reaches over’
one extra argument. We also need the corresponding optimization rules

B(icfHg 2> B'cftg
CBchHhg = Ccfg

We can, as usual, show the correctness of these rules by showing that the two
sides are extensionally equal, which follows directly from the definitions of
the combinators.

The optimization rule for B’ is slightly surprising, since it does not look
quite like the optimization rules for 8’ and C’. Furthermore, the ‘optimized’
version requires no fewer reductions to evaluate than the ‘unoptimized’
version, and worse still, experiments show that this B’ optimization actually
degrades performance!

This seems to have something to do with the B’ optimization rule. We gain
nothing when introducting a B’, because the sizes of the two graphs are the
same, and we actually lose an opportunity for optimization at an outer level,
because we destroy a (B c f) pattern that might be useful in building an 8’ or
C'. For example, the expression

‘C@B(hHhah

will become
C@B cfg)h

if the B’ optimization is used, but will become
C'(cfHhgh

if not. A different combinator, B+, has been suggested by Mark Sheevel of
Bl*rroughs Corp. It has the reduction rule

Bectgx — c(f(gx)
and optimization rule
Bec(Bfg) == Bxcfg

This rule looks more like the optimization rules for $' and C’, and experi-
ments show that this B» does indeed give a performance improvement. This
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little tale serves to show that the choice of a set of combinators is by no means
an entirely systematic process.

Figure 16.5 gives the final compilation algorithm, including all the
optimizations we have discussed. The only point to notice is that the
optimization rules for B+ and C’ are expressed in terms of S, rather than going
via the intermediate B and C forms. Figure 16.6 gives a summary of the
reduction rules for each combinator.

CI e 1 Compiles e to SK combinators

Cleie2l=Cllei JClex1
Clxx.e] =Ax[Clell}
Clevl —=cv

A x[[ fJ Abstracts xfrom f

Ax[fifal =OptLlSAxEfH DAxERD]
AxIx] = |
= Kov

Axf[evl

Opt e ] Optimizese

Optl S (Kp) (Kaq) 1 = K (pq
opf S Kp) i1 = p

OpME S Kp)(Baqgqnll =B+paqr
Optl S(Kp)ql =Bpgq

Optl SBpaqg)KN) =Copaqr
Optf Sp(Ka)l =Cpgq

Optffl SBpaq)rl =8 paqr

Figure 16.5 Final SK compilation algorithm

I x - X

Kcx - C

Sfgx - fx (g x)
Bfgx - f (g x)
Cfgx - fxg
Scfgx — c(fx)(gx
B+ cfgx — c(f(gx)
Ccfgx —» c(fxg

Figure 16.6 Summary of combinator reduction rules

16.2.6 An Example

We conclude with an example of the compilation algorithm in action. The
example is a function that implements Euclid’s algorithm for finding the
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greatest common divisor (gcd) of two integers, a and b, where b=a. In
Miranda, the function is

ged ab=a, b=0
ged a b =ged b (a rem b)

where ‘rem’ is the built-in remainder function. Compiling to lambda
expressions, we get

gcd = Aa.Ab.IF (= 0 b) a (gcd b (REM a b))

This is cheating slightly, because we should have dealt with the recursive call
to ged using Y, which would give

ged = Y (Aged.Aa.Ab.IF (= O b) a (ged b (REM a b))

However, the work is laborious enough without doing this, so we shall use
the previous version. Abstracting first b and then a gives

ged = Aa.Ab.IF (= 0 b) a (ged b (REM a b))
= M\a.S (C (B IF (= 0)) a) (S ged (REM a))
= §' S (C (B IF (= 0) B (S ged) REM)

We can test this by evaluating (ged 35 7):

N EEEER

@
»
A
——

B IF (= 0))) (B (S gcd) REM) 7 (REM 35 7)

IF (= 0 (REM 35 7)) 7 (B (S gcd) REM 7 (REM 35 7))
IF (= 0 0) 7 (B (S gcd) REM 7 0)

IF TRUE 7 (B (S gcd) REM 7 0)

7

Ll

Combinator compilation and reduction is very simple but very laborious - a
task well suited to a computer!

16.3 Director Strings

It seems at first that combinator compilation totally destroys the structure of
the original expression, leaving a tangle of Ss and Ks, but this is not the case.
Gaining insight into the structure of a combinator expression will lead us toa
more efficient implementation.
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16.3.1 The Basic ldea

Suppose we are abstracting a variable x; from an application (p q) where pand
q are complicated expressions, and suppose it compiles to (S 'p 'q). (Recall
that 'p denotes the result of abstracting x, from p, and similarly 'q.) The
syntax trees of (p q)and (S 'p 'q)are

@ @
/\ /N
P q @ q

/N
S 1p

We could, however, regard the S as an annotation of the expression ('p 'g),
and draw it thus:

/@§ (s 1 1q)
- p
'p \q

This annotated syntax tree is intended to be no more than an alternative
representation for (S 'p 'q). The s annotates the application node, saying ‘this
node is a function expecting one argument, which should be sent into both
branches’. .

Suppose that we now abstracted another variable x»from (S 'p 'q), and got
(C' S % 'q); that is, x. is used in p but not in q. Then we could draw the
annotated syntax tree like this:

@cs
/N c s?% 'y

" 'q-

The cs annotation says ‘this node is a function of two arguments, the first of
which should be sent to the left branch, and the second of which should be sent
to both branches’. These annotations are called director strings, and consist of
a string of directors which direct the flow of successive arguments into the
graph. In addition to the s and ¢ directors we also need a b director which
directs the argument to the right branch only.

Director strings were developed by Kennaway and Sleep [ 1982a and 1982b],
who used the more mnemonic symbols ‘~*, ‘\’ and ‘7’ for s, band crespectively.
The advantage of this representation is that it obviously preserves the original
structure of the expression, and yet has a simple equivalent combinator form.
In particular, '

/@\m...z isequivalentto (V' W' (...(Y' 2)...)) p q)
P q

where v, w. .. are chosen from {s, b, ¢}, and V', W’ ...Z are the corre-
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sponding combinators. To give a concrete example, consider the lambda
abstraction

AXAY.+ (+ xy) x

This has the syntax tree

The annotated syntax tree, together with its associated combinator represen-
tation, looks like this:

@ sc §Cael
AN -
/\ AN
@ cb C'Bal
A e
a

Annotated syntax tree Combinator representation

The combinator representation is diagrammatic, and when flattened out
looks like this:

SSC@® B+(C'BB+HNHI

The is in the left-hand tree indicate leaf nodes (they are bona fide |
combinators). Some of these is would not be present in the compiled
combinator form because of n-optimization, so if we convert the annotated
syntax tree to combinators we would get a slightly suboptimal combinator
expression. Notice that not all nodes have the same number of annotations;
the bottom node has only one because only x gets sent to it.

The simple equivalence between director strings and combinators
mentioned above gives a more systematic basis for the choice of combinators
we made in the first part of this chapter.
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16.3.2 Minor Refinements
Consider the lambda abstraction

AX.AYy.+ y 1

This does not use x at all, so we need a director which says ‘the argument is not
needed in either branch’. We call this director j. It can only occur at the root of
a lambda abstraction, because in the rest of the expression the arguments are
only sent where they are needed. Thus the lambda abstraction would have the
annotated tree |

k
/' \
@b 1

@
b
A

Corresponding to the director are the J and J' combinators

Jfgx

g
J kfgx f

- f
- kfg
Another awkward problem is what to do when given a lambda abstraction

such as
AX.Ay.3

Here the body is not even an application, so we cannot annotate it. In this case
we use the old K combinator for the Ay abstraction, transforming it to

XK 3

Now the body is an application, so the annotation for x can go as before.

16.3.3 Director Strings as Combinators

We now turn our attention to the implementation of director strings.

So far we have two representations for programs, namely SK combinator
expressions, and syntax trees annotated with directors. To each director there
corresponds exactly one combinator in the combinator representation, each
of which takes a whole node. Since there are only four directors (j, s, band
¢), we could encode each director in two bits. Encoding a string of directors as
a bit-string would give a dramatic decrease in program size over the
combinator representation, since we would need only two bits instcad of a
whole node to store each combinator. This would make the program execute
faster, too, since there would be less of it to fetch from store.
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This suggests a third representation of the program:

Represent

/@%N_- 4 as }ﬁ'\
p q q
\P

/@
Dvw...yz

where Dvw. . . yzis one of a family of combinators with the following reduction
rules:

Divw...yz pgx — Dw...yzpgq

Dsvww...yzpgx — Dw...yz (p X) (q X

Dovw...yzpgx — Dvw...yzp (qQ X)

3cvw...yzpqx - |Dvw...yz(px)q
-

This new representation, together with the D reduction rules, is a perfectly
executable combinator program, except that it is represented much more
compactly than the original. The only cost is a slight increase in the complexity
of the reduction machine. An escape mechanism is also required to deal with
the case where there are too many directors in the string to fit in the D
combinator family. Stoye [1985] describes an implementation of director
strings on SKIM.

16.4 The Size of SK Combinator Translations

One obvious feature of the examples given in this chapter is that the translated
program is often much larger than in its lambda form; in fact Kennaway [1982]
shows that the size of the combinator expression can be proportional to the
square of the size of the lambda expression in the worst case. To become
convinced of this, the reader is encouraged to construct the director string
form of the lambda abstraction

AXp. . .AX2.AXy.(X1 X2 ... Xp)

A closely related observation is that the SK combinator compiler repeatedly

re-scans the code it has already partially compiled. This can be seen in the
compilation rule

CIExel=Ax[Clell

in Figure 16.5.
Burton [1982] describes a method for balancing the expression tree, at the
expense of introducing extra redexes; this gives a complexity of 0(NlogN),
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but with a larger constant. Joy et al. [1985] summarize these and other related
results.

By way of comparison, Hughes [1984] shows that the supercombinator
technique has a worst case complexity of 0(NlogN), but is typically linear.

To conclude, for a lambda expression of size N, SK combinator compilation
time and code size is worst case O(N?) and typically 0(Nlog N), while super-
combinator compilation time and code size is worst case O(NlogN) and
typically linear. -

16.5 Comparison with Supercombinators

SK combinators represent one extreme of graph reduction techniques.
Complex reductions are reduced to the composition of many fast, simple
reductions, so the ‘grain’ of execution steps is about as small as it can
conceivably be. This is a mixed blessing, and we attempt a summary of the
pros and cons at this point.

16.5.1 In Favor of SK Combinators

(i) A small, fixed set of combinators can be implemented directly in
hardware, thus bypassing a level of interpretation. This is analogous to
moving from machine code to microcode.

(ii) The instantiation of lambda bodies is done lazily, thus avoiding
instantiating sections of graph which are subsequently to be discarded.

(iii) The technique is fully lazy.
(iv) The reduction machine is relatively simple to implement.

16.5.2 Against SK Combinators

(i) The ‘grain’ of execution steps is too small. Since the arguments to a
function are pushed down into its body one level at a time, many
intermediate application nodes are created and almost immediately
taken apart again. This means that an SK combinator reducer consumes
a lot of transient storage, which increases the load on the garbage
collector.

(ii) The translation to combinators is expensive compared with super-
combinator techniques, and the resulting program is larger (see Section
16.4). ' -

(iii) With SK combinators, the larger program increases the number of
storage accesses required, as does the creation and subsequent examina-
tion of intermediate application nodes.

(iv) Any scheme for improving performance using cacheing must operate
with a unit of cacheing of a single node. A supercombinator machine can
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cache whole supercombinator bodies, another consequence of the
coarser grain of supercombinators.
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STORAGE MANAGEMENT AND
GARBAGE COLLECTION

As mentioned in Chapter 10, a graph reducer requires the support of astorage
management system which allocates cells on request, and recovers garbage
cells for subsequent re-use. Storage management and garbage collection is a
subject on which there is a large literature. Cohen [1981] gives an excellent
survey with a comprehensive list of references.

The purpose of this chapter is to sketch the standard algorithms, to give an
assessment of their characteristics, and to make a brief survey of more
recently developed techniques.

17.1 Criteria for Assessing a Storage Manager

When considering a garbage collection technique it is helpful to keep in mind
the criteria against which it should be assessed. The main ones are:

(i) What are its overheads (in space and time)? All garbage collection
systems consume resources, both in the form of per-cell extra storage
requirements and in the CPU cycles taken to perform the collection.

(ii) Does it support compaction? If a storage manager repeatedly allocates,
recovers and re-allocates variable-sized cells, the free storage tends to
become fragmented into many small separate blocks. This can mean that
a cell cannot be allocated because no free block is large enough, even
though the total free storage is adequate. This phenomenon is known as
storage fragmentation [Knuth, 1976], and it can only be avoided by
periodically compacting all the cells together at one end of the address
space, so as to produce a large contiguous free arca from which to
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allocate new cells. Compaction also has a beneficial effect on virtual
memory performance.

(iii) How well does it support a sparsely used heap and virmual memory? There
has been much recent interest in very large persistent heaps. The idea of
persistence is that a functional operating system, for example, could
incorporate a filing system as part of its data structures in a very large
heap, rather than treating the filing system as something external to the
program (an idea first implemented in Multics). In such a system, only a
small fraction of the heap will be in active use at any time, and a virtual
memory system is essential to cache the active portion in fast memory.

(iv) Can it operate on a parallel machine, or in real time? One of the
attractions of functional languages is that they offer a natural way to
exploit the power of parallel architectures (see Chapter 24), which
requires storage managers that are capable of running on such a dis-
tributed system.

Some garbage collection techniques require the computation to be
stopped while garbage collection takes place, leading to an ‘embarrassing
pause’ during which the system appears to do nothing. This is unaccept-
able in real-time applications, and garbage collectors have been
proposed which work in parallel with the useful computation. Such
parallel collectors may also be suitable for parallel architectures.

(v) What is the effect of heap occupancy? The performance of some
algorithms drops sharply when the heap gets full.

(vi) Can it recover cyclic structures?

These issues are all discussed by Cohen.

17.2 A Sketch of the Standard Techniques

There are several well-known garbage collection techniques. Among these
are mark-scan, copying and reference-counting garbage collectors. In this
section we will give a brief sketch of the algorithms and their characteristics.
Cohen [1981] is the reference where no reference is given explicitly.

Mark-scan algorithms operate in two phases. First, all accessible cells are
marked by traversing the entire accessible structure. Then a linear scan
through memory recovers all unmarked cells.

Copying algorithms work by copying the entire accessible structure from
one portion of the address space (from-space) into another (to-space),
thereby leaving all the garbage behind in from-space. Cells being copied into
to-space are placed contiguously, beginning at one end of the space, and
hence when copying is complete there is a contiguous area in to-space from
which new cells can be allocated. When to-space fills up with new cells, the
spaces are flipped (i.e. to-space becomes from-space and vice versa) and the
process is repeated. The algorithm is surprisingly simple, and is well described
in Baker’s classic paper [1978].
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Reference-counting relies on keeping an extra field, called the reference-
count, in each cell. The reference-count field holds the number of references
to the cell (i.e. the number of pointers to the cell). This count is incremented
whenever a pointer is duplicated, and decremented whenever a pointer is
discarded. When the reference-count drops to zero the cell must be garbage,
since no other cells point to it.

Against our criteria, the techniques have the following characteristics.

(i) Overheads. A mark-scan collector requires a mark bit in each cell to
indicate that the cell has been visited. In addition it appears at first that
the mark phase will require an auxiliary stack to guide its recursive
tree-walk. Furthermore, the only bound on the size of this stack is the
number of cells in the heap, though this bound would only be attained in
pathological cases. This would be a heavy price to pay, but fortunately
the Deutsch-Schorr—Waite pointer-reversing algorithm [Schorr and
Waite, 1967] reduces the space overheads of the mark phase algorithm to
a single bit per cell (in addition to the mark bit). This algorithm was
explained in a different context in Section 11.6.1.

Copying collectors appear to have a 100% space overhead, but in a
virtual memory system the semi-space that is not in use will be paged out,
so there is very little overhead in fast memory. Even during copying,
activity only takes place at two sites in the target semi-space (to-space),
so only two pages of to-space need to be paged in.

Reference-counting collectors require a reference-count field in every
cell. In principle this field should be as wide as an address, since every cell
in the heap could point to a single cell, but in practice reference-counts
are almost always small. Hybrid systems have therefore been proposed,
which have a limited-width reference-count field. When there are too
many references to a cell and the reference-count field overflows it is set
to a special value meaning ‘infinity’, which is never decremented (so the
cell is then irrecoverable). Cells irrecoverable by reference-counting are
subsequently recovered by an occasional invocation of a mark-scan or
copying collector.

Reference-counting’ collectors are also somewhat less easy to use.
Great care must be taken in the implementation never to duplicate a
reference without incrementing the reference-count, though this is not,
of course, a criticism of the adequacy of the algorithm itself. More
seriously, many extra storage accesses are required to update the
reference-counts.

(ii) Compaction. Compaction can be combined with the scanning phase of a
mark-scan collector. This is usually done using sliding compaction, in
which cells are slid down to one end of the address space, maintaining
their address order. This means that cells which point to cach other will
not normally end up physically adjacent.

A copying collector is inherently compacting, since the cells are copied
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(iii)

(iv)

)

(iv)

into a contiguous area in to-space. Furthermore, it is fairly easy to
arrange that cells that point to one another get copied into physically
adjacent locations, which significantly improves locality and gives
opportunities for extra-compact list representations (cdr-coding)
[Baker, 1978]. This process is sometimes called linearizing since linked
lists get copied into a contiguous linear area of store, and it further
reduces the storage overheads of a copying collector. The improvement
in locality may also give improved paging performance in a virtual
memory system.

Reference-counting does not inherently perform any compaction, but

there is no reason why a compactor could not run concurrently with a
reference-counting garbage collector.
Sparsely used heap|virtual memory. Mark-scan and copying collectors
visit all accessible cells, not just those in immediate use. In contrast,
reference-counting collectors visit only cells in current use. For heaps in
which only a small fraction of the accessible data is in active use, this
represents a strong advantage for reference-counting.

Without compaction the accessible cells get thinly spread through the

address space, giving appalling paging behavior. The locality-improving
possibilities of copying collectors (or reference-counting plus a copying
compactor), mentioned above, thus make them preferable to sliding
compaction.
Parallel machines and real-time performance. Since garbage collection
began, researchers have tried to find ways to run garbage collection in
parallel with useful computation, in an endeavor to eliminate the
‘embarrassing pause’. For mark-scan collectors this may be achieved by
arranging that garbage collection is performed by a process (or
processor) in parallel with useful computation. The algorithm is, of
course, more complicated [Steele, 1975; Kung and Wong, 1977, Dijkstra
etal., 1978].

For copying collectors, an ingenious scheme allows the copying
process to take place incrementally, a fixed small amount being
performed whenever a cell is allocated [Baker, 1978)]. This scheme
increases the overheads of the useful computation somewhat, in both
time and space, and fails completely if to-space fills up before copying is
completed.

Reference-counting collectors are inherently distributed in time, and
hence need no modification for real-time performance.

Effect of heap occupancy. The performance of mark-scan and copying
collectors degrades sharply as the heap gets full, since all the accessible
data have to be visited in order to recover the few unused cells.
Reference-counting, on the other hand, is unaffected by heap occupancy.

Cyclic structures. Mark-scan and copying collectors have no problem
with cyclic structures, but reference-counting cannot recover them. The
reason is that when a cell refers to itself it may have a non-zero reference-
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count even though it is not accessible from anywhere else (and hence is
garbage). Recent developments in this area are discussed below.

17.3 Developments in Reference-counting

The overheads of reference-counting, and its inability to recover cyclic
structures, have often led to its dismissal as a garbage collection technique,
except in specialized contexts. However, recent work has made progress
towards alleviating these problems, and the inherently real-time and distri-
buted nature of reference-counting is becoming increasingly attractive as
parallel architectures gain in importance.

17.3.1 Reference-counting Garbage Collection of Cyclic Structures

Hughes [1982] has suggested an extension to the conventional reference-
counting algorithm that would allow it to reclaim circular structures, based on
previous work by Bobrow [1980].

The key idea is simple and elegant. We regard the accessible data in the
heap as a directed graph, and divide this graph into its strongly connected
components. In this context we recall that

(i) a graph is strongly connected if, for any two nodes A and B, there is a path
from A to B, and vice versa;

(ii)) a strongly connected component of a graph is a maximal strongly
connected subgraph.

Now, it is clear that

(i) if one node of a strongly connected component is accessible, then all its
nodes are (and vice versa);

(ii) if we coalesce all the nodes in each strongly connected component, then
the resulting derived graph is acyclic.

But now, since the derived graph is acyclic, it is amenable to conventional
reference-counting garbage collection; and when a node of the derived graph
becomes unreferenced, all the nodes of the corresponding strongly connected
component have become unreferenced.

Hughes therefore suggests adding a second reference-count field to each
node, which either contains the shared reference-count for the strongly
connected component of which the node is a part, or is used to point at the
node which does hold the shared reference-count. He gives algorithms for
incrementally maintaining the information about which components are
strongly connected, and shows that they are rather cheap, except where a
strongly connected component is broken up.

It appears that this technique can successfully alleviate the ‘circular data
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structure problem’, and thus allow exploitation of the other desirable
characteristics of reference-counting. Aertes [1981] describes an essentially
identical system. Brownbridge [1985] describes a different reference-
counting technique, also claimed to be capable of recovering circular
structures.

Interestingly, all of these techniques will only work for implementations
free of side-effects. In other words, they will work for implementations of
functional languages, but not for Lisp (at least, not if the program uses
RPLAC:s). Perhaps this is a new point in favor of functional languages!

17.3.2 One-bit Reference-counts

The logical extreme of the limited width reference-count idea is a one-bit
reference-count field. This is not a new idea [Wise and Friedman, 1977].

Recently, however, a number of researchers noticed that instead of storing
a one-bit reference-count in the cell it would be possible to store the reference-
count in the pointer. A single bit in each pointer identifies the pointer as being
a unique reference or a shared reference. Cells are created with a unique
reference to them; when a unique reference is duplicated, both copies become
shared references. When a unique reference is discarded the cell to which i
points can be immediately re-used; when a shared reference is discarded nc
recovery is possible. Like all elegant ideas it is marvellously obvious ir
retrospect.

The principal advantage of storing the reference-count in the pointer is tha
it completely eliminates the extra store accesses required to increment anc
decrement reference-counts.

The benefits of even such a narrow reference-count are dramatic. Stoye e
al. [1984] report that up to 70% of all garbage cells are recovered immediatel
they become unused in the SKIM SK combinator reduction machine. Furthe
performance improvement is gained in the SKIM implementation becaus:
reclaimed cells are often re-used immediately, rather than being attached t«
the free list.

17.3.3 Hardware Support for Reference-counting

Much of the time overhead of reference-counting would be alleviated
hardware support were available. Wise [1985] describes hardware for
‘smart’ memory module, capable of detecting when one pointer is overwritte
with another. When this occurs, the module sends a ‘decrement’ message t
the module which holds the cell pointed to by the old pointer, and a
‘increment’ message to the module which holds the cell pointed to by the ne'
pointer.
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17.4 Shorting out Indirection Nodes

In Chapter 12 we discussed the introduction of indirection nodes to preserve
sharing when updating the root of a redex with its result. This is the only
purpose of indirection nodes, and in all other respects they are a burden on
the implementation, since they take up storage, and have to be ‘jumped over’
when traversing the graph.

It turns out that a rather simple modification to the garbage collector can
‘short out’ all the indirection nodes in a graph, so they are no longer required.
Consider a mark-scan collector. When it reaches an indirection node during
the mark phase, it does not mark the indirection node. Instead it overwrites
the pointer to the indirection node with the contents of the indirection,
effectively shorting it out. Thus:

»| IND -

becomes

IND >

A

Since all pointers to indirection nodes will be updated in this way it follows
that the indirection nodes themselves will be unreferenced (and unmarked),
so they can be collected with the rest of the garbage. Not only does this save
store, but it also saves time when following the pointers that have been
updated. A very similar technique will work for a copying collector.

17.5 Explolting Cell Lifetimes

Another approach recently suggested by Lieberman and Hewitt [1983] is
based on the observation that '

The longer a cell has lived,
the longer it is likely to live.

Consider, for example, a heap which includes a filing system. Many files will
be unused for long periods, while data structures that are currently being
processed will have relatively short lifetimes. A conventional copying
collector will copy the entire filing system each time it runs - a very wasteful
activity, since it is unlikely to recover any space from the inactive majority of
the filing system.

Hewitt and Lieberman therefore suggest dividing the address space into
regions of increasing age. Most pointers point backwards in time (that is, if
they cross region boundaries, they will mostly point from younger regions to
older ones). Where pointers point from an older region into a younger one
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(only update operations can cause this), they are constrained to go via an entry
table associated with the younger region.

~ Now the youngest region can be garbage-collected independently, using
Baker’s algorithm, so long as we preserve all cells referenced from its entry
table. In general, any region can be garbage-collected without touching any
older information. So all we have to do is to garbage-collect young regions
(where garbage collection will be fruitful) more often than older ones (where
it will be less fruitful, but eventually necessary).

17.6 Avoiding Garbage Collection

Another approach to garbage collection is to try to avoid it altogether. Wadler
[1984] suggests a technique for compiling a certain class of functional program
into afinite state machine with a fixed number of registers and no heap. This, in
effect, performs memory allocation in advance (rather as a conventional
Pascal program has no problem with memory allocation). He calls his
compiler the listless transformer.

The functional programs to which this technique is applicable are, not
surprisingly, those that can be evaluated using bounded internal storage. This
includes, for example, functions that find the length of a list, add up a list,
concatenate or merge two lists, or divide a list into two lists of odd and even
elements. It excludes, however, functions that sort a list, append a list to
itself, or work on tree-shaped data.

Clearly the applicability of the method is limited, but where appropriate it
is extremely effective, since the finite state machine can be made very fast.

Wadler has a working implementation of his listless transformer, written in
KRC.

17.7 Garbage Collection in Distributed Systems

Efforts to develop garbage collectors which work in parallel with useful
computation have gained new impetus with the advent of parallel archi-
tectures, where the problem generalizes to many computation and garbage
collection processes.

Most work has been addressed to architectures with a single large address
space (closely coupled systems), for example Hudak [1983a and 1983b] and
Ben-Ari [1984].

Other efforts have been directed towards loosely coupled systems in which
the heap is distributed between a number of processing elements, and
accessing a cell held by another processing element is recognized as a
relatively expensive operation. Examples include Mohamed-Ali [1984] and
Hughes [1985].
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Eighteen

THE G-MACHINE

The heart of any graph reducer is the implementation of function application.
In Chapter 12 we saw that alambda abstraction can be applied to an argument
by constructing an instance of the body of the abstraction with substitutions
made for occurrences of the formal parameter. Unfortunately, this involved
an inefficient traversal of the tree representing the body of the abstraction,
and the presence of free variables seemed to make a more efficient imple-
mentation rather difficult.

With this in mind, we developed the supercombinator transformation in
Chapter 13, which yielded particularly simple lambda abstractions (the
supercombinators), which had no free variables. This simplified the process of
instantiating the body of such an abstraction, but at the (minor) price of
having to substitute for several variables at once. However, the principal
incentive for developing the supercombinator transformation was the hope of
compiling the body of a supercombinator to a fixed sequence of instructions
which, when executed, would construct an instance of its body.

The payoff comes in this chapter, in which we will examine the G-machine,
an extremely fast implementation of graph reduction based on super-
combinator compilation. The G-machine was developed at the Chalmers
Institute of Technology, Goteborg, Sweden, by Johnsson and Augustsson.
This chapter and the subsequent three chapters draw heavily on the G-
machine papers [Johnsson, 1984; Augustsson, 1984]. Many of the ideas in
these chapters are theirs, and not all of them have appeared in the published
literature. :

The development of the G-machine is presented informally, but it would be
an interesting exercise to give a formal proof of its correctness [Lester, 1985].

293
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18.1 Using an Intermediate Code

Once we have decided to compile supercombinator bodies to a sequence of
instructions we have to decide on the language in which the instructions
should be written. It would be possible to produce, say, VAX machine code
directly, but this approach suffers from two disadvantages. Firstly, we would
have to start all over again if we want to generate code for some other
machine, and, secondly, we would be in danger of mixing up the issues of how
to compile supercombinators to a sequential code with issues of how best to
exploit particular features of the VAX.

This is not a new problem, and a common solution is to define an
intermediate code, which can be regarded as the machine code for an abstract
sequential machine. Then the compilation process can be split into two parts:
first generate the intermediate code, and then generate target code for a
particular machine from the intermediate code. Changing the code generator
to generate code for a different target machine is then relatively easy, and
improvements made in the compilation to intermediate code benefit all such
code generators. Examples of this approach include Pascal’s P-code [Clark,
1981], BCPL’s O-code [Richards, 1971] and Portable Standard Lisp’s
C-macros [Griss and Hearn, 1981].

18.1.1 G-code and the G-machine Compiler

For these reasons, the designers of the G-machine defined an intermediate
code called G-code, into which supercombinator bodies are compiled. The
compiler for the G-machine follows a sequence similar to that described in the
first two parts of this book. In-particular:

(i) The source language is a variant of ML with lazy evaluation semantics,
called Lazy ML (or LML).

(i1) Early phases of the compiler perform type-checking, compile pattern-
matching and do dependency analysis. At this stage the program has
been translated to the lambda calculus (augmented with let and letrec).

(iii) A lambda-lifter transforms the program to supercombinator form. The
full laziness optimization is not performed, but his feature could easily be
added.

(iv) Now the supercombmators are compiled to G-code.

(v) Finally, machine code for the target machine is generated from the
G-code.

Figure 18.1 shows the structure of the G-machine compiler.
Our description of the G-machine compiler falls into three parts:

(i) a description of the compilation algorithm which translates the source
language into the intermediate code;
(ii) a description of the intermediate code itself, giving a precise description
of what each instruction does;
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Source program
!

Compile to lambda expressions

!
Lambda calculus plus let and letrec
!

Lambda-lifting
!

Set of supercombinator definitions

Compilation to G-code Chapters 18, 20, 21

!
G-code program Chapters 18, 19
!

Code generation Chapter 19

!
Target machine code

Figure 18.1 Structure of the G-machine compiler

(1) a description of the code generator.

We will discuss the first of these parts in this chapter and the latter two in the
next chapter. First, however, we will mention some related work.

18.1.2 Other Fast Sequential Implementations of Lazy Languages

The implementation of Ponder [Fairbairn, 1982], developed by Fairbairn and
Wray, is based on a similar approach to the G-machine. The Ponder Abstract
Machine (PAM) is at least as sophisticated as the G-machine, though they
were developed independently, and is described in Fairbairn’s thesis
[Fairbairn, 1985; Fairbairn and Wray, 1986]. An interesting development of
this work is a cross-compiler which compiles Ponder abstract machine
instructions into SK1M microcode [Elworthy, 1985].

A related approach, though one which diverges from graph reduction, is to
use a lexically scoped dialect of Lisp, such as Scheme [Steele and Sussman,
1978] or T [Rees and Adams, 1982], as an intermediate code. This takes
advantage of the immense amount of effort which has been spent on building
fast Lisp implementations, and is the approach taken by Hudak [Hudak and
Kranz, 1984].
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A fast VAX implementation of Hope [Burstall et ai., 1980] based on an
intermediate code called FP/M has recently been developed at Imperial
College [Field, 1985] (remember, however, that Hope is a strict language).

18.2 An Exam_ple of G-machine Execution

We begin with an example, to give the flavor of the G-machine. Consider the
Miranda program

from n = n : from (succ n)
succ n = n+1
from (succ 0)

It generates the infinite list [1,23,...,]. The functions from and succ are
supercombinators already, so the lambda-lifting is trivial, yielding

$from n = CONS n ($from ($succ n))
$succn=+n1

$Prog = $from ($succ 0)

$Prog

The G-machine uses a stack, and execution begins with a pointer to the initial
graph on top of the stack (Figure 18.2(a)). The spine is then unwound, exactly
as previously discussed in Section 11.6, without using pointer-reversal. The
difference comes when the spine has been completely unwound, so that there
is a pointer to $from on the stack (see Figure 18.2(b)). By following this
pointer the machine extracts

(i) the number of arguments expected by $from (one in this case);
(ii) the starting address for the code for $from.

First it checks that there are enough arguments on the stack for $from to
execute, and finds that there are. It then rearranges the top of the stack
slightly (see the transition from (b) to (c) in Figure 18.2) and then jumps to the
code for $from. The rearrangement of the top of the stack puts a pointer to the
argument to $from on top of the stack. We will discuss the stack rearrange-
ment in more detail later. Notice also that the machine jumps to $from rather
than calling it. An instruction at the end of $from will complete evaluation of
the graph after the $from reduction is done.
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Figure 18.2 Evaluation of ($from ($succ 0))
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Control has now passed to $from. A G-machine compiler will produce the
following G-code for $from, which is executed in sequence:

G-code for function $from
PUSH 0; Push n
PUSHGLOBAL $succ; Push function $succ
MKAP; Construct ($succ n)
PUSHGLOBAL $from; Push function $from
MKAP; Construct ($from ($succ n))
PUSH f1; Push n
CONS; Construct (n : ($from ($succ n)))
UPDATE 2; Update the root of the redex
POP t1; Pop the parameter n
UNWIND; Initiate next reduction

The execution of $from is shown step by step in Figure 18.2. We can make
several observations by examining the code given above:

(i) Atthe pointof entry, the parameter nis on top of the stack, and a pointer
to the root of the redex is immediately below it (Figure 18.2(c)).

(ii) Items which are not on top of the stack are addressed relative to the top of
the stack, with the top element having offset zero. For example, the
PUSH 1instruction takes the element next to top in the stack, and pushes
it onto the stack. Stack items cannot be addressed relative to the base of
the stack because a reduction takes place at the tip of the spine, with an
unknown number of vertebrae above. (An alternative would have been
to assume a frame pointer, and relegate offset calculation to code
generation time.)

(iii)) Some instructions take their operands from the stack and put their result
on the stack in the manner of a zero address machine. MKAP and CONS
are examples of such instructions.

Apart from the last three instructions, the sequence simply constructs an
instance of the body of $from (see Figure 18.2(1)).

The UPDATE 2 instruction updates the root of the redex with a copy of the
root of the result (there is a slight inefficiency here, since the root of the result
is discarded almost immediately it is constructed; we will address this
efficiency question later). Notice that the G-machine updates the root of the
redex using copying, rather than using indirection nodes (but this is not an
inherent property of the G-machine - see Section 19.4.4).

The POP 1 instruction removes the parameters (only one in this case) from
the stack, leaving a pointer to the reduced graph on top of the stack. Finally
UNWIND examines the tag of the root node of the reduced graph. In this case it
is a CONS cell, so evaluation is complete.

This concludes our example, for now. (Note: in order to reduce the number
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of execution steps, the example contains some optimizations which we will
not study until Chapter 20.)

We will now develop the G-machine in a stepwise fashion, beginning with a
very simple implementation, and developing the compilation algorithm and
the G-code together. First, however, we will specify the language from which
we are compiling.

18.3 The Source Language for the G-compiler
The compilation to G-code begins with a program consisting of a number of
supercombinator definitions of the form

$S x4 x2 ... xn = E

where E is an expression containing no lambdas, but which may contain lets
and letrecs. Figure 18.3 gives a reminder of the syntax of expressions. Notice

<E> ;= <constant>
| <identifier>
| <E> <E>
I let <identifier> = <E> in <E>
| letrec <identifier> = <E>

<identifier> = <E>
in <E>

Figure 18.3 BNF for syntax of expressions

that the left-hand side of a definition in a let or letrec can consist only of a
single variable; local function definitions have been removed by lambda-
lifting. For example,

letfx=+x1
in E

cannot occur. Notice also that we allow only one definition in a let. Multiple
definitions can be handled by nested lets, and the restriction slightly simplifies
the compiler. :

It is worth having a formal description of the syntax, because our compiler
will need to contain a case for each construct. Referring to the syntax enables
us to confirm that all cases have been covered.

To save repetitive work in this chapter we will use a stripped-down set of
built-in functions and constants, shown in Figure 18.4. The stripped-down set
has been chosen to illustrate all the features of the compiler. The operators in
the right-hand column behave exactly like those in the left-hand column.

Assuming that we implement lists with structure tag 1 for NIL and 2 for
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Stripped-down set Others which behave similarly
integer constants boolean, character constants
NEG (unary negation) NOT
+ = *, /, REM
<, =, = 2 >
IF CASE-n
FATBAR
CONS PACK-SUM-d-r, PACK-PRODUCT-r
HEAD TAIL, SEL-r-i, SEL-SUM-r-i

Figure 18.4 Built-in functions and constants

CONS, we use CONS, HEAD and TAIL as abbreviations for PACK-SUM-2-2,
SEL-SUM-2-1 and SEL-SUM-2-2 respectively. These abbreviations are easier
to remember, and are used in the G-machine papers.

We do not treat UNPACK, since it is eliminated by the transformation
described in Chapter6.

We will postpone a treatment of the FATBAR function until Chapter 20.

18.4 Compilation to G-code

For the rest of this chapter we will discuss the compilation of supercombinator
definitions to G-code, leaving the code generation for the next chapter.

The compilation of a program to G-code and its execution by the G-
machine are purely optimizations to the simpler template-instantiation
implementation. We begin with the simplest possible G-machine, where the
connection with template-instantiation is very direct. Later on, in Chapters 20
and 21, we will develop a number of optimizations which considerably speed
up the operation of the machine.

The G-code compilation algorithm behaves like this:

$F ... = ...

$G ... = ... G-code A G-code
— compilation — | program
$Z ... = ...

$Prog

The compilation algorithm takes a set of supercombinator definitions,
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together with a distinguished one ($Prog), and produces a G-code program.
The G-code program will consist of the following parts:

(i) A segment of initialization code, which will perform any run-time
initialization necessary.

(ii) A segment of G-code which evaluates the distinguished super-
combinator $Prog and prints its value. This will probably follow
immediately after (i).

(iii) A segment of G-code corresponding to each supercombinator definition.
Each of these will be identified by an initial label.

(iv) Labelled segments of G-code corresponding to each built-in function
(such as + or CONS). This constitutes the run-time library, since it is the
same for all programs.

The code segments for (i) and (ii) can be fairly simple. All we need for (i) isa
G-code instruction BEGIN which labels the beginning of the program and
initializes anything necessary. Then to evaluate $Prog we will first push it onto
the stack (using a G-code instruction PUSHGLOBAL), then evaluate it (using
the EVAL instruction) and then print it (using the PRINT instruction). Here is a
code sequence that could be generated to initialize the system and print $Prog:

BEGIN; : Beginning of program
PUSHGLOBAL $Prog; Push $Prog onto stack
EVAL, Evaluate it

PRINT; Print the result

END End of program

We have felt free to invent G-code instructions out of thin air to perform the
steps of the program. We will continue to do this, and will wait until the next
chapter before giving them a more precise meaning. The EVAL instruction is
discussed in Section 18.8.1.

We now turn our attention to (iii), compiling code for supercombinators,
leaving (iv) for Section 18.8.

18.5 Compiling a Supercombinator Definition

We may depict the compilation of a supercombinator definition like this:

$F X1 X2 = E —_— G-code
F for $F

We can regard the compiler as a function F, which takes a supercombinator
definition as its argument, and returns the compiled G-code asits result. Using
the [[ J) notation:

FIL $F x1 x2 = E J] = ...G-code for $F. ..
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We call the function F a compilation scheme, and we will use a number of
other compilation schemes as auxiliary functions to F. Using this notation will
allow us to express quite subtle compilation techniques in a compact and
elegant way.

Now we will ‘turn up the magnification’ still more, and consider what the
G-code for $F might look like. Before we can do this we must establish the
context in which the code for $F will execute, and in particular the
configuration of the stack which $F expects.

18.5.1 Stacks and Contexts

Suppose the G-machine was evaluating the expression ($F p q r s), and $F
was a supercombinator of two arguments. After the spine of the graph has
been unwound, the stack would look like this:

Stack base

1 . d N

——> @ q
._..__.>$! P

Stack top

(In all the pictures the stack grows downwards.) This is not the most
convenient configuration during execution of $F, because in order to access
the arguments p and q it needs to do an indirect access via the vertebrae. The
solution is to rearrange the stack after unwinding is complete, and before the
supercombinator is executed, so that the elements on the stack point directly
to the arguments, thus:

Stack base

——»p

Stack top

The rest of the spine is still there, of course, but it has not been drawn.
Notice that we do retain a pointer to the root of the redex, because we will
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subsequently need to update it. Now the arguments p and g are conveniently
accessible. The supercombinator $F itself has been popped off, because this
stack rearrangement is actually carried out by a prelude to the target code for
$F.

Stack base
( —t— Root of redex
—t—— Argn
Current
oontext g \> Arguments
(d+1
items) — = Argl
Intermediate
K values
Stack top

Figure 18.5 The stack during G-code execution

We see, therefore, that during the execution of the G-code for a super-
combinator, the stack looks like Figure 18.5. The section at the top of the
stack, including the pointer to the root of the current redex, the arguments
and the intermediate values, is called the current context. It always sits at the
top end of the stack, but there may be other stack elements between the stack
base and the base of the current context. At the end of the execution of a
function, the root of the redex will be updated and all the items in the context
will be popped, leaving only the pointer to the root of the redex.

To summarize, here are two ground rules, which will hold throughout:

(1) When execution of (the code corresponding to) a supercombinator body
begins, the arguments are on top of the stack, and underneath them is a
pointer to the root of the redex.

(2) When execution of the supercombinator completes, only the pointer to
the reduced graph remains on the stack. The reduced graph is not
necessarily in WHNF, so the last instruction in the supercombinator
initiates the next reduction.

During compilation of a supercombinator the compiler needs to maintain a
model of what the stack looks like. In particular, it needs to know where the
value of each variable is held, relative to the top of the stack. For all our
compilation functions this information will be held as:

(i) p, a function which takes an identifier and returns a number giving the
offset of the corresponding argument from the base of the current
context, counting the bottom element of the context as having an offset of
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0. The pointer to the root of the current redex therefore has an offset of 0,
and the last argument has an offset of 1 (see Figure 18.5).
(ii) d, the depth of the current context minus one.

From these we can calculate the offset of a variable, x, from the top of the
stack as (d — p x), counting the top element of the stack as having an offset of
0.

(Note: the G-machine paper [Johnsson, 1984] uses ‘r’ instead of ‘p’ and ‘n’
instead of ‘d’. It also uses slightly different conventions for nand r (n = d+1
andr x = 1 + p x).)

For example, consider the context shown in Figure 18.6. The depth of the
context is 5, so d=4. The function p maps the variable xto2andy to 1, and we
write

p = [x=2, y=1]

The offset of the value of x from the top of the stack is

d-px)=@4-2=2

Stack base
f —+—— Rootof redex
—t———> AIgy
contoxt | ——— A
} Intermediate
L values

Stack top

Figure 18.6 An example context
18.5.2 The R Compilation Scheme

We can now give the complete definition of the compilation scheme F we
referred to above:

FoEfxix2a...xp=E ]
= GLOBSTART fn; R[[ E 1l [x1=n, x2=n—1,...,%=1] n

where f stands for a supercombinator name. The ‘GLOBSTART f,n’ is a G-code
pseudo-instruction which labels the beginning of a function called f, which
takes n arguments. Then F calls a function R to compile code for the body, E,
of the supercombinator, passing it the correct p and d (in that order).
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We must now describe what R does. As we saw in our example, the code for
a supercombinator has to do four things:

(i) construct an instance of the supercombinator body, using the parameters
on the stack;

(ii) update the root of the redex with a copy of the root of the result (note:
there are the usual complications if the body consists of a single variable,
which we deal with later);

(iii) remove the parameters from the stack;
(iv) initiate the next reduction.

This translates directly into a compilation scheme for R:
RE EJl pd=Cl EJ p d, UPDATE (d+1); POP d; UNWIND

We use another auxiliary function, C (for Construct Instance), which
produces code to construct an instance of E and put a pointer to it on the stack,
which constitutes step (i). The UPDATE instruction overwrites the root of the
redex (which is now at offset (d+1) from the top of the stack) with the newly
created instance, which is currently on top of the stack (step (ii)); UPDATE
then pops it from the stack. Then the POP instruction pops the arguments (step
(iii)), and the UNWIND instruction initiates the next reduction (step (iv)).
Figure 18.7 summarizes the F and R compilation schemes.

Warning: while it will give the correct results, the code generated by R may
give bad performance for projection functions, such as

fxyz=y

where the body of the function consists of a single variable. The reasons for
this were explained in Section 12.4. As given, the UPDATE instruction
generated by the R scheme will copy the root of the argument y, without first
evaluating it. This risks duplicating the root of a redex, which would lose
laziness. We will fix this problem in the next version of R, at the beginning of
Chapter 20.

All we have left to do is to describe the C compilation scheme.

FI[ SCDef J
generates code for a supercombinator definition SCDef.

Fl f xy x2... xp = E J] = GLOBSTART f n;
RI E 1 [xi1=n, x2=n—1,..., xp=1] n

RIEJpd

generates code to apply a supercombinator to its arguments.
Note: there are d arguments.

RIE Jpd=CIE Jp d UPDATE (d+1); POP d; UNWIND

Figure 18.7 The R compilation scheme
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18.5.3 The C Compilation Scheme

The C compilation scheme compiles code to construct an instance of an
expression. It is a function with the following behavior:

(i) Arguments: the expression to be compiled, plus p and d, which specify
where the arguments of the supercombinator are to be found in the stack.

(it) Result: a G-code sequence which, when executed, will construct an
instance of the expression, with pointers to the supercombinator
arguments substituted for occurrences of the corresponding formal
parameters, and leave a pointer to the instance on top of the stack.

To define C fuily, we must specify the resuit of the cali
CEHEQ,d

for every possible expression E. The expression E can take a number of forms
(see Figure 18.3), and we define C by specifying it separately for each form of
E. The cases are described in the following sections.

18.5.3.1 Eis a constant

There are actually two cases to consider here. First, suppose E is an integer, i
(or a boolean, or other built-in constant value). All we need do is to push a
pointer to the integer onto the stack (or the integer itself in an unboxed
implementation), an operation which is carried out by the G-code instruction

PUSHINT i
We may write the compilation rule like this:
CLiJ pd=PUSHINT i

Secondly, suppose E is a supercombinator or built-in function, calied f. We
must push a pointer to the function onto the stack, using the G-code
instruction

PUSHGLOBAL f
We write the rule in the same way as before:
CIL f 1] p d = PUSHGLOBAL f

18.5.3.2 Eis a variable
The next case to consider is that of a variable, x. The value of the variable is in
the stack, at offset (d — p x) from the top, and the G-code instruction

PUSH (d — p X)
will copy this item onto the top of the stack. Hence we may write the rule
CExJHpd=PUSH (d - p X

B, ur e
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18.5.3.3 Eis an application

If E is an application (Es E2), where E; and Ez are arbitrary expressions, then
the expression to be constructed is the application of E, to E. It is easy to do
this: first construct an instance of E. (leaving a pointer to the instance on top of
the stack), then construct an instance of E; (likewise), then make an
application cell from the top two items on the stack, and leave a pointer to the
application cell on top of the stack. This can be achieved by the following rule:

CLEiE2Qpd=CHLE:1pd; CLE 1 p (d+1); MKAP

Notice that the current context is one deeper during the second call to C, sowe
passed it (d+1) instead of d.

MKAP is an instruction which takes the top two items on the stack, pops
them, forms an application node in the heap, and pushes a pointer to this node
onto the stack. If MKAP took its arguments in the other order, we could
construct first E4 and then E2. This might seem to be a more logical order, but
we will see later that it is more convenient to construct E. first.

18.5.3.4 Eis a let-expression
Next, consider the rule for let-expressions

c‘['etx=Exin Eb]pd

where x is a variable and E,, E,are expressions (we consider only the case of a
single definition). We recall that a let in a supercombinator body is just a way
of describing a graph (with sharing) rather than a tree. We can deal with letina
very straightforward way.

(i) First we construct an instance of Ey, leaving a pointer to it on the stack.

(i) Then we augment p to say that x is to be found at offset (d+1) from the
base of the context (which is true, since it is on top of the stack).

(iii) Then we construct an instance of Ep, using the new values of p and d,
leaving a pointer to the instance on top of the stack.

(iv) Now a pointer to the instance of Epis on top of the stack, and underneath
it is a pointer to the instance of Ex. We no longer want the latter, so we
squeeze it out by sliding down the top element of the stack on top of it.

Figure 18.8 shows the execution of a let after these four stages.
In symbols:

Cf tet x = Ex in Es T p d
=C[ Ex }1 p d; ClL Ev 1 plx=d+1] (d+1); SLIDE 1

Remembering that p is a function taking a variable as its argument, the
notation ‘pfx=d-+ 1] means ‘a function which behaves just like p except when it
is applied to x, in which case it delivers the result (d+1)’. In other words,
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Eg//////z
tack

' /A
Before (i) Before (i)

= =
@ >
=0 (7o e\
Before (iv) After (iv) A

Figure 18.8 Execution of a let

plx=d+1] is just p augmented with information about where to find x.
Symbolically,

plx=n] x
plx=n] y

The ‘SLIDE 1’ instruction squeezes out one element from the stack.

The job was fairly easy to do because we could access the graph constructed
by the let definition in just the same way as we access the parameters of a
supercombinator. This is another strong reason for performing the stack
rearrangement described in Section 18.5.1.

n
pYy if x#y

18.5.3.5 Eis aletrec-expression
Finally, we consider the rule for

Chletrec Din Eo I p d

where D is a set of definitions and Ey, is an expression. Recall that a letrec in a
supercombinator body is just a description of a cyclic graph. The way to
construct such a graph is:

(i) First allocate some empty cells, one for each definition, putting pointers
to them on the stack. These empty cells are called Aoles.
(i) Now augment the context p and d to say that the values of the variables
bound in the letrec can be found in the stack locations just allocated.
(iii) Then for each definition body:

(a) construct an instance of it, leaving a pointer to the instance on top of
the stack, and

(b) then update its corresponding hole with the instance (using the
UPDATE instruction; this also removes the pointer on top of the
stack). :

During the instantiation process, occurrences of names bound in the
letrec will be replaced by pointers to the corresponding hole, because we
have augmented the context in stage (ii).



Section 18.5 Compiling a supercombinator definition 309

(iv) Now instantiate E,, leaving a pointer to it on the stack.
(v) Lastly, squeeze out the pointers to the definition bodies. This is why the
SLIDE instruction has an argument, telling it how many elements to

squeeze out.

/

After (iii)a

After (iipb .
f | 7
w{%_——» 3 ) % /@O

Figure 18.9 Executionofletrec x = f x In E

After (iv) After (v)

Figure 18.9 shows various stages in the execution of
Clf letrec x =fxinEy, ] p d
In symbols, we write:

C letrec DinEp, ] p d

= Cletrec[ D J] ' d'; CI Ev 1] p’ d'; SLIDE (d'—d)
where

,d)=X[DQpd

This uses two new auxiliary functions Cletrec and Xr, which are defined as
follows.

Cletrec || x1 = E1 || p d = ALLOC n;

X2 = Ea C [ E+ 1] p d; UPDATE n;
: C [ E2 11 p d; UPDATE n-1;
Xn

[}
m
E)

C [ Enx J p d; UPDATE 1;

CLetrec performs the first two steps of the process. The ‘ALLOC n’ instruction
allocates n holes in the heap and pushes pointers to them onto the stack. Then
the instances of the definition bodies are constructed and the UPDATE
instruction overwrites a hole with the root of the corresponding instance.

Xr|| xt=E1]} pd=(p]| xi=d+1 , d+n )
X2 = E2 X2=d+2

Xn En Xn=d+n
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Xr just computes the augmented p and the new value of d, returning them as a
pair (p’, d'). The []bracket updates p to include all the new information.

The final ‘SLIDE (d'—d)’ slides down the top element of the stack,
squeezing out the pointers to the E;

Warning: there will be a problem if a definition body consists of a single
variable name bound in the same letrec; for example

letrec x = y
y=CONS ty

in E

This gives a problem because UPDATE will try to update one hole with
another. However, the definition of x will be removed at an earlier stage in the

compiler, by the optimization of Section 14.7.3, which replaces occurrences
of xbyyinE.

CEElpd

Constructs the graph for an instance of E in a context given by pand d.
It leaves a pointer to the graph on top of the stack.

Citlpd = PUSHINT |

Citlpd = PUSHGLOBAL f

CIxipd = PUSH d — p X)

CEEiE21pd = C[ E2 1 p & C[ E1 1 p (d+1); MKAP

Clltx=ExinE]Jpd =CIEclpd
Cf E ] plx=d+1] (d+1); SLIDE 1

Cllerec DinEJpd = Cletrec[ D} p’ d; C[ E ] p’ d'; SLUDE (d'—d)
where
. d)=X[E[Dlpd

Figure 18.10 The Ccompilation scheme

Cletrecf D p d

Takes a mutually recursive set of definitions D, constructs an instance of
each body, and leaves the pointers to the instances on top of the stack.

CLetrec|{ x1 = E; || p d = ALLOC n;
x2a=Ea || : CH E: 1 p d; UPDATE n;
CI Ez 11 p & UPDATE n—1;
x“=En cee
Cf En ] p & UPDATE 1{;
Xiplpd

Returns a pair (p’, &) which gives the context augmented by the
definitions D.

XrflTxs = Exs |lpd = (pxi=d+17, din)
X2 = Ea [ X2=d+2]

Xn = Ep Xn=d+n

Figure 18.11 Auxiliary compilation schemes CLetrec and Xr
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18.5.3.6 Summary

We are done! The C compilation scheme has been described in considerable
detail because the same ideas will be used again and again in what follows. It is
worth some study to ensure that you understand what is going on. Figures
18.10 and 18.11 summarize the Cscheme.

18.6 Supercombinators with Zero Arguments

The lambda-lifting algorithm given in earlier chapters may produce some
supercombinators with no arguments. The most obvious example of this is the
$Prog supercombinator.

Such supercombinators are simply constant expressions (sometimes called
constant applicative forms or CAFs), since they have no parameters at all. The
presence of CAFs raises two issues, compilation and garbage oollection,
which we now discuss.

18.6.1 Compiling CAFs
How should we compile CAFs? There are two alternatives:

(i) Do not compile them at all. Instead keep them as pieces of graph. Since
they are not functions they will never be copied, so they can be shared
without further ado. This is a perfectly acceptable solution, but it does
mean that the compiled program is a mixture of target machine code and
graph.

(ii) Treat them as supercombinators with zero arguments and compile them
to G-code which will, when executed, construct an instance of their
graph. Since we want to share this graph (and not make repeated copies
of it) the instance should overwrite the compiled code in some way.

This is easily achieved. We allocate a single graph node, tagged as a
function, which holds a pointer to the compiled code. This node is shared
by anyone who uses the supercombinator. When the compiled code
executes, the current context will contain a pointer to that node as its only
element (since there are no arguments), so the node will be updated with
the result, and this update will be seen by anyone else sharing the node.
The F scheme is therefore quite adequate to compile the code for the
body.

The advantage of this is that the compiled program consists almost
entirely of target machine code, plus some individual graph nodes, one
per supercombinator. In the Chalmers G-machine these nodes are
allocated space physically adjacent to the target machine code of the
supercombinator, outside the main heap. Such CAF nodes should not be
in read-only memory, however, since they must be updated after their
code is executed.
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18.6.2 Garbage Collection of CAFs

Supercombinators which have one or more arguments need not be garbage-
collected at all, since they cannot grow in size. CAFs, on the other hand, can
grow in size without bound. For example, consider the program:

$from n = CONS n ($from (+ n 1))
$ints = $from 1

$F xy =...%ints. ..

$Prog = ...$F...

$Prog

$ints is the infinite list of integers, and we would like to recover the space this
list occupies when it is no longer needed. Unfortunately, we will be unable to
reclaim this space if we decide that all supercombinators should not be subject
to garbage collection.

$ints can be recovered when there are no references to it, directly or
indirectly, from $Prog. However, $Prog may refer to $ints indirectly, by using
$F which uses $ints, so we cannot recover $ints just because $Prog does not
refer to it directly.

The only clean way around this is to associate with each supercombinator
(of any number of arguments, including zero) a list of CAFs to which it refers
directly or indirectly. Then, for mark-scan garbage collection, to mark a
supercombinator of one or more arguments we simply mark all the CAFs inits
associated CAF list. To mark an unreduced CAF we mark its CAF list, while a
reduced CAF is indistinguishable from any other heap structure and is
marked as usual.

Another way to understand this is to see that in a template-instantiating
implementation, the template for $F would refer to that for $ints. Hence, $ints
would be reached by the mark phase of garbage collection during the normal
marking traversal of $F. In a compiled implementation, however, the
reference to $ints is buried in the code for $F, and the CAF list for $F makes
this dependency sufficiently explicit for the garbage collector to understandit.

This technique, or something similar, is essential to prevent ever-
expanding CAFs from filling up the machine.

18.7 Getting it all Together

We can now put all the pieces together to describe how to compile a complete
program. Consider the program:

$F x = NEG x
$Prog = $F 3

$Prog
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(Note: such a program will never be generated by the lambda-lifter due to
n-optimization, but it serves here as the smallest feasible example program.)

This will compile to the following G-code:

BEGIN; Beginning of program
PUSHGLOBAL $Prog; Load $Prog

EVAL; PRINT; Evaluate and print it

END;

GLOBSTART $F, 1; Beginning of $F (one argument)
PUSH 0; Push x

PUSHGLOBAL $NEG; Push $NEG

MKAP; Construct (SNEG x)

UPDATE 2; Update the root of the redex
POP 1; Pop the parameter

UNWIND; Continue evaluation
GLOBSTART $Prog, 0; Beginning of $Prog (no arguments)
PUSHINT 3; Push 3

PUSHGLOBAL $F; Push $F

MKAP; Construct ($F 3)

UPDATE 1, Update the $Prog

UNWIND; Continue evaluation

We have now described a complete compilation scheme for compiling a
program into G-code. It is far from optimal, as we will soon see, but even in its
present form it should work faster than a template-instantiation

implementation.

The only mysterious feature of the above code is the function $NEG. It is
one of the built-in functions in the run-time system, and we now describe the

G-code for these functions.

18.8 The Built-in Functions

The names of built-in functions will appear in our implementation in three

distinct ways. For example, CONS can appear in the following ways:

(i) Asa (built-in) function in the supercombinator program. For example

$S xy = CONS y x

(ii) Asa G-code instruction, which takes the top two elements on the stack,
forms a CONS cell from them, and puts a pointer to the result on top of

the stack (see Section 18.2).
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(iii) As a built-in run-time function. For example, at run-time the machine
may have to evaluate a graph like this

@

@/ \Y
/ \
$CONS x

The spine will be unwound and the function $CONS will be found at the
tip. Just as in the $from example (Section 18.2) the code for SCONS will be
entered to perform the reduction. This means that there should be a
G-code sequence for the $CONS function, and for all other built-in
functions.

It is for this reason that we prefix this form of CONS with a §. At
run-time it appears just like any user-defined supercombinator; that is as
a (boxed) G-code sequence. In the next few chapters, therefore, we will
not make any distinction between built-in functions and super-
combinators. Sometimes we will call them globals; this is the origin of the
PUSHGLOBAL instruction.

No confusion between the first two cases should arise, because the meaning
should be clear from its context. One slight annoyance is that now we have

Ol CONS J| p d = PUSHGLOBAL $CONS

which makes it look as if O ‘sticks the $ on a global’, but this is contradicted by
the case of a supercombinator:

Of $X J p d = PUSHGLOBAL $X

We content ourselves with the general rule as given in the O scheme, namely
Of f B o d = PUSHGLOBAL f

and remember that a $ is added to built-in functions. (This is, of course, a
purely notational point.)

The third case above raises the question of what the G-code sequences for
CONS and the other built-in functions are, and we will develop them in this
section. The built-in funttions we will consider are those given in the left-hand
column of Figure 18.4; those in the right-hand column are analogous. Indoing
this we will also develop some new G-code instructions.

18.8.1 $NEG, $+, and the EVAL Instruction

NEGate is an example of a function which has to evaluate its argument. Aswe
have seen before (Sections 11.4 and 12.2) this always seems to require a new
mechanism for recursive argument evaluation, and the G-machine is no
exception. The new mechanism we introduce is the G-code instruction EVAL,
which evaluates the top item on the stack, leaving the evaluated object on the
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stack. With the aid of this instruction we can give the following sequence for
$NEG:

EVAL; Evaluate the argument
NEG; Negate it

UPDATE 1; Update the root of the redex
UNWIND:; Continue

The code for $+ is similar, complicated only by having to get the appropriate
parameter on top of the stack before calling EVAL:

PUSH 1, Get second argument
EVAL,; Evaluate it
PUSH 1; Get first argument
EVAL; Evaluate it

" ADD; Add them
UPDATE 3; Update root of redex
POP 2, Pop parameters
UNWIND,; Evaluation is complete

The EVAL instruction does the following:

(i) Examines the object on top of the stack. If it is a CONS cell, an integer
(boolean, character), a supercombinator or a built-in function, EVAL
does nothing.

(ii) Ifitisan application cell, EVAL creates a new stack, pushes the top item of
the old stack, saves the current program counter (which now points to the
instruction after the EVAL), and then executes the UNWIND instruction.

After each reduction an UNWIND instruction is executed. If this UNWIND
discovers that the expression is in WHNF, it restores the old stack and jumps
to the saved return address.

As we saw in Section 11.6, we can build the new stack directly on top of the
old stack. Indeed they can overlap by one item, since the top element of the
old stack is the same as the bottom element of the new stack. We need to save
two items on another stack, called the dump:

(i) the old stack depth, or (equivalently) the old stack pointer;
(ii) theold program counter.

The UNWIND instruction at the end of the code for $NEG or $+ will always
discover that evaluation is complete, because we know that the result of a
negation or addition is an integer. It is wasteful, therefore, for UNWIND to test
the result for being in WHNF. We can encode this information by using a new
instruction, RETURN, instead of UNWIND. RETURN assumes that the
expression being evaluated is now in WHNF, but otherwise behaves just like
UNWIND; that is, it restores the old stack and jumps to the saved program
counter.
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The new code for $NEG would therefore be:

EVAL; Evaluate the argument

NEG; Negate it

UPDATE {; Update the root of the redex

RETURN; Evaluation is complete
18.8.2 $CONS

When the code for $CONS is entered, the two objects to be CONSed are on top
of the stack, and below them is a pointer to the root of the redex. We can
therefore produce the following code sequence for SCONS:

CONS; Form the CONS cell
UPDATE 1; Update the root of the redex
RETURN; Result guaranteed to be in WHNF

CONS is a G-code instruction which CONSes together the top two items on the
stack, pops them and pushes a pointer to the CONS cell. The CONS cell is then
copied over the root of the redex by UPDATE. The CONS cell cannot be
applied to anything (or the type-checker would have complained), so the
expression being evaluated must now be in WHNF; we can thus use RETURN
instead of UNWIND.

The treatment of $PACK-SUM-d-r is similar, except that we need a new
G-code instruction PACKSUM d,r which constructs a structured data object
with structure tag d and r fields, whose values are found on the stack. CONS is
then equivalent to PACKSUM 22. $PACK-PRODUCT-r can be treated
similarly, using a new G-code instruction PACKPRODUCT r. If sum types and
product types are represented in the same way, then a single G-code
instruction would suffice.

18.8.3 $HEAD

$HEAD is a function which evaluates its argument (to WHNF); it expects the
result to be a CONS cell, from which it can extract the head (that is, the first
field). Then, for the reasons we discussed in Section 12.4, it must evaluate the
head of the cell before overwriting the root of the redex with it. Failing to do
this final evaluation would result in the duplication of work.

The code for $HEAD is:

EVAL; Evaluate to WHNF
HEAD; Take its head

EVAL; Evaluate the head
UPDATE 1; Update root of redex
UNWIND; Continue

Notice that we cannot use RETURN at the end, even though the result of the
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HEAD must be in WHNF (since it has been EVALuated). Consider, for
example, the expression

(PHEAD E) 3

where E is some expression. Here, $HEAD evaluates E, takes its head,
evaluates it, updates the ($HEAD E) redex and then applies the result to 3.
Evaluation of the whole expression is not complete merely because the result
of the ($HEAD E) reduction is in WHNF-.

$TAIL and $SEL-SUM-r-i are precisely analogous to $HEAD, except that we
need a new G-code instruction SELSUM r,i which selects the ith component of
a structured data object of sum type and of size r. Similarly, $SEL-r-i (the
selector functions for product types) requires the introduction of a new
G-code instruction SELPRODUCT r,i. If sum and product types use the same
representation, then only one new G-code instruction is required.

18.8.4 $IF, and the JUMP Instruction

In order to generate code for $IF we need to introduce two jump instructions
(JUMP and JFALSE), and a label pseudo-instruction (LABEL).
The code for $IF is:

PUSH 0, Get first argument

EVAL; Evaluate it

JFALSE Lf; Jump to L1 if false

PUSH f1; Get second argument
JUMP L2;

LABEL LT, Pseudo-instruction; a label
PUSH 2 Get third argument

LABEL L2;

EVAL; Evaluate before overwriting
UPDATE 4; Overwrite root

POP 3; Pop arguments

UNWIND; Continue

(L1 and L2 are unique labels.)

The reason for the last EVAL instruction was mentioned in the previous
section, as was the reason for using UNWIND rather than RETURN.
. In order to implement $CASE-n we need an n-way jump instruction,

CASEJUMP L1L2,...Ln

which examines the structure tag of the object on top of the stack, and jumps
to one of n labels depending on its value. Apart from this, its treatment is
identical to $IF, so we will not mention it any further.
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18.9 Summary

This chapter has presented the payoff for the hard work earlier in the book.
We have developed:

(i) a compilation algorithm which takes a supercombinator program and
compiles it into G-code;
(i) G-code sequences for a representative range of built-in functions.

The next chapter completes the picture by giving a precise description of
G-code and a discussion on how to implement it.
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Nineteen
G-CODE

Definition and Implementation

So far we have described a basic compilation algorithm from super-
combinators into G-code. The next step, code generation, is to compile the
G-code program into target machine code.

The basic idea is that to each G-code instruction there corresponds a simple
sequence of target machine instructions, so that we can generate target code

for a G-code program simply by generating these sequences for each
instruction:

G-code Target machine code
PUSH 3 <Target code for PUSH 3>
UPDATE 4 <Target code for UPDATE 4>

Typically the output of the code generator would be a program in the
assembly code of the target machine, which would then be assembled, linked
with any run-time libraries, and run.

In order to perform code generation in this way we need to know:

(i) exactly what each G-code instruction is supposed to do;

(ii) how the various bits of the abstract G-machine are mapped on to the
target machine.

We will address these two issues in order.

19.1 What the G-code Instructions Do

The G-machine is a finite-state machine, with the following components:
(i) S, thestack.



320 Chapter 19 G-code — Definition and Implementation

(ii) G, the graph.
(iii) C, the G-code sequence remaining to be executed.
(iv) D, the dump. This consists of a stack of pairs (S, C), where Sisastack and
C is a code sequence.

Thus the entire state of the G-machine is a 4-tuple <S, G, C, D>. We will
describe the operation of the G-machine by means of state transitions. First,
however, we need some notation for each component of the state.

19.1.1 Notation

A stack whose top item is nis written n: S, where Sis astack. An empty stack is
written [ ].

A code sequence whose first instruction is | is written 1:C, where C is a code
sequence. An empty code sequence is written [ ].

A dump whose top pair is (S,C) is written (S,C):D, where D is a dump. An
empty dump is written[].

The possible types of nodes in the graph are written like this:

INT i an integer.

CONS nt n2 a CONS node. -

AP ny n2  anapplication node.

FUN k C  a function (supercombinator or built-in) of k arguments, with
code sequence C.

HOLE a node which is to be filled in later. This is used for constructing
cyclic graphs.

The notation G[n=AP n; nz] stands for a graph in which node n is an
application of n1to nz2 (n is just a name for this node). The notation G[n=G n’]
stands for a graph in which node n has the same contents as node n’ (we will
need this only to describe the UPDATE instruction).

The graph is a logical concept, implemented by the heap. A node in the
logical graph need not necessarily occupy a cell in the physical heap. In the
case of CONS, AP, FUN and HOLE a logical node will indeed occupy a physical
cell, but an INT node (i.e. an integer) will occupy a cell in a boxed implemen-
tation but will not in an unboxed implementation (see Section 10.6).

19.1.2 State Transitions for the G-machine

To illustrate the way in which we can use state transitions to describe the effect
of instructions, consider the instruction PUSHINT i. We can write the
following transition:

<S8, G, PUSHINT i:C, D> = <n:S, G[n=INT i}, C, D>
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This says that when PUSHINT i is the first instruction, the G-machine makes a
transition (denoted by =>) to a new state in which

(i) anew node nis pushed onto the stack,

(ii) the graph is updated with the information that node nis INT i,
(iii) the code to be executed is everything after the PUSHINT i,
(iv) and the dump is unchanged.

Notice that the name n, which is introduced on the right-hand side, isintended
to be a new and unique node name.

More complicated instructions can be described using pattern-matching.
EVAL is an example of this:

<n:S, G[n=AP ni nz2}, EVAL:C, D>
=2 <n:[]}, GIn=AP n; nz}, UNWIND:[], (S,C):D>

<n:S, G{n=FUN 0 C'], EVAL:C, D>
= <n:[}, GIn=FUN 0 C’}, C":[], (S.C):D>

<n:S, G[n=INT i}, EVAL:C, D>
=2 <n:S, G{n=INT i}, C, D>

and similarly for CONS and non-CAF FUN nodes.

The appropriate state transition for EVAL is selected depending on what
kind of node is found on top of the stack (the node n):

(i) The first equation describes what EVAL does if the node on top of the
stack is an application. The current stack and code are pushed onto the
dump, a new stack is formed with the top of the old stack as its only
element, and UNWIND is executed.

(ii) The second equation describes what EVAL does if the node on top of the
stack is a compiled supercombinator of arity zero (that is, a CAF; see
Section 18.6). In this case the machine saves its state on the dump, forms
a new stack with the CAF as its only element, and executes the code
associated with the CAF (which will subsequently update the FUN node
with its reduced value).

(iii) The third equation describes what EVAL does if the node on top of the
stack is an integer: it does nothing! The same applies if the node on top of
the stack is a CONS or non-CAF function node.

An omitted transition indicates a run-time machine error (e.g. nis a HOLE).

Notice that in the first rule for EVAL we have (strictly speaking) to repeat
the ‘G[n=AP ni nz] on the right-hand side of the rule, since G alone would
imply that node n was no longer in the graph. This is clumsy and hard to read,
since the reader has to check that node n is the same on both sides of the rule.
Accordingly we abbreviate the rule to

<n:S, G{n=AP ns; n2}, EVAL:C, D>
= <n:[} G, UNWIND:[], (S,C):D>
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and imply that nodes not explicitly mentioned in the G field on the right-hand
side are unchanged from the left-hand side.

Using this notation we can now give a complete description of the G-code
instructions (Figures 19.1 and 19.2). The transitions for UNWIND are a little
complicated, so we will explain them briefly. There are four cases:

(i) The item on top of the stack is an integer or a CONS node. In this case it
must be the only element of the stack, and the expression being
evaluated is in WHNF. UNWIND therefore completes evaluation by
restoring the saved stack and code from the dump, and putting the result
of the evaluation on the top of the restored stack.

(ii) The item on top of the stack is (a pointer to) an application node. In this
case we just push the head of the application on the stack and repeat the
UNWIND instruction.

(iii) The item on top of the stack is a function, and there are enough
arguments on the stack. In this case we rearrange the stack as described
in Section 18.5.1, and begin executing the code for the function. The vi
are the vertebrae on the spine, while the n; are the arguments to the
function.

(iv) The item on top of the stack is a function, but there are too few
arguments for it to execute (this is described by the {a<k} condition). In
this case the expression being evaluated is in WHNF, so UNWIND
completes evaluation by restoring the saved stack and code from the
dump, and putting the result of the evaluation on the top of the restored
stack.

19.1.3 The Printing Mechanism

The G-code instructions developed so far are intended to reduce an
expression to WHNF. As we saw in Section 11.2, though, we also need a
printing mechanism which repeatedly invokes the evaluator to reduce
expressions to WHNF and prints them. It would be nice if we could describe
the printing mechanism within the same framework, and we now do so.

We introduce one new instruction, PRINT, which prints the top elementon
the stack. In order to describe its action we need to add one new component in
the G-machine state: O, the output produced by the machine. The empty
output is denoted by [ ], and O;x denotes the output O followed by the output x.
Now we can define PRINT:

<0, n:S, G[n=INT i], PRINT:C, D> = <O0j, S, G, C, D>

<0, n:S, G[n=CONS n: nz], PRINT:C, D>
= <0, ni:n2:S, G, EVAL:PRINT:EVAL:PRINT:C, D>

All the other instructions leave O unchanged.



EVAL <v:S, Glv=AP v' n], EVAL:C, D>
= <v:[], G, UNWIND:[], (S,C):D>
<n:S, G[n=FUN 0 C'], EVAL:C, D>
=2 <n:] G, C':[] (SC):D>
<n:S, G[n=INT i}, EVAL:C, D> = <n:§, G, C, D>
and similarly for CONS and non-CAF FUN nodes.
UNWIND <n:[], G[n=INT i, UNWIND:[], (S,C):D>
2> <n:§, G, C, D>
and similarly for CONS nodes.
<v:S, G[v=AP v' n], UNWIND:[], D>
2 <v':v:§, G, UNWIND:[], D>
<Vp:Vi:...:¥:S, GIvo=FUN k C UNWIND:[], D>
vi=AP vi_1 n;, (1si<k
2 <ngng:....nkvkS, G, C, D>
<vg:vi:...:Va:[], Glvo=FUN k C'], UNWIND:[], (S,C):D>
{a<k} = <va:S, G, C, D>
RETURN <vg:vy:...:%:[], G, RETURN:[], (§C):D> = <w:, G, C, D>
JUMP <S, G, JUMP L:...:LABEL L:C, D> = <S8, G, C, D>
JFALSE <n:S, G[n=BOOL true], JFALSE L:C, D> = <S§, G, C, D>
<n:S, Gn=BOOL false], JFALSE L:...:LABEL L:C, D>
2> <§, G, C, D>
Figure 19.1 G-machine state transitions (control)
PUSH <ng:Nq:...:nk:S, G, PUSH k:C, D>
2 <nk:Np:Ni:....nk:S, G, C, D>
PUSHINT <S§, G, PUSHINT i:C, D> = <n:S, G[n=INT i}, C, D>
PUSHGLOBAL similarly
POP <ng:ngz:.....nx:S, G, POP k:C, D> = <8§, G, C, D>
SLIDE <ng:ni:...:Nk:S, G, SLIDE k:C, D> = <ng:S, G, C, D>
UPDATE <ng:ni1:...:nk:S, G, UPDATE k:C, D>
2 <nq:...:nk:S, GInk=G ng}, C, D>
ALLOC <8, G, ALLOC k:C, D>
2>  <nq:nz....:nk:S, Glni=HOLE,. .., nk=HOLE], C, D>
HEAD <n:S, G[n=CONS n¢ nz], HEAD:C, D>
2> <n(:§, G,C, D>
NEG <n:S, G[n=INT i}, NEG:C, D>
=2 <n':S, Gn'=INT (-], C, D>
ADD <ny:n2:S, G[n1=INT i1, n2=INT i2], ADD:C, D>
=2 <n:§, Gn=INT (i1+ig)], C, D>
MKAP <ni:n2:S, G, MKAP:C, D> = <n:S, G[n=AP ny ng], C, D>
CONS similarly

Figure 19.2 G-machine state transitions (stack and data)
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Finally, we say what the BEGIN instruction does, which initializes the
nachine:

<0, S, G, BEGIN:C, D> = <0,[] (] CI[]>

BEGIN simply initializes the stack, graph and dump to be empty, and then runs
the rest of the code C.

19.1.4 Remarks about G-code

This way of defining the meaning of G-code is very similar to that used by
Landin [1964] to describe the SECD machine; indeed, the G-machine could
almost be called the SGCD machine. Thisis our first hint that the execution of
functional programs by graph reduction (as in the G-machine) and by delayed
substitution (as in the SECD machine) is not as different as at first appears; a
topic we will return to later.

19.2 Implementation

We now begin a discussion of how to implement the abstract machine defined
by G-code on a concrete machine (the target machine). To start with, we have
to provide concrete representations for each of the four components of the
G-machine state <S, G, C, D>, which we do in this section.

For the sake of definiteness we will study the Chalmers G-machine
implementation, which generates machine code (the target code) for a VAX.
Some familiarity with VAX machine code is useful in what follows, so we
digress briefly to summarize the knowledge required.

19.2.1 VAX Unix Assembler Syntax

Here is an example of a typical instruction we may geﬁemtet
movl 12(%EP),—(%EP)

The movi is the VAX instruction to move a four-byte word. The source is
12(%EP), and uses indexed addressing, so that the address of the operand is
the contents of register EP plus 12. The destination is —(%EP) and uses indirect
addressing with pre-decrement.

The notation %EP stands for a register, and the symbol EP should be
previously defined by an assembler directive:

.set EP,10

Registers can also be referred to by the notation r0 for register 0, r1 for register
1 and so on.

The moval instruction (Move Address) moves the address of the source
operand into the destination, rather than moving the source operand itself as
movi does. For example,

moval 4(%EP),r0
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adds 4 to register EP and puts the result in register 0. It can also be used to
move literal constants:

moval 4,r0

loads 4 into r0.
The subroutine call and return instructions are jsb and rsb.

19.2.2 The Stack Representation

The G-machine stack is represented by a data area to hold the stack, together
with a stack pointer held in a register, called EP. The stack grows downwards,
and each element of the stack is a 32-bit VAX word. EP points to the top
element of the stack, so elements can be pushed onto the stack using pre-
decrement of EP, and popped off with post-increment. For example,

movl r0,—(%EP) Push register 0
movl (%EP)+,r0 Pop register 0

As with any stack we must be careful to check for stack overflow. At first it
looks as if we must perform this check (if the target machine’s hardware does
not) on every push. A much cheaper solution is available, however, because
the amount of stack used by a function is totally predictable at compile-time
(apart from EVAL and UNWIND instructions). All we need do is compute the
amount of stack needed by a function (excluding any EVALs or UNWINDs), and
check at the beginning of the function that sufficient stack space is available.

An UNWIND at the end of the function can consume an unpredictable
amount of stack, so it must check for overflow on each push. An EVAL causes
an UNWIND followed by a function call, both of which are now dealt with, so
EVAL need only check for dump overflow.

19.2.3 The Graph Representation

The graph is represented by a large heap area of storage. Each node of the
graph is represented by a cell in the heap. Each cell consists of a tag and one or
more fields. The tag and each field occupy one VAX machine word (four
bytes), and the words constituting a cell are arranged contiguously. A two-
field cell would look like this:

Byte offset
0 Tag
4 Field 1
8 Field 2

It may seem rather wasteful to use four bytes to store a tag, but it gives
considerable uniformity to heap allocation, and offers the opportunity for an
ingenious optimization (see Section 19.4).
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AP nm AP n m
CONS n'm CONS n m
INT i INT i

HOLE HOLE

FUN k C See Section 19.4.3

Figure 19.3 Node representations in the G-machine

Boxed representations of basic values are used. The various types of node
are represented as shown in Figure 19.3.

A copying garbage collector is used, so only half the heap area is in use at
any time. Cells are allocated contiguously in the current heap area, and a
register called HP points to the next free word. Cells can then be allocated
simply by incrementing HP; indeed this can be done at the same time as the
contents of the cell are filled in by using the VAX auto-increment instruction.

It appears at first that HP should be checked after each increment to see if
the heap is exhausted (which initiates garbage collection), which would
require an extra instruction for each allocation. Instead, however, the
compiler computes how much heap will be allocated by each super-
combinator, and inserts code at the beginning of the supercombinator to
check that enough heap is available. If not enough is available, garbage
collection is invoked. Hence, during execution of a supercombinator there is
no danger of heap exhaustion, so cells can be allocated with a simple auto-
increment on HP.

19.2.4 The Code Representation
The code is the VAX machine code, together with the program counter.

19.2.5 The Dump Representation

The dump is the VAX system stack, together with its stack pointer held in the
(special) SP register. This stack is addressed in the same way as the other
stack.

19.3 Target Code Generation

Having established concrete representations for the four components of the
G-machine state, we now turn our attention to the task of generating target
code from the G-code instruction sequence. We begin with a simple method,
and then demonstrate a simple but effective optimization technique.
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19.3.1 Generating Target Code from G-code Instructions

In this section we will show how to perform simple code generation from
G-code into VAX assembler code.

To each G-code instruction there should correspond a short sequence of
VAX machine instructions. For example, using the representations described
in Section 19.2 for the VAX, we could generate code for the PUSH instruction
like this:

PUSH n movi 4+n(%EP),—~(%EP)

The source is 4*n(%EP), and uses indexed addressing to fetch the word 4*n
bytes from the top of the stack, which is pointed to by register EP. We must
multiply n by 4 to get a byte offset (rather than a word offset). The destination
is the top of the stack, and we pre-decrement the stack pointer to push the new

word onto the stack.

As a longer illustration, we will generate code for the function

g f = NEG (f 5)

With our present compilation algorithm this compiles to
PUSHINT 5; PUSH 1; MKAP; PUSHGLOBAL $NEG; MKAP;

UPDATE 2; POP 1; UNWIND
A simple code generation would go like this:

G-code HP VAX assembler code Comments
PUSHINT 5 0 moval 1_5,—(%EP) Push5
PUSH 1 movi 4(%EP),—(%EP) Push f
MKAP 4 moval APPLY,(%HP)+ Tag of apply node to heap
8 movl (%EP)+,(%HP)+ Function of apply node (f)
12 movl (%EP)+,(%HP)+ Argument of apply node (5)
moval ~12(%HP),~(%EP)  Result on stack (f 5)
PUSHGLOBAL $NEG moval C_NEG,—(%EP) Push NEG
MKAP 16 moval APPLY,(%HP)+ Tag of apply node to heap
20 movl (%EP)+,(%HP)+ Function of apply ($NEG)
24 movi (%EP)+,(%HP)+ Argument of apply (f 5)
moval —12(%HP),—(%EP) Result onstack
UPDATE 2 movi (%EP)+,r1 Result in register ry
movl 4(%EP),r2 Root of redex in rz
movi (r1)+,(r2)+ Copy tag
movi (r1)+,(r2)+ Copy first field
movi (r1)+,(r2)+ Copy second field
POP 1 moval 4(%EP),%EP Decrement stack pointer

APPLY is the tag word for an apply node.
L5is the address of a boxed integer 5.
C_NEG is the address of the NEG function cell.

. Wewill see later hpw to implement the UNWIND instruction.
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Notice the way in which cell allocation in the heap takes place by loading
data into the heap at the point pointed to by the HP register using auto-
increment addressing. This neatly combines the operations of allocating a cell
and loading data into it.

The second column shows that it is possible to keep track of the value of HP
at code generation time. This will prove useful in performing optimizations.

This code is adequate, but not especially intelligent, because it has many
redundant pushes and pops. For example, the last instruction of the second
MKAP sequence could be merged with the first instruction of the UPDATE
sequence to give

moval —12(%HP),r1

This kind of optimization has been well studied elsewhere [Wulf et al., 1975;
Bauer and Eickel, 1976; Aho and Ullman, 1977}, but one of the basic ideas is
so simple and gives such good results that we describe it in the next section.

19.3.2 Optimization Using a Stack Model

The idea of this optimization is that during code generation we should
maintain a model of what is on the stack at any given time. We call this the
simulated stack. The simulated stack is a compile-time stack, which holds the
specification of values that would have been in the run-time stack if we had
used a straightforward code generation scheme (as in the previous section).
For example, possible entries in the simulated stack, together with the values
they specify, are:

(i) 5, the literal value 5;
(ii) NEG, the address of the $NEG function cell;
(iii) heap 20, the address of the cell at offset 20 from the HP pointer value at
the start of execution of the supercombinator;
(iv) stack 2, the value at offset 2 from the EP stack pointer value at the start of
execution of the supercombinator.

Figure 19.4 illustrates by redoing our example, which shows a considerable
reduction in the number of VAX machine instructions generated. Notice
how important it is that garbage collection does not take place during a
supercombinator execution. If it did so, all the heap offsets might be rendered
erroneous.

The simulated stack will be empty at the end of the execution of a
supercombinator. The EVAL instruction needs special treatment, which we
discuss in the next section.

As a by-product of this code generation we get the amount of heap used by
the supercombinator, so the compiler can generate the code to check for heap
exhaustion at the beginning of the supercombinator (but see EVAL, below).
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G-code HP VAX assembler code Simulated stack Comments
0 {] Begin
PUSHINT 5 5:1] Push 5
PUSH 1 stack 0:5:[]  Pushf
MKAP 4 moval APPLY,(%HP)+ Tag to heap
8 movl O(%EP),(%HP)+  5:(] Fun to heap
12 moval |_5,(%HP)+ f] Arg to heap
heap 0:[] Result on stack
PUSHGLOBAL $NEG NEG:heap 0:[] Push NEG
MKAP 16 moval APPLY,(%HP)+ Tag to heap
20 moval C_NEG,(%HP)+ heap 0:{] Fun to heap
24 moval —20(%HP),(%HP)+ [] Arg to heap
heap 12:{] Result on stack
UPDATE 2 moval —12(%HP),r f] Result in ry
movl 4(%EP),r”2 Rootin rz
movl (r1)+,(~2)+ Copy tag
movl (r1)+,(r2)+ Copy first
movl (r1)+,(”2)+ Copy second
POP 1 moval 4(%EP),%EP Pop arguments

Figure 19.4 Code generation using a simulated stack

19.3.3 Handling EVALs and JUMPs

EVAL is a considerable nuisance because it may cause an arbitrary amount of
computation to occur. This means that the amount of heap consumed has no
simple bound, and garbage collection may occur during such evaluation, thus
completely disrupting the simulated stack and HP.

We can deal with this by treating the segments of code between EVALs
separately, each with its own code to check for heap exhaustion. All stack and
heap offsets in the simulated stack are calculated relative to the values of EP
and HP at the beginning of the segment (not the supercombinator, as stated
above). Furthermore, before EVAL is called, the simulated stack must be
flushed out onto the real stack.

Similar remarks apply to sections of code broken with JUMP instructions. If
there are two different routes leading to a given place in the code then
different amounts of heap may have been allocated along the two routes, and
the contents of the simulated stack may be different. Accordingly, the
simulated stack must be flushed before JUMPs also.

What all this amounts to is that we can generate good code for straight-line
segments of code (‘basic blocks’ in conventional compiler terminology), but
have to take more care when the flow of control can be broken.
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19.4 More on the Graph Representation

We may think of the G-machine in the following way:

G-code execution mechanism

Graph interface

The graph

The G-code execution mechanism manipulates nodes in the graph, using a
certain limited set of operations which we call the graph interface. Once we
have specified the graph interface we are at liberty to alter the concrete
implementation of the graph so long as the implementation supports all the
operations in the graph interface.

In practice, such a clean separation of concerns is hard to achieve without
suffering a considerable performance penalty. We may distinguish, however,
between two kinds of graph operation:

(i) Node-specific operations are only used on a specific type of node. For
example, the G-code instruction HEAD is only executed when the node on
top of the stack is known to be a CONS node. Node-specific operations
can normally compile to a single target machine instruction.

Other examples of node-specific operations are ADD and JFALSE.

(ii) Generic operations are used on a variety of types of node. For example,
when the UNWIND instruction is executed, nothing is known about the
node on top of the stack. The first thing UNWIND has to do is to perform
case analysis on the node type. Generic operations are considerably more
expensive than node-specific operations because of this case analysis.

Other examples of generic operations are EVAL, PRINT, CASEJUMP
and some garbage collection operations. '

The Chalmers G-machine has a rather fast and elegant implementation of the
generic operations, which contributes significantly to its performance and
extensibility. We will discuss this technique in the succeeding sections.

19.4.1 Implementing Tag Case Analysis

As noted earlier, in the Chalmers G-machine the tag of a cell is a word, and it
points to a small table of code entry points, one entry point for each generic
operation.
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An application node

AP Field 1 | Field 2

Entry table for AP nodes

—>»1 Entry point for AP_EVAL ——>

Entry point for AP_UNWIND ——>»

Entry point for AP_PRINT — —»

etc.

The AP_EVAL code, for example, performs the appropriate operations to
evaluate an application node. Each distinct node type has a different entry
table, so that case analysis on a cell can now be performed simply by jumping
to the appropriate entry of the table pointed to from the tag of the cell.

Naturally, the EVAL entry must occupy the same position in the entry table
for each node type.

19.4.2 Implementing EVAL
In this section we will consider the implementation of the EVAL instruction.
This comes in two parts:

(i) the code that is genefated in-line for an EVAL G-code instruction;
(i) the code for the EVAL entry of each tag’s entry table.

First of all, here is the VAX target code which might be generated in-line for
an EVAL G-code instruction:

movi (%EP),r0 Top of stack to r0
movl (r0),r1 Tagtort
jsb *O_Eval(r1) Call Eval code

The element on top of the stack is fetched into r0 (without popping the stack),
its tag is fetched into r1, and the final instruction is an indexed subroutine call,
where O_Eval is the offset of the Eval entry in the entry table. Notice that by
using a jsb instruction we push the return address (the code pointer C) onto
the system stack (the dump D), so that we can return to the instruction
following EVAL when evaluation is complete.

We now consider the Eval code thus entered. Suppose that the cell in
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question is an integer cell (we assume a boxed implementation for the
moment). Then no evaluation need take place, and the code is rather simple:

INT_EVAL: The Eval code for an integer cell.
rsb Return from Eval

The same applies to function cells and CONS cells. Application nodes are a
different story, however. In this case we need to push the current stack S
(implemented by EP) onto the dump D (implemented by the system stack),
and then UNWIND the application.

AP_EVAL The Eval code for an application cell.
<Test for SP stack overflow>
movli %EP,—(SP)  Push current stack onto dump
AP_UNWIND: Fall through te AP_UNWIND
10 is a copy of top stack element
riisitstag

First we save the current stack on the dump, checking first for dump overflow,
and then behave like UNWIND (see next section). Notice that to save the
current stack on the dump we need only save the current stack pointer on the
system stack. Logically, the new stack only contains a single element, which is
the top element of the old stack, so we do not need to alter the stack pointer
itself. The depth of the current stack can be found by comparing the old stack
pointer (found on top of the system stack) with the current stack pointer (in
EP).

19.4.3 Implementing UNWIND

Here is the VAX machine code sequence that might be generated for an
UNWIND G-code instruction:

movl (%EP),r0 Top of stack to r0
movl (r0),rt Tagtori
jmp *0_Unwind(r1) Jump to Unwind code

The element on top of the stack is fetched into r0 (without popping the stack),
its tag is fetched into r1, and an indexed jump to the Unwind code is made (not
a jsb).

Now suppose that the cell in question is an application cell. What should the
AP_UNWIND code do? It should simply push the head of the cell on the stack
and UNWIND it again. Remembering that r0 points to the cell in question, we
get:

AP_UNWIND: The Unwind code for an application cell
<Check for EP stack overflow>
movi Head(r0),r0 Get head
movi 10,—(%EP) Push it
movi (r0),rt Get taginri

jmp *0_Unwind(r1) Unwind it
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Asnoted in Section 19.2.2, we should first check for stack overflow, unless the
machine’s hardware is capable of doing so automatically.

Suppose, instead, that the cell is an integer cell. Then the specification for
UNWIND says that the integer cell must be the only thing on the stack, and we
should return to the caller, restoring the old stack but putting the top element
of the current stack on top of it. Fortunately, it is already in the right place!
Hence, all that is required is the following:

INT_UNWIND: The Unwind code for an integer cell
movl (SP)+,%EP Restore stack pointer
rsb Return to caller

Suppose now that we are unwinding a global function cell. Then the
specification for UNWIND (see Figure 19.1) requires a test to check whether
there are enough arguments on the stack for the function to execute. The
Chalmers G-machine actually uses a separate tag for each function, complete
with a separate entry table (remember that a tag takes a whole word, so there
are plenty of tags available). This means that instead of having code for
FUN_UNWIND we have a piece of code F_UNWIND for each global function F
(supercombinator or built-in function). Suppose that F takes two arguments.
Then the code for F_UNWIND might look like this:

F_Retum: We get here if there are too
few args. Return to caller.
movl (SP)+,%EP Restore stack pointer
rsb Return to caller

F_UNWIND: Unwind code for function F
NB: pointer to FUN node is still on stack
moval 8(%EP),r0 r0 points to base of context

cmpl (SP),r10 Is this below stack base?
jiss F_Retum Return if too few args
Now rearrange the stack

movi 4(%EP),r0 Top vertebra in r0
movi Tail(r0),(%EP) Push its tail (overwrites FUN pointer)

movi 8(%EP),r0 Next vertebra in r0
movi Tall(r0),4(%EP) Tail into stack
FJEXEC:' Now comes the code for F

The code immediately after F_UNWIND first makes a test to see whether there
are enough arguments. It does so by computing the address of the base of the
context in the stack, assuming that enough arguments are present. In this
case, two arguments and four bytes per stack element give an offset of eight
from the top of the current stack. It then compares this context base address
with the saved stack pointer, found on the dump, which points to the base of
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the current stack. If the former is less than the latter, there are too few
arguments, so it jumps to F_Retum where the old stack is restored and the
current evaluation completes with a return to the caller (just as for
INT_UNWIND).

If there are enough arguments, the next four instructions rearrange the
current context ready for the main body of code for F, which begins at
F_EXEC. This entry point will be used in Chapter 21.

A ‘FUN k C’node is therefore represented as a cell with a tag but no fields.
The tag gives access to the entry points which know about k and C.

19.4.4 Indirection Nodes

A major advantage of this method of implementing generic operations is that
new node types can be added without changing anything except to provide an
entry table for the new node type. As an example of this, we will now describe
how to introduce indirection nodes into the implementation.

Thus far we have described an implementation of the G-machine which
performs the update at the end of a reduction by copying the root of the result
of the reduction over the root of the redex. As we described at length in
Section 12.4, we could instead overwrite the root of the redex with an
indirection to the result. The section also discussed the trade-offs between the
two approaches, but we will now show how some minor and local changes to
our implementation can change the G-machine from using copying to using
indirection nodes.

We need to perform only two changes:

(i) We must introduce a new cell type, an indirection cell, complete with its
entry table. It will only have one field, which contains the indirection
pointer.

(ii) We must change the implementation of the UPDATE instruction.

The only work associated with the first change is to provide target code
sequences for each generic operation. They are all rather easy. For example,
IND-UNWIND — the Unwind code for an indirection cell - looks like this:

movl 4(r0),r10 Get the indirection pointer
movl r0,(%EP) Overwrite top stack element
movl (r0),r1 Get tag

jmp *0_Unwind(r1) Jump to Unwind code

The overwriting of the stack element ‘shorts out’ the indirection, so that it
does not appear as a vertebra in the stack. The Eval code for an indirection
cell, IND-EVAL, is similarly simple:

movl 4(r0),r0 Get the indirection pointer
movl 10,(%EP) Overwrite top stack element
movl (r0),r1 Get tag

jmp *0_Eval(r1) Continue Eval



Section 19.4 More on the graph representation 335

The second thing we must do is alter the implementation of UPDATE. Recall
that ‘UPDATE k’ updates the root of the redex, which is pointed to by the kth
element of the stack, with the result, which is on top of the stack. The new
implementation of ‘UPDATE k’ must therefore do three things:

(i) Overwrite the vertebra pointed to from the kth element of the stack with
an indirection node, whose indirection pointer points to the result.

(ii) Overwrite the kth element of the stack to point directly to the result (not
to the indirection node). This is really just an optimization, but ensures
that the result of EVAL is never an indirection cell. This is helpful when,
for example, the result of an EVAL is known to be an integer; in this case it
is a nuisance to have to check for an indirection also.

(iii) Pop the result from the stack.

This gives the following code sequence for the ‘UPDATE d’ G-code
instruction:

movl 4*d(%EP),r2 r2 points to root of redex
moval IND,(r2)+ IND tag
movl (%EP),(r2) Put result into indirection cell

movl (%EP)+,4*d(%EP) Overwrite vertebra and pop result

That's all! In addition, the garbage collection entry point(s) in the indirection
cell entry table can perform the ‘shorting out’ of indirection nodes discussed in
Chapter 17.

19.4.5 Boxed versus Unboxed Representations

The Chalmers G-machine uses boxed representations for all basic values.
There are two reasons for this:

(i) A boxed representation of a basic value has a tag in just the same place as
any other value, so that generic operations can be implemented
uniformly. With unboxed representations generic operations would have
to perform an initial test to separate pomters from non-pointers before
doing case analysis as before.

(i) Anunboxed representation would need to carry around a pointer bit with
each field. This is rather tiresome. On the VAX the pointer bit could
either be packed into the same 32-bit word as the value, or kept in a
separate byte (or word) which was moved around with the value. In the
former case there has to be much stripping off and tacking on of pointer
bits, and integers are restricted to only 31 bits. In the latter case there
have to be two target code ‘move’ instructions instead of one whenever a
value is moved around.

Of course, this problem would go away in a target archltecture more
specifically suited to graph reduction.
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19.4.6 Summary

We have seen that the technique of implementing generic operations by using
cell tags as pointers to entry tables gives two main advantages:

(i) it is easy to add new node types (indirection nodes, for exampie);
(ii) it is fast, because generic operations are implemented uniformly using an
indexed jump.

19.5 Getting it all Together

How does all the code we generate hold together? For a start, the G-code for
each supercombinator begins with a GLOBSTART instruction. This instruction
must generate the following segments of target code:

(i) UNWIND code, which checks the number of arguments and rearranges
the stack;
(ii) GC code, which will depend on the garbage collector;
(iii) the entry table for the supercombinator (the EVAL, PRINT, etc. entries
are the same for all supercombinators);
(iv) the function node itself, which can be allocated at the beginning of the
function code, outside the main heap;
(v) overflow-checking code, which immediately precedes the target code for
the function body, and checks for overflow of stack and heap.

Thus the target code for each function is preceded by some code fragments,
- the entry table and the function node. This completes the code generation for
each function.

Finally we must consider what the BEGIN and END G-code instructions do.
The BEGIN instruction is responsible for initializing the whole system. In
particular it must generate target code to

(i) initialize the stack pointer EP;
(ii) initialize the heap (in particular, the heap pointer HP).

In any particular system there will certainly be other initialization tasks to
perform, and the BEGIN instruction is the opportunity to perform them.
The END instruction simply terminates execution of the entire program.

19.6 Summary

In this chapter we have seen how an abstract machine model can provide a
precise description for G-code and a secure basis for code generation.

We have also examined some techniques for generating good code. The
details of good code generation are, however, beyond the scope of this book.
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Twenty

OPTIMIZATIONS TO THE
G-MACHINE

We now give a long sequence of optimizations to the G-code compilation
schemes. In the main they are independent of each other and any combination
of them could be implemented. All of them are based on the idea of compiling
special code to avoid building graphs.

One particular optimization, concerning spine allocatlon, is so important
that we devote the next chapter to it.

20.1 On Not Building Graphs

The principal reason why implementations of functional languages have the
reputation for being very slow is that they spend a lot of time allocating and
garbage-collecting cells from the heap. A heap provides a very general
storage allocation mechanism, but it is also very expensive. Each cell used
costs us in four ways:

(i) it must be allocated,;
(ii) it must be filled with data;
(iii) the data in it will normally subsequently be read;
(iv) the cell must be recovered when it becomes unreferenced.

In contrast, a stack is a much less flexible allocation mechanism, but the store
it allocates is recovered immediately when it becomes unused, and this
recovery is very cheap (decrementing the stack pointer). In addition, because
stacks seldom grow large, it is often possible to implement the stack with
faster technology, so that accessing stack elements is faster than going to the
heap.

A primary objective of our optimizations, then, will be to use the stack

338
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rather than the heap wherever possible. In particular, the compilation scheme
C (Section 18.5.3) builds graph structures in the heap, and many of our
optimizations will be directly aimed at replacing uses of the C compilation
scheme with alternative (and cheaper) schemes in particular cases.

20.2 Preserving Laziness

This optimization should be regarded as essential, since without it laziness
may be lost.

As we mentioned when we introduced the first version of the R scheme
(Section 18.5.2), it gives poor performance when the body of the super-
combinator is a single variable. This problem was discussed at some length in
Section 12.4, and we discovered that the solution was to evaluate the variable
before updating the root of the redex with its value.

The same problem arises with a supercombinator definition such as

$G x = letrec vi = ...v2.. .X...
ve = ...vl...
in v2

where the body of the supercombinator is a letrec, whose body is a single
variable.

What we must do is to redefine R to have a separate case for each kind of
expression, just as we did for C. Figure 20.1 gives such an R scheme. The code
for a body which is just a single variable loads the value onto the stack, uses
EVAL to evaluate it, and only then updates the root of the redex with the
result. Notice the way let and letrec are handled rather elegantly by recursively
applying the R scheme, having first compiled the definitions.

At first it may seem that the EVAL in the rule for a global, f, is redundant,

REE]pd

generates code to apply a supercombinator to its arguments.
Note: there are d arguments.

REIJpd = PUSHINT [; UPDATE (d+1); POP d; RETURN
RIf)pd = PUSHGLOBAL f; EVAL;

UPDATE (d+1); POP d; UNWIND
RExJpd = PUSH (d — p x); EVAL

UPDATE (d+1); POP d; UNWIND
REEiE21pd =CL E1Ez2]p d

UPDATE (d+1); POP d; UNWIND
RElet x=Ex inEJpd =C[Ex]pd RIE] plx=d+1] (d+1)
Rl letrec DINE JJp d =Cletrecf D] p°d; REE ] p’ d'

where

0, d)=X[D]Jpd

Figure 20.1 Madifications to the Rscheme to preserve laziness
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since most globals (such as built-in functions, and supercombinators) plainly
do not need to be evaluated.. However, the global might be a CAF (a
zero-argument supercombinator), in which case it may be reducible, so the
EVAL is mandatory. There is scope for a simple optimization here, by omitting
the EVAL in non-CAF cases, and it will have a large performance benefit. The
optimization can, however, be carried out by a peephole optimizer (see
Section 20.10), so we do not perform it here.

The other point of interest is that we have used RETURN instead of UNWIND
for the integer case, because we know that the integer cannot be applied to
anything (assuming that the program was type-checked), and hence the
expression being evaluated must now be in WHNF.

20.3 Direct Execution of Buiit-in Functions

This is probably the next most important optimization we will study, and it
concerns the compilation of expressions such as (P x1 x2) when

(i) P is a built-in function;
(ii) all its arguments are present.

In many such cases we will be able to compile far superior code by directly
executing P.

20.3.1 Optimizations to the R Scheme

As our first example, consider compiling (CONS E1 E2) with the R scheme:

RIL CONS E1E2 ] p d
= Cf[ CONS E1 E2 ]| p d; UPDATE (d+1); POP d; UNWIND

With the present scheme we construct the graph of (JCONS Ei E3), and then
promptly unwind it. When the unwind completes we will find $CONS at the tip
of the spine, we will discover that it does indeed have enough arguments, and
so we will enter the code for $CONS. This will form a CONS node from its two
arguments and RETURN.

We can short-circuit this completely predictable process by executing the
CONS directly, like this:

Rl CONS E1E2 ] p d
= Cl[l E2 1 p d; Clf E1 1 p (d+1); CONS;
UPDATE (d+1); POP d; RETURN

We construct the graphs for Ez and E1, execute the CONS G-code instruction
to form a CONS cell, update the root of the redex and RETURN. This allocates
fewer nodes in the heap, uses fewer G-code instructions, and avoids executing
the code for the $CONS function we developed in Chapter 18. So we win all
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round. We can achieve this optimization simply by adding the above Rrule to
the Rscheme.

As a second example, consider compiling the expression (IF E. E; Ey) with
the Rscheme:

REIFE.EEtRpd
= C[ IF E; Ei Et J p d; UPDATE (d+1); POP d; UNWIND

This code will construct the graph of ($IF E. E: Ey), unwind it, find $IF at the
tip of the spine, discover that it does indeed have enough arguments, and
enter the code for $IF. The code for $IF will evaluate its first argument, test it
and conditionally jump on the result. We can again short-circuit this process
by generating the following code:

REIFE.EtEiJpd
= Cl[ Ec ] p d; EVAL; JFALSE L;
RL E: ] p d;
LABEL L;
REE:Qpd

First of all we evaluate the condition, and conditionally jump based on its
value. Then we can complete the code in each branch using a recursive
application of the R scheme. Notice how this neatly allows all the optimiza-
tions we are developing to be applied in each branch. Notice also that, since
the code generated by R ends by returning to the caller, no jump is necessary
to ‘join up the branches of the if’. The CASE-n function can be compiled in an
analogous manner, except using a multi-way jump (CASEJUMP) instead of a
two-way jump (JFALSE).

Precisely analogous remarks apply to expressions such as (+ E; E2) and
(HEAD E). Rather than construct their graph and then immediately unwind
into them, we execute them directly:

RE+EiE2Q0pd

= Cf[ E2 J] p d; EVAL; Cl[ E1 } p (d+1); EVAL; ADD;
UPDATE (d+1); POP d; RETURN

REI HEAD E 1 p d

= Cl[ E } p d; EVAL; HEAD; EVAL;
UPDATE (d+1); POP d; RETURN

These optimizations can be achieved by simply adding the above R rules
into the R scheme. They constitute an extremely worthwhile improvement to
our compilation algorithm, but there is more to come!

20.3.2 The E Scheme

A cursory inspection of the extra R rules reveals the frequent occurrence of
the sequence

CI E J p d; EVAL
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Now suppose (as at the beginning of the last section) that E was of the form
(CONS Ej Ez). Then we would compile code to construct the graph of
(PCONS E: E2) and promptly EVALuate it. But this is precisely the kind of
situation that the optimizations of the previous section succeeded in spotting.
How can we perform the same optimization for the C-EVAL sequence?

The reason that the C-EVAL sequence performs badly is that the C scheme
proceeds in ignorance of the fact that the result is going to be evaluated. What
we need is a new scheme, E, which is a version of C that delivers an evaluated
result. To be specific: -

EFEllpd

produces G-code which evaluates E to WHNF and leaves the result on top of
the stack.

This is, of course, precisely what the C-EVAL sequence did. Figure 20.2 gives
the E compilation scheme. In exactly the same way as the R scheme, E looks
for a number of special cases, and produces good code for these cases. Notice
how often it is possible to apply E recursively to compile subexpressions. For
example, when the result of (+ E4 Ej) is needed then we are sure the results
of E4 and E2 will be needed, so they can be compiled with E. This achieves the
desirable effect of propagating demand into the expression. In the same way
as R, E propagates down inside lets and letrecs. If, however, none of the special
cases applies, E takes the easy way out and uses C followed by EVAL.

EfEJpd
Evaluates E, leaving the result on top of the stack.
E[ifpd = PUSHINT i
E[flpd = PUSHGLOBAL f; EVAL
Ef xJp d ~ PUSH (d - p x); EVAL
EfNEGE Jpd = E[ E J] p d; NEG
Ef + E1E2]pd = E[ Ez 1 p d; E[ Ey J p (d+1); ADD
E[L CONSE1E2]pd =Cl E2 1 p & C[ E1 } p (d+1); CONS

Ef HEADE Jp d E[ E J p d, HEAD; EVAL
EfIFEcEEiJpd = Ef E; ] p d; JFALSE L1;
Ef E: } p d; JUMP L2;
LABEL Lt;
ELEi]pd
LABEL L2
Efletx=ExnEJlpd =CIExlpd;
E[ E J plx=d+1] (d+1); SLIDE 1
Ef letrec DInE 1 p d =CLetrec|[D]p'd';EI[E]p'd';SLIDE(d'-d)
where
,d)=X[IDRpd
EfE1E2]pd = Cf E1 E2 }} p d; EVAL

Figure 20.2 The E compilation scheme
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We can now use E by replacing all uses of the C-EVAL sequence in the R
scheme with a call to E (see Figure 20.3). The R[ E; E2 Jrule is used if none
of the special cases is applicable; it has not changed since Figure 20.1, and is
only put in here as a reminder.

As well as allocating less store and using fewer G-code instructions, these
optimizations have the effect of reducing the number of calls to EVAL. This
means that there will be longer code sequences with no uses of EVAL, which

may mean that an implementation is able to keep things in registers rather
more effectively.

RENEG EJp d

E[ E J p d; NEG;
UPDATE (d+1); POP d; RETURN
EL E2 1 p d; E[ E1 1 p (d+1); ADD;
UPDATE (d+1); POP d; RETURN
CIL E2 J p d: CL E1+ 1 p (d+1); CONS;
UPDATE (d+1); POP d; RETURN
E[ € J p d; HEAD;
UPDATE (d+1); POP d; RETURN
REIFE EEfpd  =E[Ec]pd JASE L;
RIE:Rpd
LABEL L;
RIE Jpd
CLEiE21pd;
UPDATE (d+1); POP d; UNWIND

The cases for i, f, x, let and letrec are unchanged.

RL+Ei1Ex]pd

RLCONSEiE2}pd

RLHEADE Jpd

RLE;E2Rpd

Figure 20.3 Modifications to the R scheme to optimize known functions

20.3.3 The RS and ES Schemes

There is still one important hole in the new optimizations we have developed
in this section. Consider the expression '

(HEAD E4 E))

We expect E4 to evaluate to a CONS cell, whose head will be a function which
is applied to E.. Let us compile it with the R scheme:

RI HEAD Es1 E2 [l p d '
= C[[ HEAD E; E> ]| p d; UPDATE (d+1); POP d; UNWIND

We have been unable to take advantage of the optimization of HEAD given
in the preceding sections, because of the second argument E,. This problem
can occur with any built-in function which can deliver a function as its result;
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in particular HEAD and IF, together with their analogs SEL-k-i and CASE. What
we would like to generate for the above example is this:

R HEAD E1 Ez2 1 p d

= CL E2 1 p d; E[ E1 1 p (d+1); HEAD; MKAP;
UPDATE (d+1); POP d; UNWIND

Achieving this optimization requires us somehow to apply an R-like
compilation scheme recursively to the (HEAD E1) subexpression, rather than
just giving up and using C. We call this new compilation scheme RS, and we
want RS to have a rule something like

RSE E1E2J pd=CHLE21pd; RSI E1 1] p (d+1)
We could then use RS by replacing the R[[ E4+ E2 J] rule with
REE1iEazQlpd=RSEE1E20pd

s
(Warning: these rules are not yet correct as they stand here.) With these
Aiﬁcations, the compilation of (HEAD E; Ej) would begin thus:

R HEAD E1 E2 J p d
= RSIf HEAD E1 E2 Q] p d
= C[ Ez 11 p d; RS[ HEAD E; ] p (d+1)

Now the (HEAD E) expression can be picked up with a special case in the RS
scheme.

The RS rule given above causes RS to descend the spine of the expression,
constructing its ribs using C, and putting them on the stack. The question
arises, however, of what RS should do when it reaches the bottom. At this
point, all the ribs of the expression are on the stack, so what RS should do is to
generate an appropriate number of MKAPs to construct the spine of the
expression, update the root of the redex, pop the arguments and UNWIND.
This means that RS must know how many ribs are on the stack, so it needs an
extra parameter, n. The real rule for RS now becomes

RSEE1E2Q1pdn=CHEE2]p d, RS E:1 1] p (d+1) (n+1)
It is invoked from the R scheme like this:
REEiE21pd=RSEE1Ez2]pdoO

When it reaches the bottom, RS simply constructs the spine with n MKAPSs,
updates the root of the redex, pops the arguments and UNWINDs:

RSEfQlpdn
= PUSHGLOBAL f; MKAP n; UPDATE (d—n+1); POP (d—n); UNWIND

RSExJpdn
= PUSH (d — p x); MKAP n; UPDATE (d—n+1); POP (d—n); UNWIND

‘MKAP n’ is an extended version of MKAP, equivalent to n repetitions of
MKAP. The offsets in the UPDATE and POP instructions take into account the
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RS[Elpdn

completes a supercombinator reduction, in which the top n ribs of the
body have already been put on the stack.

RS constructs instances of the ribs of E, putting them on the stack, and
then completes the reduction in the same way as R.

RS[flpdn = PUSHGLOBAL f; MKAP n;

UPDATE (d—n+1); POP (d—n); UNWIND
RS xTpdn = PUSH (d — p x); MKAP n;

UPDATE (d—n+1); POP (d—n); UNWIND
RS HEADE J1pdn = Eff E ] p d; HEAD; MKAP n;

UPDATE (d—n+1); POP (d—n); UNWIND

RS[IFEcE:ErJpdn =Ef Eo ] p ¢ JFALSE L1;
RSEEi:lpdn
LABEL L1;
RSEE:Jpdn

RSE E;E2J pdn =C[Ez2]p ¢;
RS E1 1 p (d+1) (n+1)

Note: RS cannot encounter a let or letrec.

Figure 20.4 The RS compilation scheme

fact that the stack has gained one element as a result of the initial PUSH and
lost n elements as a result of the ‘MKAP n’. No case is needed for an integer,
since the appearance of an integer at this point would mean that it was being
used as a function. :

Now we have done the hard work, and Figure 20.4 summarizes the RS
scheme. The occurrence of a let or letrec would cause RS problems, since it
assumes that the n ribs constructed so far occupy successive stack locations.
Fortunately it is easy to ensure that RS can never encounter a let or letrec, by
transforming any expression of the form

(lefrec <definitions> in E4) E2
into
letrec <definitions> in (E1 E2)

This is precisely achieved by the algorithm described in Section 15.5.4.
Notice that we do not need special cases for functions such as NEG, + and
CONS, because their result must be a data object, and hence will be caught by
the Rscheme.
It may seem that all this is a lot of work to cope with a few unusual cases.
However, it has one other major benefit: it is readily generalized to optimize

supercombinators as well as built-in functions, a subject we tackle in Chapter
21,
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Just as optimizing the R scheme provoked us into developing the E scheme,
so the RS scheme has a counterpart, the ES scheme, given in Figure 20.5.
Notice that the structure of the ES scheme is exactly the same as that of the RS
scheme; they differ only in the ES[ f J] and ES[ x J cases. Figure 20.6
summarizes the modifications to the R and E schemes to use the new
optimizations.

ESIEJpdn

completes the evaluation of an expression, the top n ribs of which have
already been put on the stack.

ES constructs instances of the ribs of E, putting them on the stack, and
then completes the evaluation in the same way as E.

ESIfHpdn ‘= PUSHGLOBAL f;, MKAP n; EVAL
ESE xfJpdn = PUSH (d — p x); MKAP n; EVAL
ESIHEAD EJpdn E[ E ] p d; HEAD; MKAP n; EVAL

ES[ IFEcEtEtJpdn =E[ Ec ] p d; JFALSE L1;
ESI E: ]| p d n; JUMP L2;
LABEL L1;
ESfEtrJpdn
LABEL L2

ESIE1Ezllpdn =Cl[ Ez Jpd;
ES[ E« J p (d+1) (n+1)

Note: ES cannot encounter a letor letrec.

Figure 20.5 The ES compllation scheme

REE Ezpd=RS[E1E2]pd0
E[E1E2Jpd=ES[E1E2]pd0

Figure 20.6 Modificationsto Rand E to use RS and ES

20.3.4 w-reduction and Lambda-lifting

In Section 13.3.1 we showed how redundant supercombinator parameters
could be eliminated by n-reduction. For a G-machine implementation, thisis
actually undesirable, unless it eliminates a supercombinator definition, which
is always a good thing.

To see why it is undesirable, consider the definition

$Fxy=IFEiEay
where E; and Ezdo not use y. Now, it is true that
$F x = IF E1 E2
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is an equivalent definition for $F, but it will generate much less efficient
G-code. The reason is that the IF no longer has enough parameters, so R
cannot use the efficient test-and-jump sequence it would have generated for
the previous definition of $F.

This applies quite generally, and means that »-reduction should only be
performed if it eliminates a whole definition. In fact, the opposite process,
n-abstraction, may be desirable! However, n-abstraction risks losing full
laziness, and we will not study it further.

A closely related point concerns the lambda-lifting algorithm. The
optimizations described in this section apply to expressions such as
(f E1+ E2 ...), where we know what t is. If we do not know what f is, it will
generate less good code. The way in which this tends to occur is:

fxgy=g(+ xy)

that is, when a function is passed in as an argument and then applied.
Unfortunately, fully lazy lambda-lifting results in many such expressions, and
this is the main motivation for eliminating redundant full laziness (see Section
15.6).

20.4 Compiling FATBAR and FAIL

So far we have not made any mention of the built-in function FATBAR, and its
companion value FAIL. In this section we will show a rather subtle
optimization due to Augustsson [1985], which implements them extremely
efficiently.

Suppose we have to compile

R FATBARE E2 J p d
First, recall the semantic equations for FATBAR:

FATBAR a b=a if a # | and a # FAIL
FATBAR FAILb = b
FATBAR 1 b=1

One way to proceed would be to compile Ey with the E scheme, test the result
for FAIL and return Ea or Ey accordingly:

RI FATBAR E, E2 J p d
= E[[ Ev+ ] p d; JFAIL L; UPDATE (d+1); POP d; UNWIND;
LABEL L; R E2 J1 p d;

‘JFAIL L’ tests whether the value on top of the stack is FAIL; if so, it pops the
stack and jumps to L; otherwise it does not pop the stack and does not jump.

A better way is to evaluate Ey with the R scheme, but to jump to the
evaluation of E2if FAIL is encountered. This entails adding two new parameters
tothe Rscheme, jands, where jis the label to jump to, and s is the depth of the
current context expected by the code at j.
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Now we can proceed as follows:

Rl FATBAR E1 E2JIpdjs
=REE:1JpdlLd;
LABEL L, R[ EzJlpd s

together with the rule

REFAIL Jpdijs
= POP (d—s); JUMP j

The effect is the same as before. The ‘POP (d—s)’ instruction sets the stack to
the level expected by the code at j, while the ‘JUMP j’ instruction sets the
program counter; together they put the G-machine into the same state as it
would have had when executing the code at j in the first version.

The code is considerably more efficient, because the FAIL data value can no
longer be generated, and hence it need never be tested for, nor do we need to
provide a representation for it.

All other R scheme cases pass on j and s unchanged. Similar optimizations
apply to the E, RS and ES schemes. To avoid complicating all the compilation
schemes with the extra parameters j and s, we will not incorporate the
modifications in subsequent figures. However, Figure 20.7 summarizes the
modifications required.

The optimization is rather subtle, and its formal justification would be
relatively more difficult than the others we are studying. At the very least it
relies on the observation, made in Section 5.4.2, that FAIL can only be
returned if it appears explicitly in the expression.

R FATBARE, Ex Jpd)s =REEiJpdLd;
LABEL ; R[IE2Tpdjs
RIFALJpdjs = POP (d—S); JUMP |

RS[ FATBARE: E2 Jpdnj)s =RS[EiBpdnLd;
LABEL L, RS Ez Ipdnijs

RS FALIpdnjs = POP (d-s); JUMP |

Ef FATBARE E21p d]s =E[E §pdL d JUMP LI;
LABEL L EfEx 1 pd]s;
LABEL L1

Ef FAL 1pd]s = POP (d—s); JUMP )

ESf FATBARE; Ez 1pdnjs =ES[Ei J1pdnLd JUMP LI;
LABEL L; ES[E2Tpdnjs;
LABEL L1

ES[FALTIpdnijs = POP (d—s); JUMP |

Figure 20.7 Modifications to R, RS, E and ES schemes for FATBAR
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20.5 Evaluating Arguments

Suppose a supercombinator body consists of an expression of the form
(f E1 Ez), where we cannot execute f directly as described in the preceding
section. Then we will compile the following code:

REfE1E2Qpd
=CH E21 p d; CIlL E1 ]} p (d+1); PUSHGLOBAL f;
MKAP 2; UPDATE (d+1); POP d; UNWIND

Notice that we have to construct the graph of E, and E2. Suppose, however,
that we knew that f would evaluate its first argument. Then we would be safe
to compile E, with the E scheme (which will evaluate it), thus avoiding
constructing the graph of E s before subsequently evaluating it.

If we know that f evaluates its first argument we say that f is strict in its first
argument (see Section 2.5.4). The optimizations of this section try to avoid
using C to compile E; and Ez by using information about the strictness of
functions.

20.5.1 Optimizing Partial Applications

Suppose we are compiling the supercombinator
f x = + (NEG x)

Here the result returned by f is a function which adds (NEG x) to its argument.
With our present compilation schemes we will get

RI + (NEG x) J p d (where p=[x=1], d=1)
= PUSH 0; PUSHGLOBAL $NEG; MKAP; PUSHGLOBAL $+; MKAP;
UPDATE 2; POP 1; UNWIND

We cannot apply the R[I + E1 E2 J optimization of the last section, because
the + is only given one argument.

However, the reason we are evaluating (f x) must be to apply it to
something, and when it is applied to something the first argument of the + will
be evaluated. Hence we could evaluate the first argument straight away,
giving:

RIE + (NEG x) I p d (where p=[x=1], d=1)

= PUSH 0; NEG; PUSHGLOBAL $+; MKAP;

UPDATE 2; POP 1; UNWIND

This is better because it does not construct the graph for (NEG x). The
general rule is

RE+EXlpd
= E[[ E JJ] p d; PUSHGLOBAL $+; MKAP;
UPDATE (d+1); POP d; UNWIND
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This optimization applies to all built-in functions with more than one
argument which evaluate their first argument. In particular, thls means +, IF
and their analogs —, *, etc., and CASE.

In fact, we can do rather better for IF. Consider the function (IF TRUE). It
behaves as follows:

(IF THUE) E1 E2 — E4

that is, it behaves exactly like the K combinator. What does (IF FALSE)
behave like? Suppose we generalize the K combinator to a family of
combinators K-n-i (where i<n), which have the semantic rule

Kn-i Ey ... Ei... En=E

Then K is the same as K-2-1, and (IF FALSE) behaves like K-2-2. Now we can
use the following rule for IF:

REIFE]lpd
= Eff E 11 p d; JFALSE L;
PUSHGLOBAL $K-2-1; UPDATE( d+1); POP d; UNWIND
LABEL L;
PUSHGLOBAL $K-2-2; UPDATE( d+1); POP d; UNWIND

This is better than the previous rule, both because it does not construct the
graph of (IF E), and because it does not subsequently need to inspect the
graph of (IF E). A precisely similar optimization applies to CASE.

‘The only exception to the statement that the (f x) will eventually be applied
to something is when the result of the whole program is the function (f x),
which we ignore because most implementations insist that the result of the
program is a data object.

The modifications required to the R, RS, E and ES schemes to achieve
these optimizations are given in the next section. The rule for + is omitted,
since it is subsumed by the optimization described in the next section. The rule
for IF is put in the RS and ES schemes to maximize its effectiveness.

20.5.2 Using Global Strictness Information

The optimizations of the previous section rely on special information
concerning the built-in functions. Consider, however, the supercombinators
$Fxy=+yx
$G x = $F (* x x) (+ x x)
We can see at a glance that $F will certainly evaluate both its arguments (i.e.
$F is strict in both arguments), so when compiling $G we could use E to
compile the (+ x x) and the (+ x x). Unfortunately, this information is not so
obvious to the compiler.

Similar remarks apply to let-expressions; for example, when evaluating the
expression

let x = E in (+ x 1)



Section 20.5 Evaluating arguments 351

it is clear that x will be evaluated, so we could compile E with the E scheme.
Letrecs are more problematic, since there is a danger that we might try to
evaluate a HOLE, so we will not attempt to optimize them.

We would therefore like to do two things:

(i) We would like to work out which functions are sure to need the values of
their arguments. This process of inferring which functions are strict is
called strictness analysis and is treated in detail in Chapter 22. We can
then use such strictness information to annotate applications of strict
functions. For example, we could annotate the body of $G thus:

$Gx=8F ! (* xx)! (+ x x)

where we use an infix ‘P to indicate strict application. We can annotate
let-expressions in a similar way. For example, we could use a ! after the
variable name:

let X! = Ein (+ x 1)

(ii) Secondly, we need to modify our compilation schemes to take advantage
of this new information.

The latter task is rather easy. We need only to add a clause to the ES scheme to
say

RSEEi1!E2pdn=E[Ez21p d; RSE E1 I p (d+1) (n+1)

and make a similar modification to the ES scheme. This gives the effect of
call-by-value, in which the argument E is evaluated before the function E; is
applied to it. A similar modification applies to the handling of let-expressions
in R and E. All of these modifications are given in Figure 20.8, together with

REletX =ExMElpd =EfE1pd RLE ] pix=c+1] (d+1)

E[let I =ExmMElpd =E[E]pd
EL E J plx=d+1] (d+1); SLIDE 1

RSEIFEJpdn =E[ E J p d; JFALSE L;
RS $K-2-1 B pd
LABEL L;
RSE K22 Jpdn
RSEE1IE2Jpdn = E[ E2 1 p d; RSE Eq ] p (d+1) (n+1)

ESIIFElpd =Ef E ] p d; JFALSE LT1;
ESE $K-2-1 T p d n; JUMP L2
LABEL LT1;
ESE $K22Jpd
LABEL L2
ESEE11E20pdn = Ef E2 11 p d; ESI E1 ] p (d+1) (n+1)

Figure 20.8 Modifications fo R, RS, E and ES to evaluate arguments
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those from the previous section. Notice that partial applications of + (and its
analogs) will be annotated with ! by the strictness analyzer, so this subsumes
the explicit treatment of such partial applications given in the previous
section.

20.6 Avoiding EVALS

EVAL is perhaps the most costly instruction in the G-machine instruction set,
and optimizations that eliminate uses of EVAL are extremely worthwhile. We
will discuss two ways of avoiding EVAL in this section.

20.6.1 Avoiding Re-evaluation in a Function Body

Consider compiling an expression such as (+ x x) with the Escheme. We will
get

Ef + xxQpd
= PUSH (d — p x); EVAL; PUSH (d + 1 — p x); EVAL, ADD

This is wasteful, because the second EVAL is not necessary —x has already been
evaluated once, so it will now be in WHNF. We would prefer to generate

PUSH (d — p x); EVAL; PUSH (d + 1 — p x); ADD

This can be achieved by keeping track of which variables have been
evaluated, and checking for this when performing the E[f x ]} case. Froma
conceptual point of view this is very simple, but to write it into our com-
pilation schemes rather destroys their simple structure, so we will content
ourselves with a description of how to do it!

It turns out that it is convenient to keep track of which stack locations are
evaluated, rather than which variables are evaluated. As far as this section
goes there is no benefit from this generalization, but we will need it in the next
section. All that is required is to add an extra parameter, ¢, to each
compilation scheme, which gives context information in a similar manner top.
o is a function which, given an offset from the base of the current context,
returns a flag indicating whether or not that stack location is evaluated.

Furthermore, each compilation scheme must now return two pieces of
information, the code it generates (as before) and a new ¢. The new ¢
returned by a scheme is the same as the o which was passed to it, except that
the flags on some of the stack locations have been set to indicate that they have
been evaluated.

20.6.2 Using Global Strictness Information

Consider the supercombinator definition
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$SFx=IF (=x0)0 ($F (— x 1)

$F is clearly strict in x, and the strictness analyzer can spot this. So the
definition as annotated by the strictness analyzer would look like this:

$Fx=IF1(=1x10)0(@FI(—1x!1)

Hence, when $F is called recursively, its argument is known to be already
evaluated. However, $F does not know that this is always true, so it will go
ahead and call EVAL on its parameter during the calculation of (= x 0).

What we would like is another supercombinator $F_NOEVAL which
behaves just like $F except that it assumes that its argument is evaluated
already. Then we could use $F_NOEVAL for the recursive call, and avoid the
redundant evaluation of x.

$F_NOEVAL is so like $F that it can share much of its code. All that is needed
is to move the EVAL of x to the beginning of the code for $F, and then
$F_NOEVAL can be implemented as an entry point to $F just after this
EVALuation. This suggests that

the code for a supercombinator should begin with EVALs for each argument
in which the supercombinator is strict.

This requires that:

(i) The strictness analyzer annotates supercombinator definitions as well as
application nodes with strictness information. For example, $F might be
annotated:

SFIx=...

to indicate that $F was strict in x.

(i) The information that certain arguments had been evaluated is kept in the
context (o) using the mechanism outlined in the previous section.
Having evaluated x at the beginning, we do not want to re-evaluate it!

(i) The NOEVAL entry of a function is used when we know that all its strict
arguments are evaluated. The appropriate version of the function can be
selected by RS or ES (in the general case), depending on whether its
arguments are known to be evaluated. On entry to the function, the
arguments are held in the (anonymous) top few stack locations, which is
why o describes which stack locations are evaluated (rather than which
variables are evaluated). Note: this optimization applies to built-in
functions as well.

Experience with the Ponder compiler suggests that this optimization turns out
to be extremely worthwhile in practice.

A further nice benefit is that, since many EVALs are moved to the beginning
of the code for a function, the main body of code is less broken up with EVALs
(which, remember, are tiresome - see Section 19.3.3).
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20.7 Avoiding Repeated Unwinding

Sometimes an application node is known not to be the root of a redex, but
because this information is not recorded we will unwind it every time we EVAL
it, only to find that it is already in WHNF. If this information were present in
the application node, EVAL would see this and return immediately (as it does
for integers, for example) rather than beginning an unwind.

This optimization only becomes important when strictness analysis is being
used, because then functions may be EVALuated when they are passed as strict
arguments. Without strictness analysis, functions are only evaluated when
they are applied.

We can incorporate the information that an application node is in WHNF
rather easily. All that is required is an extra tag AP-WHNF, which replaces the
AP tag on application nodes which are known to be in WHNF (i.e. irreducible
at the top level). If case analysis is implemented as outlined in Section 19.4,
then the EVAL entry of AP-WHNF’s entry table will be the same as that for
integers; that is, an immediate return to the caller. This is much faster than
UNWINDing and then returning when the function at the tip of the spine is
found to have too few arguments.

There are two ways in which an application node can be given an AP-WHNF
tag:

(i) At compile-time, when the C scheme is compiling the application of a
known function to too few arguments. The required modification is
shown in Figure 20.9. The condition in curly braces means that the top
application node of the graph is known to be in WHNF. The lower
vertebrae will also be so identified by the recursive call to C.

CEfE)... En 3 pd {wheretisaglobal of arity > n}
=CILEnl pd CIf Es... En-1 B p (d+1); MKAP-WHNF

Figure 20.9 Modifications to the C scheme to use AP-WHNF

Similar optimizations apply to RS and ES, but we will see a more
elegant way of describing them (and the C modification too) in the next
chapter. :

(ii) At run-time, when rearranging the stack before entering a function.
Referring back to Section 18.5.1, all the vertebrae that are below the root
of the redex at the completion of the UNWIND instruction are known to be
in WHNF, since each represents the application of a function to too few
arguments. For example, consider the graph

$@
o
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UNWIND will identify the node labelled $ as the root of the redex, and it
follows that the node labelled # is in WHNF, because it represents the
application of + to one argument only.

The tag on these vertebrae could therefore be changed to AP-WHNF as
they are removed from the stack. We can formally describe this by
modifying one of the clauses describing the UNWIND instruction:

<vo:vi....:vk:S, Gjivo=FUN k C , UNWIND:[], D>
vi=AP vi-y ny, (1=<i=Kk)
=> <Nzl ..:nkvk:S, G[vi=AP-WHNF vi-y n;, (I1=i<k)], C, D>

For a sequential implementation this modification would make the stack
rearrangement take longer, since the tags of all the vertebrae have to be
changed. Whether it is worth the extra effort depends on the balance
between this cost and the benefits arising from faster EVALs.

20.8 Performing Some Eager Evaluation

Under certain circumstances we may wish to perform a reduction even though
a completely lazy implementation would postpone it. Consider compiling the
expression (CONS E; E2) with the Cscheme:

CI CONSEi1E20pd :
= CI E2 1 p d; Cll E; I p (d+1); PUSHGLOBAL $CONS; MKAP; MKAP

But it is clear that when (and if) evaluated, the expression (CONS E; E»)
will simply return a CONS cell, with Cf[ E; J in one branchand C[ Ez Jin
the other. So it would be much better to construct it directly, with the code:

CELCONS E;E2H p d
=C[ E21 p d; C[ E1+ J p (d+1); CONS

The code is shorter and fewer cells are allocated, so we win all round (despite
being less lazy). We can achieve this optimization simply by adding the above
rule to the C compilation scheme.

If we have the information described in the previous section, telling which
variables have been evaluated, we can perform some further optimizations to
C. Cis used when we are not sure if an expression will be evaluated or not.
However, consider compiling (+ x 3) with the C scheme in a context where x
has already been evaluated. Our present scheme will produce

CLl +x3Jpd .
= PUSHINT 3; PUSH (d — p x); PUSHGLOBAL $+; MKAP; MKAP

It would be considerably cheaper to generate

CL +x3Jpd ({x evaluated}
= PUSHINT 3; PUSH (d — p x); ADD

This risks performing an addition which turns out not to be necessary



356 Chapter 20 Optimizations to the G-machine

(because the graph constructed by C may be discarded), but on almost any
conceivable machine it would be cheaper to perform the addition than to
construct the graph. The reason we cannot do this in any old context is that the
evaluation of x might not terminate; but we can safely perform this
optimization in any context where we are sure that x is evaluated. Exactly the
same optimization can be used for any other built-in function. For example,

CLHEAD Y QI p d {y evaluated}
= PUSH (d — p y); HEAD

We would also like to propagate this information upwards. For example,
we would like to arrange that

CL+(+x5yJQpd {xandy evaluated }
= PUSH (d — p y); PUSHINT 5; PUSH (d — p x); ADD; ADD

To achieve this, we would simply need C to return an extra piece of
information to say when its result was known to be evaluated. But this is
already available to us in the form of o, which records which stack locations
are evaluated, so the optimization is easily incorporated.

The optimizations in this section depend on the relative costs of performing
certain built-in operations (for example, addition versus heap cell allocation).
As such, they need to be considered carefully with a particular machine in
mind. However, the examples presented here would be worth doing on most
machines. They would not be nearly so attractive if, for example, the +
operator was an arbitrary precision addition function.

20.9 Manipulating Basic Values

Consider the following function definition
fxy=+x(+y1)
This will compile to

PUSHINT 1; PUSH 2; ADD; PUSH 1; ADD;
UPDATE 3; POP 2; RETURN

In an implementation which uses a boxed representation of integers (see
Section 10.6) the first ADD will

(i) take two integers (y and 1) out of their boxes,
(ii) add them,
(iii) allocate a new box,
(iv) and put the result in the new box.

The second ADD will promptly take the result out of the box in order to add it
to x. Hence, the allocation of the box and the act of putting the intermediate
result in it were wasted.
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Even in an implementation which uses an unboxed representation of
integers some work may have to be done to strip off the pointer bits before
adding, and to add the pointer bit afterwards. This is much less serious than in
the boxed case, but we would like to avoid it even so. For the rest of this
section we will assume a boxed implementation, but everything applies
(though with less weight) to an unboxed implementation.

The inefficiency outlined above arises when we are manipulating basic
values such as integers, characters, booleans and so on. A basic value with no
box is called naked; those enclosed in a box are clothed. For efficiency reasons
we would like to work with naked basic values wherever possible, only
clothing them when unavoidable.

We begin by defining explicit instructions to get naked basic values out of
their boxes and to clothe them again. Thus the instruction GET takes the top
item on the stack out of its box, leaving the result on top of the stack as anaked
basic value. The instryction MKINT wraps an integer box around the top item
on the stack. (In an unboxed implementation, these instructions would strip
off and stick on the pointer bit. A trick that may help is to use a zero pointer bit
for atoms, so that often nothing need be done to stick on the pointer bit.)

We then redefine the instructions which operate on basic values, such as
ADD, so that they operate on naked bit patterns. ADD will now take the top
two words on the stack, treat them as 32-bit integers (or whatever), add them
and put the result back on the stack. Clearly this is outside the hygienic world
of graph reduction, but by the time such integers get back into the heap they
will have been nicely boxed.

How, then, can we compile our programs to use such instructions? We begin
- by defining a new compilation scheme B, which is just like E except that it
leaves the result as a naked basic value on the stack. It therefore assumes that
the result is indeed a basic value (and not a function, or a CONS cell, for
example). We can obtain the B scheme by a direct transliteration of the E
scheme (see Figure 20.10, which was prepared by performing minor edits on
Figure 20.2). This assumes that certain G-code instructions, such as JFALSE,
are altered to expect their arguments as naked basic values on the stack; thisis
discussed in detail below.

The ‘PUSHBASIC 1 instruction pushes a naked basic value onto the stack,
so one instruction suffices for basic values of all types. If B does not recognize
the expression it is compiling, it evaluates it with E and then GETs the basic
value out of its box.

All that remains is to modify E and R to use B. They will use Bin all contexts
where the result is known to be a basic value. Figures 20.11 and 20.12 show the
modifications required to the R and E schemes. Notice the way both R and E
use B to compute the condition of an IF. E uses B to compute the results of all
arithmetic operations, following it with a MKINT to clothe it. Finally, R has an
optimization when the result of the whole supercombinator reduction is
known to be aninteger. In this case R uses Bto compute the naked integer, and
then uses ‘UPDINT d’ to update the root of the redex with the clothed value.
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BIEJpd
Evaluates E, leaving the result on top of the stack as a naked basic value.
Blillpd PUSHBASIC i

B NEGE Jpod
Bf + E1E21pd
BIIFEEE Jpd

B[ E J] p d; NEG
BI E2 J p d; BI E1 ] p (d+1); ADD
Bl Ec 1 p d; JFALSE Lft;
BI E: ] p d; JUMP L2,
LABEL Lt;
BIL EfJ p d;
LABEL L2
Bf let x=Ex in E J p d =CLExHpd
B[ E J pix=d+1] (d+1); SLIDE 1

Bl letec DINE Jp d = Cletrec[ D Jj p' d'; B[ E 1 p’ d’; SLIDE (d'—d)
where
,d)=X[[DJpd

BIEJpd =E[ E Jpd GET (otherwise)

Figure 20.10 The B compilation scheme

REilpd = B[ i ] p d UPDINT (d+1); POP d; RETURN
RENEGE Jpd =B[N GE]Ipd UPDINT (d+1); POP d; RETURN
RL + E1sEalpd =Bl +E1E2]p

UPDINT (d+1); POP d; RETURN
REIFEEtEtJpd =B[E:]pd JFALSE L;

REE: Jpd

LABEL L, RE Et J p d
Similar modifications apply to the RS scheme.

Figure 20.11 Modifications to the R scheme to use B

EINEGE Jpd
Ef + E1E2]pd
EfIFEcE EtJpd

Bl NEG E J p d; MKINT
B + E1 E2 J p d; MKINT
B[ E: J p d; JFALSE L1;
EL Et 1 o d; JUMP L2;
LABEL L1;
ELEEi]p d
LABEL L2

Similar modifications apply to the ES scheme.

Figure 20,12 Modifications to the E scheme to use B

The extra instructions required are given in Figure 20.13.

The only remaining problem with this optimization concerns garbage
collection. When garbage collection is initiated, the garbage collector has to
traverse all the accessible graph, including that only accessible from the stack.
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Note: Redefined instructions are marked with *

GET <n:S, G[n=INT i], GET:C, D> = <i:§, G, C, D>
MKINT <i:S, G, MKINT:C, D> = <n:S, G[n=INT i], C, D>
NEG* <i:S, G, NEG:C, D> = <-i:§, G, C, D>

ADD* <ii:i2:S, G, ADD:C, D> = <ii+i2:S, G, C, D>

JFALSE* <false:S, G, JFALSE L:...:LABEL L:C, D> = <8, G, C, D>
<true:S, G, JFALSE L:C, D> = <8, G, C, D>

UPDINT <i:ng:...:nk:S, G, UPDINT k:C, D>
2 <nqi...:nk:S, Gng=INT i}, C, D>

Figure 20.13 G-code instructions for basic values

This means that the garbage collector needs to know whether an item in the
stack is a pointer or not. Unfortunately, the stack now contains both naked
and clothed values, and a naked value may be indistinguishable from a
pointer.

There are four possible solutions:

(1) Somehow mark naked values on the stack. This is tantamount to clothing
them.

(if) Let the garbage collector treat naked basic values as pointers and treat
any structure accidentally accessible from them as in use. This risks the
garbage collector not recovering some store. All ‘pointers’ should also be
checked to see that they point into the heap, in order to avoid memory
protection faults and reduce fruitless ‘pointer’ chasing. This method is
successfully used in the SASL system.

(ili) Use two stacks instead of one, a stack V for naked values and the spine
stack S for clothed values. It is easy to decide, for each instruction, which
stack is referred to. The instructions GET and MKINT transfer values
between stacks in either direction. The trouble with this is that we need
yet another stack.

(iv) Stack naked values on the dump! This is a clever trick, used by the
Chalmers G-machine. It is based on two premises:

(a) The garbage collector does not need to follow pointers from the
dump, since all accessible store can be marked from the spine stack
(or rather all the spine stacks which are sitting on top of each other).
Hence naked values on the dump pose no problem.

(b) At the moments when we want to restore the old stack and code
pointers from the dump, or refer to the old stack pointer to check
whether the present supercombinator has enough arguments, there
are no naked basic values on the dump,
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It turns out, therefore, that we can safely combine the V and D stacks, and
this seems altogether the nicest choice. If it is used then the let and letrec
cases of the B scheme should conclude with POP instead of SLIDE,
because the naked value is on the dump, not the S stack.

20.10 Peephole Optimizations to G-code

We now come to some optimizations which can most easily be regarded as
peephole optimizations to the G-code. A peephole optimizer fits between the
G-code compiler and the code generator. It looks at short consecutive
sequences of G-code instructions, and replaces them by some shorter or more
optimal sequence.

20.10.1 Combining Multiple SLIDEs and MKAPs

Imagine compiling this expression with the C scheme:

|etx=Ex

in letrec y = Ey
x=Ez

in E

The end of the code will be the sequence:
...SLIDE 2; SLIDE 1

Clearly these can be combined to the single instruction
...SLUIDE 3

This sort of optimization is exactly what peephole optimizers are for. We may
describe the optimization like this:

SLIDE ky; SLIDE k2 = (SLIDE ki+k2)

using =3 to denote the optimization. In a similar way, the C scheme
generates multiple MKAP instructions:

CHEiE2EsQlpd
= Cl[Es 1 pd; CLE21p (d+1); Cl[ E1 1| p (d+2); MKAP;, MKAP

These MKAP sequences can be combined into an ‘MKAP n’ instruction by the
optimization

MKAP ki; MKAP kz => MKAP (ki+k2) ‘

where we regard MKAP as equivalent to ‘MKAP 1°.

¢/ ST N
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20.10.2 Avoiding Redundant EVALs

As remarked in Section 20.2, we frequently generate redundant EVALs, in the
sequence

PUSHGLOBAL f; EVAL

The EVAL is redundant if f is a built-in function, or a supercombinator of one
or more arguments, but it is necessary if f is a CAF. The peephole optimizer
can easily eliminate the EVAL if it is redundant:

PUSHGLOBAL f, EVAL => PUSHGLOBAL f (iffis nota CAF)

20.10.3 Avoiding Allocating the Root of the Result

Consider the supercombinator

$Fxf=1x
At present we will generate the following G-code for it:
PUSH 0; Push x
PUSH 2, ~  Pushf
MKAP; Make an application node
UPDATE 3, Update the root of the redex
POP 2, Pop parameters
UNWIND; Continue

In an implementation which uses copying for UPDATE this code is rather
wasteful, since it allocates an application cell with MKAP and then
immediately copies it over the root of the redex, thus discarding the
application cell just allocated. It would be better to construct the root of the
result directly on top of the root of the redex, thus:

PUSH 0; Push x

PUSH 2, Pushf

UPDAP 4; Build application over root
POP 2; Pop parameters

UNWIND; Continue

The ‘UPDAP 4’ instruction takes the top two items on the stack and, using
them, builds an application node on top of the root of the redex, whose
position in the stack is four from the top. We could modify the RS scheme to
incorporate this optimization by using the following rule:

RSE f 1l p d n = PUSHGLOBAL f; MKAP (n—1);
UPDAP (d-n+2); POP (d—n); UNWIND

and a similar one for RS[[ x JI. Just the same optimization can be made when
the result of the function is a CONS cell (using yet another instruction
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UPDCONS). Furthermore the optimization can also be applied to the updates
performed by Cletrec.

We could describe the optimization by modifying the RS and CleWwec
compilation schemes, in the manner indicated above, to generate UPDAP and
UPDCONS instructions. This description has two disadvantages:

(i) It complicates the compilation schemes. In particular, we will have to
introduce a brand new scheme to handle the top level of CLetrec (try it!).

(ii) It is quite a low-level optimization to be allowed to clutter up the
compilation schemes.

Fortunately, we can describe it in quite a different way. All we are really doing
is performing the optimization

MKAP n; UPDATE d =3> MKAP (n—1); UPDAP (d+1)

which is precisely the sort of thing that a peephole optimizer could spot.
Accordingly, we choose to implement the optimization in the code generator.
There is also the related optimization

CONS n; UPDATE d —> CONS (n—1); UPDCONS (d+1)

Notice that this description automatically catches cases ‘generated by
ClLetrec as well as R, and will also optimize the definition of the $CONS built-in
function (Section 18.8.2).

20.10.4 Unpacking Structured Objects

'The compilation of case-expressions, using the optimization described in
Section 6.3.3, resulted in the frequent occurrence of expressions such as

let vy = SEL-SUM-k-1 v

v;'= SEL-SUM-k-k v
in E

where v, vy, ..., vk are variables. If this is compiled by the R scheme in a
context in which v is evaluated, normally by an enclosing CASE function, we
will get the following G-code:

PUSH (d — p v); SELSUM k,1;

PUSH (d+k—1 — p v); SELSUM kk;
RL E 1 o (d+K)

where p’ = plvi=d+1,...,va=d+k]. (We are assuming here that the
optimization which avoids repeated EVALs described in Section 20.6 is
implemented, so that no EVALs precede the SELSUM instructions: and that the
optimization which performs eager evaluation of applications of SEL-SUM-k-i
described in Section 20.8 is also implemented.)
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This sequence of PUSH/SELSUM instructions simply unpacks v onto the
stack, and hence is readily optimized to:

PUSH (d — p v); UNPACKSUM k;

where ‘UNPACKSUM K’ is a new G-code instruction, which unpacks the top
element on the stack into its k components, placing them on top of the stack.
As before, the optimization can be performed by a peephole optimizer.
Everything in this section applies analogously to product types, reading
SEL-k-i and SELPRODUCT ki instead of SEL-SUM-k-i and SELSUM k,i.

20.11 Pattern-matching Revisited

The UNPACK peephole optimization presented above puts the finishing touch
to our strategy for compiling pattern-matching. A function which uses
pattern-matching is now compiled to

(1) acode sequence to evaluate the argument;

(ii) a multi-way jump (CASEJUMP), based on the structure tag of the
argument (see Section 18.8.4); .

(iif) an unpack instruction, which takes the structure apart, and puts its
components on the stack;

(iv) a code sequence to evaluate the appropriate right-hand side of the
function, in the correct context (namely, free variables accessible in the
stack, and the components of the structure on top of the stack).

It is hard to see how pattern-matching can be compiled more efficiently!

Notice how important the optimization of case-expressions presented in
Section 6.3.3 has proved. There we showed how to transform a case-
expression into a let-expression, without using a lambda abstraction. If the
lambda abstraction had been present, it would have been lambda-lifted, and
we would have generated a separate supercombinator for each right-hand
side of a pattern-matching definition. As it is, we generate a single
supercombinator with far more efficient code.

20.12 Summary

In this chapter we have developed a long sequence of optimizations to the

basic G-machine. It is the possibility of making such optimizations that makes

the G-machine strategy so attractive. What started as an optimization to

improve the efficiency of template instantiation has turned out to offer many

avenues for improved performance. Figures 20.14 and 20.15 give the final

versions of the R and RS schemes, combining all our modifications, while
- Figures 20.16 and 20.17 give the final versions of the E and ES schemes.



REEl,pd
generates code to apply a supercombinator to its d arguments.

REilpd =B i J p d; UPDINT (d+1); POP d; RETURN
REflpd = Ef f ] p d; UPDATE (d+1); POP d; UNWIND
RExJpd = E[ x J p d; UPDATE (d+1); POP d; UNWIND

RENEGE]pd

BI NEG E J p d; UPDINT (d+1); POP d; RETURN|
R + E1E2]pd

BI +E1Ex]p g
UPDINT (d+1); POP d; RETURN

RECONS EyEz Jpd = E[ CONS E1 E2 1 p d;
UPDATE (d+1); POP d; RETURN
REHEAD EJ p d = E[ HEAD E ] p d;
UPDATE (d+1); POP d; RETURN

REFEEE]pd = B[ Ec J] p d; JFALSE L;
REE Jpd
LABEL L;
RIEilpd

RSEE1 E20,pd 0

CL Ex 1 p d; RL E ] plx=d+1] (d+1)
Ef[ Ex 1] p d; BRI E ] plx=d+1] (d+1)
Cletrecf D] o' &; REIE ] p’' o
where

P, d)=X[D]Jpd

RIE1E2]pd

RElt x=ExnE J p d
RE let xI=Ex n E J p d
RElrec DINE J p d

Figure 20.14 The final R scheme

RSEEJpdn

completes a supercombinator reduction, in which the top n ribs of the
body have already been put on the stack.

RS constructs instances of the ribs of E, putting them on the stack, and
then completes the reduction in the same way as R.

RSEflpdn = PUSHGLOBAL f; MKAP n;

UPDATE (d—n+1); POP (d—n); UNWIND
RS xJpdn = PUSH (d — p x); MKAP n;

UPDATE (d—n+1); POP (d—n); UNWIND
ASE HEAD EJ p dn = Ef E J p d; HEAD; MKAP n;

UPDATE (d—n+1); POP (d—n); UNWIND

RSE IFEcEtEflpdn =B Ec 1 p d; JFALSE L;
RSE Er J p d
LABEL L;
RSEEfJpdn

B[ E J p d; JFALSE L
RS $K-2-1 J p d m;

RSEIFElpdn

LABEL L;
RSE $K2-2J pdn
RSEE1E2lpdn =CL E2 ] p d; RS[ E1 ] p (d+1) (n+1)
RSEE1 IE2pdn =E[ E2 ] p d; RSE Eq ] p (d+1) (n+1)

Note: RS cannot encounter a let or letrec.

Figure 20.15 Thefinal RS scheme



EEElpd
evaluates E, leaving the result on top of the stack.

E[1]pd = PUSHINT 1

E[f1pd = PUSHGLOBAL f; EVAL

E[xJpd = PUSH (d — p x); EVAL
Efl NEGEJpd = BL NEG E 1 p d; MKINT

Ef + EsE2]pd BE + E1 E2 ] p d; MKINT

Ef CONSE{ E2 ] p d =CLE21p d; C[ E: J p (d+1); CONS
Ef HEAD E } p d = Ef E ] p d; HEAD; EVAL

Ef IFEcEiE1lpd B Ec 1 p d; JFALSE L1;
E[f E1 J p d; JUMP L2;
LABEL L1;
EEEilpd
LABEL 12

Ef EsE2]1pd =ESIE1E21pdO

Ef let x=Ex inE 1 p d =CLEx]pd;
Ef E J plx=d+1] (d+1); SLIDE 1
Ef let di=Ex inEl1pd =E[Ex]pd;
Ef E } plx=d+1] (d+1); SLIDE 1
Eftetrec DIhEJpd = Cletrecff D ] o' d'; E[ E J o’ d'; SLIDE (d'—d)
where
,d)=X[D]pd

Figure 20.16 The final E compilation scheme

ESIEJpdn

completes the evaluation of an expression, the top n ribs of which have
already been put on the stack.

ES constructs instances of the ribs of E, putting them on the stack, and
then completes the evaluation in the same way as E.

ESEflpdn = PUSHGLOBAL f, MKAP n; EVAL
ESE xJpodn = PUSH (d — p x); MKAP n; EVAL
ESE HEADE J pdn = Ef[ E ] p d; HEAD; MKAP n; EVAL
ESIIFEcEtEtrlpdn = B[ E¢c } p d; JFALSE L1;
ESE E: J p d n; JUMP L2;
LABEL L1;
ESLIErlpdn
LABEL L2
ES[IFEJpd = B E 1 p d; JFALSE LI1;
ES $K-2-1 J p d n; JUMP |2
LABEL L1,
ESE $K22 J p d n;
LABEL L2
ESEEiE21pdn = C[ E2 1 p d; ESE E1 J p (d+1) (n+1)
ESIE11E2pdn =Ef E2 1 p d ESE E1 J p (d+1) (n+1)

Note: ES cannot encounter a let or letrec.

Figure 20.17 The final ES scheme
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Twenty-one

OPTIMIZING GENERALIZED
TAIL CALLS

Simon L. Peyton Jones and Thomas Johnsson

Suppose we are compiling the body of a supercombinator such as
$F xy =W E; Ez2 Es

where W is either a supercombinator, or a built-in function, or a variable (only
x or y would be possible in this case). We will produce G-code to build an
instance of the body of $F. However, at the end of this code is an UNWIND
instruction which will unwind the spine of the instance onto the stack. When
we then perform the W-reduction, all the newly allocated vertebrae below the
root of the W-redex will inmediately become garbage (note: this is actually a
slight overgeneralization).

This chapter is devoted to techniques designed to avoid allocating
vertebrae that are going to become garbage straight away. During the chapter
we will use the $F supercombinator above as a running example.

Suppose that W was a supercombinator or built-in function. Then the code
for $F would begin as follows:

CH Es]pd

ClL E2 J] p (d+1);
Cl E: ] p (d+2);
PUSHGLOBAL W;

(If W was a variable, the only difference is that the last instruction would be a
PUSH instead of a PUSHGLOBAL.) This puts all the ribs on the stack, but does

not construct any vertebrae (which is done subsequently with an ‘MKAP 3’
instruction). After this sequence has exccuted, the current context looks like

Figure 21.1 (remember that in all our pictures the stack grows downwards). In

367
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this figure, all the graph of the $F-redex has been omitted except the root,
which is always an application node.

At this point there are now a number of cases to consider, depending on the
nature of W. Before we follow the main thread of this section we will treat an
important special case, that of a tail call. This special case will be subsumed by
the subsequent more general treatment, but it is an easier introduction.

21.1 Tail Calls

A tail call is the case when the result of one function is given by a call to
another function with exactly the right number of arguments supplied. In our
example, the call to W is a tail call if W is a supercombinator which takes
exactly three arguments.

Under these circumstances $F’s body (W E; E2 Ej)is itself a redex —in fact
it will be the next redex to be reduced. Furthermore, the node that will be
updated by the result of the ensuing W-reduction is the same node that will be
updated by the result of the $F-reduction. On entry to the code for the
supercombinator W the current context will look like Figure 21.2, where the
‘Root of $F-redex’ is the same as in Figure 21.1 (it is now the root of the
W-redex).

One way to move from Figure 21.1 to Figure 21.2 would be to complete
construction of the graph of (W E4 E2 E3) in the heap, update the root of the
redex with the result, pop the parameters of $F and execute UNWIND. This
would unwind the spine onto the stack, find W at the tip, rearrange the stack to
look like Figure 21.2 and finally enter the code for W. This is just what the
compilation algorithm we have developed in Chapters 18-20 will do, but it is
plain that this is a very stupid way to proceed.

Root of $F-redex ——————ep @

—+———>» 2nd arg of $F (y) /\

—} 3 Istargof $F (x)

e E3

—t— E2

——> Ej

—) > W

" Figure 21.1 Current context of $F after ribs have been built
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Root of $F-redex ~——— @

~t—— E3 /\

-t  Es

— > E

Figure 21.2 Current context on entry to three-argument supercombinator W

A much more efficient way to get from Figure 21.1 to Figure 21.2 is simply
to slide the top four elements of the stack down, squeezing out the two
arguments to $F. We write this instruction

SQUEEZE 4 2

meaning ‘slide down the top four elements of the stack, squeezing out the two
elements below them’. The rule for SQUEEZE is

<nii...:nkemi....mq:S, G, SQUEEZE k d:C, D>
2> <n¢i....nkS, G, C, D>

After doing this we want to enter the code for W, so we invent another new
instruction

JFUN

which expects to find a function on top of the stack, pops it and enters its code
(we omit a formal definition of JFUN as it will be subsumed by the next
section). The complete code for $F would now read:

CLEz 1 p d;

CIL E2 11 p (d+1);
CIL E: 1l p (d+2);
PUSHGLOBAL W;
SQUEEZE 4 2; JFUN

JFUN should, of course, enter the code after the arity check and stack
rearrangement; that is, it should enter at the EXEC entry (see Section 19.4.3).
This code makes a number of savings over our previous attempts:

(i) the vertebrae of the result of the $F-reduction are never allocated at all;
(ii) no update need take place at the end of the $F code because the code for
W will update the same node;
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(iii) the SQUEEZE takes the place of POP in getting rid of the parameters to
$F;
(iv) no UNWIND need take place because it is already done;

(v) no check need be made that W has enough parameters, since we know at
compile-time that it does.

These benefits only obtain, however, if

(i) we know what W is;
(ii) it takes just the right number of arguments.

In the ensuing section we will lift these restrictions.

Tail calls have been well studied in other contexts, and we now discuss
briefly how our new implementation compares with others.

The optimizing of tail calls has been a standard feature in Lisp compilers for
a long time (see Steele [1977], for example). Such compilers exploit the fact
that a tail call to a function W can be replaced by a jurmp to W, thus saving the
allocation of a new stack frame. A particular effect of this optimization is that
tail recursion (which normally consumes a stack frame for each call) is
transformed into iteration (which operates in constant space).

It is, however, a property of graph reduction that this optimization is
performed automatically [Turner, 1979]! Even the first implementation of
Chapter 18 performs tail recursion in constant stack space, and all our
optimizations preserve this property. The reason for this is that at the end of a
code sequence generated by the R scheme we used UNWIND to continue
evaluation on the same stack, rather than using EVAL which creates a new
stack. (Note: we differ here from the G-machine papers, which use EVAL at
the end of R, at least to begin with.)

While even simple graph reduction implementations can do tail recursion in
constant stack space, they still consume heap. Very many of the heap cells
thus consumed are discarded very soon after they are allocated, and it is the
purpose of the optimization we have described to avoid this turnover of heap
cells.

We make one final observation before proceeding to a more general
treatment of the spine. Consider the function

$Hx =1IF (= x0) ($G 3 x) (+ 1 ($H (- x 1))

where $G is a supercombinator which takes two arguments. The call to $G can
properly be considered a tail call, since once the decision has been taken to
take the ‘then’ branch of the IF, the result of the $H reduction is just ($G 3 x).
Hence we would like our tail call optimizations to propagate into the branches
of an IF.

Complete compilation schemes for tail calls are not given since they arean
easy consequence of the next section.
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21.2 Generalizing Tall Calls

The optimization of the previous section only applied when W was known at
compile-time to be a supercombinator of three arguments. We generalize this
idea for any W by simply replacing the JFUN instruction at the end of the code
for $F given in the previous section with a new instruction

DISPATCH 3

The argument 3 to DISPATCH gives the number of ribs currently on the stack.
The code for $F would then be

CLEs]pa

Cll E2 1] p (d+1);

ClL E+ I p (d+2);
PUSHGLOBAL W;

SQUEEZE 4 2; DISPATCH 3

regardless of what W is (except that the PUSHGLOBAL would be a PUSH if W
was a variable). For the present we will not perform any compile-time analysis
of W; instead, we will simply generate the above code for $F and leave it to the
DISPATCH instruction to sort things out at run-time.

Root of $F-redex ——» r:@

ot N3:E3 / \

———3 n2:E2

—t—>» nq:Ey

—t—> W

Figure 21.3 Current context on entry to the DISPATCH instruction

Figure 21.3 shows the current context at the moment the DISPATCH
instruction is executed. We annotate the nodes with names using a colon to
make it easier to follow the rules for DISPATCH. For example, the root of the
$F-redex will be rin the rules for DISPATCH.

When the DISPATCH 3 instruction is executed it has to perform case
analysis on the function which is on top of the stack. There are several
possibilities:

(i) wis an application node;
(if) W is a supercombinator of zero arguments;
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(iii) W is a function (supercombinator or built-in) of exactly three
arguments (this is the tail call case);

(iv) W is a function (supercombinator or built-in) of less than three
arguments;

(v) W is a function (supercombinator or built-in) of more than three
arguments.

We handle these cases separately in the succeeding sections. Since the built-in
functions have G-code sequences just like supercombinators, we will not
distinguish supercombinators from built-in functions in the following.

In discussing the execution of the DISPATCH instruction, the ground rules
are:

(1) The current context looks like Figure 21.3 on entry to the DISPATCH
instruction.
(ii) The execution of the DISPATCH instruction must be precisely equivalent
to (though perhaps more efficient than) the following steps:

(a) construct the spine in the heap from the ribs on the stack;

(b) update the root of the redex (at the bottom of the current context)
with the spine thus constructed;

(c) UNWIND

21.2.1 W is an Application Node

If W is an application node, then (unless DISPATCH looks inside it, which
seems rather complicated) we know nothing about how many arguments W
takes. Therefore we take the easy way out:

(1) construct the spine of the body of $F;
(i1) update the root of the $F-redex;
(iii) UNWIND.

We can, however, make one optimization. Instead of constructing the spine
in the heap and then unwinding it back onto the stack, we can perform the first
part of the UNWIND as we construct the spine. When DISPATCH has done this,
the context looks like:

Root of $F-redex ———p 1: @

» V2:@ naEa

= vi:@ nz2:E2

» W niEy
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Now DISPATCH behaves just like UNWIND. We can formalize this transition
with the rule

<f:ny:nzi...:nk:r:S, G[f=AP my mg], DISPATCH k:[], D>

= <fivyivai. .. vk-1:1:S, G[vi=AP f ny , UNWIND:[], D>
vi=AP vi-1 ny, (1<i<k)
r =AP vk—1 ng

Node r is the root of the current redex in this rule and the other DISPATCH
rules, and nodes v; are vertebrae nodes. This seems like quite a lot for one
instruction to do, but the actual operations involved are quite simple.

Notice particularly that this would be a safe implementation of DISPATCH
regardless of what W is, because it makes no assumptions about W. An
implementation could therefore use this rule at first for all Ws and later be
refined for efficiency. We have expressed the ule as specific to application
nodes because we want to give other more efficient implementations of
DISPATCH for special cases.

21.2.2 Wis a Supercombinator of Zero Arguments

If W is a supercombinator of zero arguments we cannot improve on the
previous case, so DISPATCH should behave in exactly the same way as if W was
an application node.

21.2.3 Wis a Function of Three Arguments

If W is a function of three arguments then we have the tail call case, and
DISPATCH can simply enter the code for W. We can express this with the
following rule:

<f:S, G[f=FUN k C], DISPATCH k:[]}, D>
=2 <§, G, C, D>

The justification for this was given in the section on tail calls. The code for the
function should be entered after the arity check, since we know that it has
enough arguments. This is the EXEC entry of the function (see Section
19.4.3).

21.2.4 Wis a Function of Less Than Three Arguments

If W is a function of less than three arguments then part of the body of $F will
be the next redex to be reduced.
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Suppose W takes two arguments. Then we want to create a new current
context in which W will execute, with its two arguments on top of the stack and
a pointer to the root of the W-redex below them. We can achieve this by
constructing only the top part of the spine of the body of $F. Here is what the
stack looks like just before DISPATCH enters the code for W:

Root of $F-redex ——» r/@\
~——"t———— Root of W-redex —»v2:HOLE nj3:E3

— > n2:E3

—4——3 ny:E4

The context for the W-reduction consists of the top three elements on the
stack. The HOLE must be allocated to receive the result of the W-reduction.

Here is the formal rule:
<f:nqy:nz:...:nk:r:S, G[f=FUN a C], DISPATCH k:[}, D>
{a<k} = <ny....:NaVal....Vk-1:F:S, G[v.=HOLE ], C, D>

vi=AP vi-y n;, (a<i<k)
r=AP vk_4 Nk

21.2.5 W is a Function of More Than Three Arguments

If W is a function of more than three arguments, the body of $F is in WHNF,
and we must update the root of the $F-redex to reflect this fact, since it maybe
shared. This involves constructing the spine in the heap as we did for the case
when W was an application node.

However, the next thing that will happen is an attempt to reduce the
application of W. Only if there are enough arguments in the stack will the
reduction take place. This gives us the clue to what DISPATCH should do.
Having constructed the spine and updated the root of the $F-redex
DISPATCH should test the depth of the stack. If there will not be enough
arguments for W to reduce then evaluation is complete and DISPATCH can
initiate a RETURN. If there are enough arguments then DISPATCH can,
rearrange the stack ready for W and enter W. :

Suppose that W takes four arguments, and that at the beginning of the-l
DISPATCH the stack looks like this: -
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Root of W-redex ——p= V4:@

Root of $F-redex-» r:@ n4:Es

—tm—3 N13:E3

—_—t 3 B2

e N4:E1

—t——— i W

This is just an augmented version of Figure 21.3 showing a stack element
below the context in which $F executes. In this case we want DISPATCH to
rearrange the stack to:

— Root of W-redex ———»vy4:
—f—> na:E4 r n4:Eq
—ey-  13:E3 va:@ n3:E3
—t———» n2:E2 vi:@ \nz:Ez
—f—> n1:E4 f:W ni:Eq

Now the root of the $F-redex has been correctly updated, and a new context
has been set up ready to enter W. The occurrences of E+—E, are shared, of
course. Notice that E4, E2 and E3 have remained unchanged in the same
positions in the stack (which conveniently saves sliding them around).

Here, then, are the two rules for DISPATCH which cover this case. The first
covers the case when there are not enough arguments for the function to
reduce, so evaluation is complete and a return is made to the caller.

<f:niinz:...ingrivies:. . ova[], GIf=FUN a C], DISPATCH k:[], (S,C'):D>

{k<d<a) = <vq:S, G[vi=AP-WHNF f ny , C', D>
Vi=AP-WHNF vi-1 n;, (1<i<k)
r =AP-WHNF vi_; ng

Inthis rule, kis the argument to DISPATCH, a is the arity of the function on top
of the stack, and d is the number of arguments available. Notice that the
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vertebraev,, ..., vk-1are known tobe in WHNF, so we can construct them as
AP-WHNF nodes.

The second rule covers the case when there are enough arguments, and the
rearrangement depicted in the previous diagram takes place, followed by a
jump to the code of the function.

<f:ny:nz... . iNKFiVkert. . .:VaiS,
G| f=FUN a C ,DISPATCH k:[], D>
Vi+1=AP I N4y
vi=AP vi-1 n;, (k+1<i=a)

{k<a} = <nqiN2i....NKkNk+1l...:NaVa:S,
G [vi=AP-WHNF f n, ,C, D>
vi=AP-WHNF vi_1 m;, (1<i<k)
r=AP-WHNF vi-1 ng '

21.3 Compilation Using DISPATCH

In this section we discuss the compilation schemes and code generation
necessary to use the DISPATCH instruction.

21.3.1 Compilation Schemes for DISPATCH

It is rather simple to compile code to use the DISPATCH instruction, by
replacing two rules in the RS scheme (Figure 21.4). This is the reason why we
went to the trouble of developing the RS scheme.

RSIL x 1 p d n = PUSH (d-p x); SQUEEZE (n+1) (d—n); DISPATCH n
RS f § p d n = PUSHGLOBAL f; SQUEEZE (n+1) (d—n); DISPATCH n

Figure 21.4 Madifications to the RS scheme to use DISPATCH

21.3.2 Compile-time Optimization of DISPATCH

So far we have assumed that DISPATCH will do all its work at run-time. This is
potentially slow, and sometimes we know what W is at compile-time. We can
easily make use of this information to improve the code we generate.

All that is needed is for the code generator to watch for the sequence

PUSHGLOBAL $H; SQUEEZE p q; DISPATCH k

Now the code generator can do much of the case analysis on $H that would be
done at run-time. For example, it may observe that $H takes exactly k
arguments, in which case we have a tail call and can generate code to jump
directly to the code of $H. This would achieve precisely the effect we obtained
in the section on tail calls. Such a jump should, of course, be to the EXEC entry
of the function, after the arity check and stack rearrangement.

In particular cases we can do even better. For example,

PUSHGLOBAL $CONS; SQUEEZE 3 q; DISPATCH 2
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can be optimized to
CONS; UPDATE (q+1); POP q; RETURN

This corresponds precisely to the CONS optimization in the R scheme, but
moved to a peephole optimization in the code generator. All the special cases
in R can be moved to the code generator in this way, but this loses
opportunities to use B, so in practice we might wish to use both methods.

The difficult case is when we are confronted with

PUSH n; SQUEEZE p q; DISPATCH k

(that is, a PUSH of a variable). In this case the code generator can do no
compile-time case analysis, so the case analysis must be done at run-time.
Using the case analysis technique outlined in Chapter 19, we would then add a
DISPATCH entry to each tag’s entry table. The VAX target code for
‘DISPATCH 3' might then be:

moval 3,r2 k is passed to DISPATCH code in r2
movi (%EP)+,10 Pop function into r0
movi (r0),r1 Tag into r1

jmp *O_Dispatch(r1) Case analysis jump

21.4 Optimizing the E Scheme

The optimizations we have applied to the RS scheme can equally be applied to
the ES scheme. Like the RS scheme, the ES scheme constructs the spine of the
expression and then unwinds into it, so we might hope to use the same
technology to improve it.

Figure 21.5 gives the required modification. First we ALLOCate a HOLE to
contain the result; for the RS scheme this is already present in the form of the
root of the redex. Next we build the ribs using ES, pushing them on the stack.
Finally we use a new G-code instruction, CALL, to finish the job. This CALL at
the end, instead of the SQUEEZE-DISPATCH sequence, is the only difference
between RS and ES.

CALL is very like DISPATCH, except that it first saves the stack and code
pointers in the dump (just as EVAL is very like UNWIND except that it saves the

Modification to the E scheme
EfEiE2)]pd= ALOC 1;ES[ E1 E2 ] p d 0;
Modifications to the ES scheme

ES[ xIpdn=PUSH (d — p x); CALL n
ES[f ] p d n = PUSHGLOBAL f CALL n

Figure 21.5 Modifications to the E and ES schemes to use CALL
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stack and code pointers first). The rule for CALL is therefore rather straight-
forward:

<f:nq:nz2:...:nkr:S, G, CALL k:C, D>
= <f:ni:nz:...:nkr:[}, G, DISPATCH k:[], (5,C):D>

Uses of CALL can be optimized by a peephole optimizer in much the same
way as DISPATCH, except that even more opportunities for optimization are
available. For example, the sequence

PUSHGLOBAL $H; CALL k
where $H takes more than k arguments, can be optimized to
PUSHGLOBAL $H; MKAP k; SLIDE 1
Previously, an EVAL would have taken place at the end of the code sequence

EE$SHE: ... ExlIpd

(see Figure 20.17). Now, however, the peephole optimizer can spot that no
EVAL is needed, which gives an important improvement to the optimizations
of Section 20.6.

21.5 Comparison with Environment-based impiementations

We have concentrated in this chapter on avoiding allocating nodes on the
spine wherever possible. To the extent to which we have been successful,
the G-machine now shows a remarkable similarity to environment-based
implementations.

In this section we will make a brief comparison of our final G-machine wnth
Cardelli’s Functional Abstract Machine (FAM) [Cardelli, 1983 and 1984].

The FAM is based on delayed substitution in which function application is
carried out not by constructing an instance of the body of the function, but
rather by evaluating the body of the function in an environment in which the
formal parameters are bound to their actual values. The environment s adata
structure which holds the values of all the variables currently in scope. If the
result of evaluating the function is itself a function, then a closure is returned,
which is a pair consisting of

(i) the code of the function;
(ii) the environment in which it should subsequently be executed.

This is the approach of the SECD machine, and the FAM can be considered s
an optimized SECD machine:

(i) The SECD machine code is often implemented by direct interpretation-
of the abstract machiné code. The FAM has a more powerful abstract .
machine code, and is compiled to a target machine code (VAX).
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(ii)) The SECD machine environment is often implemented as a linked list,
and closures as a pair of pointers to the code and to the environment. The
FAM constructs closures as an (N+1)-tuple, in which the first element
points to the code of the function, and the other N elements are the
values of only those variables that occur free in the function definition.

(iif) The SECD machine stack and dump are often implemented as a linked
list. The FAM uses the target machine stacks, called AS (argument
stack) and RS (return stack) respectively in Cardelli [1984].

Having said this, there is a close correspondence between the FAM and the
G-machine:

(1) The G-machine equivalent to a FAM closure is a piece of graph
consisting of a supercombinator applied to too few arguments. The
arguments give the values of the variables used in the supercombinator
body. It is an easy consequence of the lambda-lifting algorithm that all
the extra arguments to a function produced by lambda-lifting are used
somewhere in the supercombinator body. This corresponds to the fact
that FAM closures only contain variables which may be required in the
function.

(ii) Execution is stack-based for much of the time. Arguments to the current
function are found on the stack. The difference here is that the FAM may
also access free variables in the environment, whereas supercombinators
have no free variables.

(iii) Arguments to be passed to a function are placed in the stack before
calling the function. This is always the case in the FAM and the optimiza-
tions of this chapter mean that it will often be the case in the G-machine.

There are two major differences between the FAM and the G-machine:

(i) The FAM is not lazy. It is to preserve laziness that the G-machine often
has to write the spine out into the heap, rather than always keeping it in
the stack as the FAM does. :

(i) The G-machine is simply an efficient implementation of graph reduction.
As we will see, graph reduction is a much more natural model to support
parallel execution, so a parallel G-machine is probably much easier to
build than a paraliel FAM.
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Twenty-two

STRICTNESS ANALYSIS

In Chapter 20 we saw the usefulness of being able to determine in advance
whether a function would eventually evaluate its argument(s). As we will see
later, in Chapter 24, this information is also useful to determine points at
which parallel evaluation of the program can be begun. In this chapter we will
discuss a method of compile-time analysis, called strictness analysis, which can
determine which arguments a function is sure to evaluate.

The chapter is based on Clack and Peyton Jones [1985].

22.1 Abstract Interpretation

Strictness analysis is one of several compile-time optimizations that can be
achieved through abstract interpretation of the program text.

We begin by giving an informal introduction to abstract interpretation, to
set the framework for the rest of the chapter. In doing so, we try to give an
intuitive grasp of the technique, and inevitably we gloss over several
important theoretical issues. Fortunately, the intuitive approach leads usto a
correct implementation. Unlike the rest of the book, this chapter makes use
of some basic domain theory, including fixed points [Stoy, 1981].

22.1.1 An Archetypical Example: The Rule of Signs

Abstract interpretation is a technique for deducing information about a

program from its text, by executing an abstract version of the program. An

appropriate abstraction is chosen according to what information is wanted.
As an example, suppose we wanted to know the sign of

34 * (-5) * (-3993)

380
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The hard way to find the sign of this number is to perform the two
multiplications in full and look at the sign of the result, like this:

34+(—5)+(—3993)
evaluate
take
e7esto |8 | PLUS

A simpler method is to perform a more abstract calculation:
PLUS *% MINUS *% MINUS = PLUS

We replace each number with an abstract representation (its sign), and
replace the multiplication operator with an abstract operator *%, which
implements the familiar ‘rule of signs’.

PLUS =% PLUS PLUS
MINUS *% PLUS MINUS
PLUS =*% MINUS = MINUS
MINUS *% MINUS = PLUS

Now it is easy to compute the answer ‘PLUS’, which tells us that the result of
the original calculation would have been positive. We can think of this
‘short-cut’ in the following way:

34+(—5)*(—3993)
evaluate rule of signs
take
sign

678810 » | PLUS

The rule of signs gives a short-cut from arithmetic expressions to the sign of
their value, without going via a full evaluation. This is precisely what abstract
interpretation is all about.

Let us now generalize the diagram, to show more clearly what is going on:

Arithmetic

expressions
§tandard . abstract interpretation
:ntc:iripretatlon (evaluation using

ordinary 1 i
evaluation) rule of signs)
abstraction
Numbers » | Signs {PLUS,MINUS}
(take

sign)
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Beginning with an arithmetic expression (at the top), we may evaluate in the
ordinary way, using Eval (see Section 2.5); we call this the standard inter-
pretation.

Evall[ 34+(—5)*(—3993) ] = 678810

Then we may take the sign of the result, using a function sgn::Number —> Sign,
like this:

sgn 678810 = PLUS

The function sgn maps a number onto a two-point domain {PLUS MINUS}.
We call this operation abstraction, since it preserves certain information
about its argument (in this case, its sign), while losing other information (for
example, whether or not the argument is even).

Alternatively, we may evaluate the original expression using the rule of
signs; we call this the abstract interpretation, and write it like this:

Eval%[[ 34+(~5)*(-3993) J = PLUS *% MINUS *% MINUS
= PLUS

The crucial fact is that the short-cut gives the same answer as the long way
round. Using the new notation, we can express this condition formally as
follows:

sgn Evall[ E J = Eval%[[ E B

for any expression E. We call this the safety condition, since it expresses the
fact that the abstract interpretation gives correct (safe) answers.

Notice that the abstraction function is chosen to preserve exactly (and only)
the information we need to answer the original question, which asked for the
sign of the result. The abstract interpretation is then chosen to give a short-cut
for that particular abstraction function. A different question, such as ‘is the
result even or odd?’, would suggest a different abstraction function and a
different abstract interpretation.

Usually the abstract interpretation cannot give completely accurate
answers. For example, consider the abstract interpretation of an expression
involving addition:

Eval%fl 23 + (-45) § = PLUS +% MINUS

where +% is the abstract version of the addition operator. There is no
convenient rule of signs for addition, and the best that the abstract inter-
pretation can do is to give the result ‘PLUS or MINUS’. The abstract interpre-
tation is then ‘safe’ in the sense that it never gives ‘wrong’ answers, though it
may give ‘uninformative’ answers.
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22.1.2 History and References

The pioneers in the field of abstract interpretation were Cousot and Cousot
[1977]. Since then the theory has been extended by Mycroft [1981], whose
doctoral thesis explained how the Cousots’ theory could be applied to
functional languages. In particular, he presented a formal explanation of
strictness analysis, albeit limited to first-order functions and a poor treatment
of data structures. His presentation is primarily theoretical, so we give a
practical exposition of the approach in the following sections.

Since then substantial advances have been made, and the formal basis for
abstract interpretation greatly clarified. Burn, Hankin and Abramsky give an
excellent treatment of the topic, and their paper is strongly recommended
[Burn ez al., 1985]. It addresses all the issues that are glossed over in this
chapter.

22.2 Using Abstract interpretation to do Strictness Analysis

Abstract interpretation is a general tool, and we choose the abstraction
function and abstract interpretation to be appropriate for the questions we
wish to answer. In this section we will develop an abstract domain and
abstraction mapping which are suitable for strictness analysis.

22.2.1 Formulating the Question

- First of all, we must pose the question we wish to answer in a formal way.
Informally, the question is: ‘does this function always need the value of its
argument?’ If we were given the answer to this question for all super-
combinators, we could compile better code for the supercombinators
(Chapter 20), or evaluate the argument in parallel (Chapter 24).

Recall from Section 2.5.4 that a function is strict if and only if it always
needs the value of its argument. The formal definition was:

a function f is strict if and only if .
fl=1 (22.1)

That is, given a non-terminating argument, f will not terminate. Of course, f
could be failing to terminate for reasons other than trying to evaluate its
argument, but the net result is the same. Certainly if (22.1) holds then it is safe
to evaluate the argument before the call of f (or in parallel with it).

The notion extends naturally to functions of several arguments. For
instance, if g is a function of three arguments (x, y and z) we say that it is strict
inyif

gxlz=1  forany xandz
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We now have a formal way of posing the question, namely, ‘given a
functionf, does (f 1) = 1?” We can depict the question using the now-familiar
diagram:

fl
standard abstract interpretation
interpretation (evaluation using
(ordinary rule of signs)
evaluation)
Value of abstraction
1) ——ee {0, 1}
abs

What should the abstraction map, and abstract domain, be? It is clear that
we want the abstraction function abs to distinguish between 1 and all other
elements, so that

abs 1 =0
abs x =1 if x#1

The abstract domain needs only two elements, which we arbitrarily call 0
and 1. Using the notation established earlier, f is strict if and only if

Bl fLT=1L
which is true if and only if
absEvallf f Lt 1 =0

All that remains is to pick a suitable abstract interpretation, which we call
Eval#, to distinguish it from the abstract interpretation Eval% used for the rule
of signs.

22.2.2 Choosing an Appropriate Abstract interpretation
The abstract interpretation should have the following two properties:

(i) It must be ‘safe’. By this we mean that it should never suggest that a
function is strict, when in reality it is not.

(ii) It should be as ‘informative’ as possible, subject to (i). That is, the
abstract interpretation should detect strict functions in as many cases as
possible.

As in the case of the rule of signs, we can give formal expression to the safety
requirement:

abs Evalll E 11 < Evai#[[ E 1

for any expression E.
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This equation says that, if Eval# errs from the ‘right answer’
(abs Evall[ E 1), then it must always err on the high side. If the right answer
is 1, then Eval# must produce the result 1, since the only alternative is 0,
which is unsafe (this is property (i)). If the right answer is 0, then Eval# can
produce 0 or 1 but we hope that it will produce 0 most of the time, because
that is more informative (this is property (ii)).

To put it another way, it must not be possible to use the short-cut abstract
interpretation to conclude that a function is strict, when in reality it is not.
Hence, the abstract interpretation must only produce the result 0 when the
standard interpretation is guaranteed to produce 1.

It follows that there is a range of possible abstract interpretations, all of
which are safe, but which vary in their informativeness. In the rest of this
section we will use informal arguments to develop a reasonably informative
abstract interpretation Eval#.

For a start, the safety condition means that Eval# should have the following

property:
Evwa#[ EQ] =0

only if the (ordinary) evaluation of E definitely fails to terminate.
Conversely,

Eva#[ EJ =1

if the (ordinary) evaluation of E may terminate.
Next, we recall, from the rule of signs example, that

Eval%[[ 34+(—5)*(—3993) J] = PLUS *% MINUS *% MINUS

Generalizing from this example, we might suggest the following rules for
Eval%:

Eval%[[ Ei E2 ] = Eval%[[ E, ] Evai%[[ E2 ]
Eval%[ * 1 = *%

Eva%[ -n ] = MINUS

Ew%[ n]] =PLUS

where E, and E; are expressions, *% is the abstract version of multiplication,
and n is a number. The first two of these rules are quite general, while the last
two are clearly specific to the rule of signs.

In the case of strictness analysis, we want to evaluate

Eval#[[ f L 1

Using a similar rule to the first of those given for Eval%, we might proceed as
follows:

Evalzl[ f L ] =Eval#[ f ]] Eval#[ L 3



386 Chapter 22 Strictness Analysis

Now, certainly Eval#[[ L J] = 0 (since L certainly fails to terminate). Using
this fact, together with a rule similar to the second Eval% rule, gives

Eval#[[ f L J=Eval#[[ f ] Eval# [ L B
=f# 0

Remember that we are free to invent whatever rules we like for Eval#, so long
as we can prove that the safety condition holds. We will not do so here, but
Burn et al. [1985] give the formal proofs.

To summarize our progress, for each function f we must first find its abstract
version f#. Having done so, we compute (f# 0), and if the result is 0 then fis
certainly strict. The hope is that computing (f# 0) is very much cheaper than
computing (f ). It would be hard to do worse, since the latter may fail to
terminate!

22.2.3 Developing f# from f

We will now show how to produce the definition of f# from the definition of f,
using the following example:

fpqr=IF(=p0)(+qr (+ qp)

All we have to do is to take the abstract interpretation of the right-hand side:
fpqr=Bva#[ F(=p0)(+qn(+qp) 1

Using the rules of the previous section repeatedly gives
t#pqr=IF# (=#p0#) (+t# qr) (+# q p)

We have actually used one extra rule, namely
Eva#Iv]l=yv

where v is a variable. Now,
constant# = 1

(since the evaluation of constants always terminates) and hence
Fpqr=IWF#=#p 1) (+# q71) (+# q p)

The net effect is that, to obtain f# from f, we simply replace all constants and
built-in functions in the body of f with their abstract (#) versions. To put this
another way, Eval# gives a denotational semantics for the language, which
differs from the standard semantics only in the interpretation of constants and
built-in functions.

Finally, we must decide what the abstract versions of the built-in functions
actually are. Beginning with the equality function =, we know that

(= E1 E2) may terminate if (E,may terminate)
and (Ez may terminate)
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and hence
=# Xy = &xYy

where we define & as the boolean AND operator (in the abstract domain).
Similarly we define | as OR. The definition of +# is identical to that of =#.
However, IF# is more interesting. We know that

(F Eq1 E2 E3) may terminate if (E| may terminate)
and ((Ez may terminate)
or (Ea may terminate))
Thus
F# xyz=&x(ly2

(All of these rules are proved in Bumn et al.) We can now complete the
definition of f#, thus:

f#par=IF# (=#p1) (+# q71) (+# q p)
&&p1N)( &qr (&qp)
&p&q(lpn)

At last, we are in a position to discover the strictness of f. For example, to
find whether { is strict in its first parameter, p, we compute

f#011=8&0(1(l 01)
o

This tells us that f fails to terminate if p fails to terminate, even if all the other
arguments terminate; so f is strict in p. To discover strictness in q and r, we
compute

f#10
f# 11

1 =0 (sofisstricting)
0 =1 (sofisnotstrictinr)
22.2.4 Fitting Strictness Analysis Into the Compiler

Everything we have said so far assumes that the functions being analyzed have
no free variables, and indeed it seems rather hard to analyze functions which
do have free variables. Rather than address this problem directly, we can
simply perform strictness analysis after lambda-lifting.

This makes sense in any case, because it is the supercombinator definitions
that we want to annotate for subsequent passes of the compiler, not the
original lambda abstractions.

22.3 Coping with Recursion

There is one fly in the ointment, which is that a user-defined function may be

recursive. To see that we cannot simply execute the # version of the function
normally, consider

fxy=F(=x0y(f(-x1)y
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The abstract version of f is therefore given by
f#xy=8&x (1 y (f# xy)

To find out whether f is strict in y we evaluate (f# 1 0), but unfortunately this
evaluation will not terminate. This would be a disaster, because this evaluation
occurs at compile-time, so the compiler would loop. However, it is intuitively
clear that f is strict in y, and we would like the compiler to be able to deduce
this fact.

We will now examine algorithms for dealing with recursion, beginning with
two attempts that turn out to be inadequate.

22.3.1 The First Wrong Way

At first it looks as if we could just assume that recursive calls to f# were strict
in everything. Thus

f#10 1(10(f#10)
1(100)

&
&
0

which is the correct answer. This simple method is, however, easily defeated.
Consider the function

fxyz=if(=y0) (f01x)x

The simple method says this function is strict in x and y, whereas it is, of
course, only strict iny. In retrospect this seems obvious, but this mistake was
actually made in two published implementations of Mycroft’s work.

22.3.2 The Second Wrong Way

The reason the first method fails is that it uses a bad approximation to f#. To
see this, observe that the definition of f# is a perfectly good recursive function
definition. Domain theory tells us that the function thus defined is given by the
least upper bound of an ascending sequence of approximations to f# — the
ascending Kleene chain (AKC). For example,

if f# xyz=..f#... (arecursivedefinition)
then f’oxyz=20 (zeroth approximation)
f#1 x y z = ...f#o... (first approximation)
f#2 x y z = ...f#4... (second approximation)
and so on.

Since we are in the abstract two-element domain, there are only a finite
number of functions of three arguments. This sequence must therefore reach
a limit in a finite number of steps. The first method failed because we used the
first approximation only, which may not be the limit. So we must examine
successive approximations until we reach a fixed point, and our problem boils
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down to deciding when this fixed point has been reached. Notice that the
application of any f#; to any arguments will always terminate.

The second bad method says ‘we have reached a fixed point when the set of
variables in which the approximations are strict remains unchanged from one

approximation to the next’. This copes with the previous counterexample,
because

f#o is strict in {x, y, z}
f#4 is strict in {x, y)
f#2 is strict in {y }

f#3 is strict in {y }

and we conclude that f# itself is strict in y alone. This method is attractive
because it is quite easy to compute the set of strict variables for a function
from its boolean expression. Unfortunately, this is not a genuine check for a
fixed point, as the following counterexample shows:

fxyzp=if(=p0)(+x2)(+(Ffy0o0(-p1))fzzo(-p1)

The test is better, so the counterexample is more contorted! Working out the
details of this example is left as an exercise. The results are

f#o is strict in{x, y, z, p}
f#4 is strict in {x, 2, p}
f#2 is strict in{z, p}
f#3is strictin{z, p}

f#4 is strict in {p}

The second and third approximations are the same, so we might conclude that
the AKC has converged. However, the fourth approximation shows that this
is false. We call such false convergence a plateau, and it is these plateaus that
defeat the second bad method.

22.3.3 The Right Way
The only correct way to find a fixed point is to assure ourselves that
f#n Xy z="F#maxyz  forany X,V z

This looks like an expensive test to perform, since there are 2* possible
combinations of x, y and z, even in the first-order case. It turns out that in the
worst case the cost of the test must be exponential in the number of arguments
[Hudak and Young, 1986], but in practice it requires considerable contortion
to invent examples with plateaus, so we expect rapid convergence in typical
cases. A promising approach is therefore to develop representations and
heuristics which will perform well in the common cases, and will still give
correct answers (albeit more slowly) in the difficult cases.
This question is discussed at some length in Clack and Peyton Jones [1985].



390 Chapter 22 Strictness Analysis

22.3.4 Order of Analysis and Mutual Recursion

We have described how to find the fixed points of self-recursive definitions,
and we now extend this to cover mutual recursion. Consider the definitions

fx =...g...5..
gy=...f...g...

Here we cannot fully analyze either function before the other; instead we
must perform the fixed point iterations simultaneously, thus

f#0x =0 g#0y =0
f#1 x = ...g#o...T#0... g#1 Yy = ...0#0...0%0...
f#2 X = . ..g#,...T#... O#2 Yy = ...0#q...g#4...

It is slightly more efficient (and gives the same result) to use f#1 in g#, since
f#1 is now available (assuming we perform each step of the f iteration before
the corresponding g step).

Suppose the definition of a function f involves a function g but not vice
versa, thus

-n

Then we can safely first analyze g, find the fixed point of g#, and use this
information in the subsequent analysis of f. This can prove very important
when analyzing large systems of equations since finding the fixed point of f and
g simultaneously is much more costly than analyzing g first, and using this
information to analyze f. Unfortunately, functional programmers often write
large collections of equations in a single letrec, so all the equations may
potentially be mutually recursive. This is another reason for performing the
dependency analysis described in Chapter 6, to separate definitions into
minimal mutually recursive sets.

22.4 Extensions to Mycroft’s Work, and Other Work

Mycroft’s original work was restricted to first-order functions and flat
domains (that is, domains without structured data types). Since higher-order
functions and non-fiat domains (providing structured data types, which may
require lazy evaluation) are both important features of functional languages
these restrictions were severe. Fortunately, recent work has extended the
original ideas to cover these areas.

22.4.1 Higher-order Functions

Burn, Hankin and Abramsky [1985] have shown that the techniques
developed to handle first-order functions have a natural extension to the
higher-order case.
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For example, consider

hof g x y = (g (hof (KO) x (~y 1)) +
( (=y0)x (hot 1 3 (—y 1))

where Kxy=x
and I x=x

Performing abstraction in a straightforward way, we get
hof# g x y = & (g (hof# (K# 1) xy)) (& y (I x (hof# i# 1 y))

We need to take some care when looking for a fixed point to ensure that
successive approximations deliver the same result for all values of g. Since g is
afunction, it can take a whole lattice of values (three values in this case: (K 0),
land (K 1)), and this makes the finding of fixed points even more computa-
tionally expensive. This example is a particularly interesting one, since it turns
out that we have to go to the fourth approximation to find a fixed point.

22.4.2 Non-flat Domains

Strictness analysis of non-fiat domains tells us, for example, when a particular
application of CONS is strict. Knowing this may enable us to generate better
code.

Recent work by Hughes [1985] and Wadler [1985a] offers extensions of
strictness analysis to cover this area.

22.4.3 Other Related Work

Wray [1986] describes a strictness analysis algorithm which, unusually, seems
not to be based on abstract interpretation.

Another compile-time technique, designed to transform list-processing
programs into a highly efficient form, is Wadler’s listless transformer [Wadler,
1984 and 1985b]. The listless transformer is able to compile certain kinds of
list-processing functions into a finite state machine, which runs without
consuming any heap.

22.5 Annotating the Program

The purpose of strictness analysis is to annotate the program for the benefit of
subsequent phases of the compiler. So far in this chapter we have shown how
to derive the abstract version of each supercombinator from its definition. We
now show how to use this information to add annotations to the program.
Suppose that we have produced the abstract versions of each of our
supercombinators. There are two distinct ways in which we can use these
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abstract functions to annotate the original (lambda-lifted) program:

(i) We can annotate each supercombinator definition to indicate in which
arguments it is strict. For example, the definition

$Fixylz=...bodyof$F. ..

might indicate that $F is strict in x and z, but not in y. (The exclamation
mark is, of course, just an arbitrary symbol chosen to allow us to write a
concrete representation of an annotated definition.)
This kind of annotation was used in the optimizations of Section 20.6.2.
(ii) We can annotate individual application nodes in supercombinator bodies
to indicate strict applications. For example, in the definition

$Gpg=..(F!p31lg...

the application of $F to p is annotated with an infix exclamation mark to
indicate a strict application. The application of (§F p 3) to q is similarly
annotated.

This kind of annotation was used in the optimizations of Section 20.5.2.

At first it appears that the two sorts of annotation give duplicate information,
and indeed they often do so. However, there are situations in which each is
uniquely appropriate.

22.5.1 Annotating Function Definitions

Given a definition for the supercombinator $F, we want to annotate the
definition to indicate the parameters in which it is strict. Using its abstract
interpretation $F#, we can discover this information using the method
described at the end of Section 22.2.3.

Suppose $F takes two arguments. Then in order to find whether $F is strict
in its first argument we simply evaluate

$F# 0 1

If the answer is 0, $F is certainly strict in its first argument. One slight
complication is that the result of $F may be a function, so that the result of our
abstract evaluation will also be a function. In this case we are interested in
whether the result is the bottom element of the function domain, so we simply
‘feed it 1s’ until it returns either 0 (in which case $F is strict) or 1 (in which case
it is not). (The bottom element of a function domain is that function which
returns the bottom element of its result domain regardless of its argument.)
For example, suppose $F was defined as

$Fxy=+(+xy)
Then $F# will be
$F# xy =& (& xy)
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We evaluate

$F# 01 - &(&01)
- &0

giving a function. To find out whether this function is bottom, we apply itto1,
giving
&01 - 0

so the function is indeed bottom (since it returns 0 no matter how well defined
the argument is). Hence $F is strict in its first argument.

The other complication occurs if an argument to $F is a function. Then,
instead of 0 and 1, we must use the bottom and top of the appropriate function
domain. All of this entails knowing the type of $F, which is perhaps another
motivation for using a typed language.

22.5.2 Annotating Application Nodes

The reason for annotating application nodes is not as clear-cut as the reason
for annotating supercombinator definitions. Consider the definition:

$Gxy=y3x
and suppose that in the body of another supercombinator there occurred the
expression

...($G E +)...

where E is some complicated expression. Clearly $G is not strict in x, because
the function argument y may not be strict in its second parameter. However,
in this particular application of $G the second argument is +, so E will certainly
be evaluated subsequently. Hence E could be evaluated before the call of $G,
and we could annotate the call thus:

...§GLE I +)...

Doing this is extremely worthwhile, because the optimizations of Section
20.5.2 will then apply, so that we can evaluate E rather than construct a graph
for it.

Fortunately, it is also relatively simple to deduce this annotation. Given an
expression (3G P Q), we can discover whether it is strict in P by evaluating

$G# 0 Q#
and in Q by evaluating
$G# P# 0

(To see that this is formally valid, consider the strictness of the functions
$Dummy1 and $Dummy2, where

$Dummyt1 e = $G e Q
$Dummy2 e = $G P o
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$Dummy1 is strict in e if and only if the expression ($G P Q) is strict in P, and
similarly for $Dummy2.)
One other point of interest occurs when analyzing a definition such as

$Fxy=...(8G EY)...

where the formal parameters of the definition occur in the subexpression
being analyzed. In order to compute strictness in E we evaluate ($G# 0 y#);
but what value should we use for y#? The analysis we are performing should
hold for any application of $F, so we should use 1 for y#, which reflects our
lack of information about its value. If the type of the parameter is a function,
then we replace occurrences of it with the top of the corresponding abstract
function space.

22.5.3 Why Both Annotations Are Needed

It may now seem that the information provided by annotating application
nodes is always superior to that provided by annotating function definitions,
since the former is able to take advantage of contextual information.
However, there are two reasons why it is important to annotate the function
definition also.

The first is that the optimization of Section 20.6 requires annotations on the
function definition, so that it can compile the best possible code for the
function, which is nevertheless applicable in all possible contexts.

The second reason concerns parallel evaluation, and is explained in Section
24.4.1.

22.5.4 Summary

In summary, we should annotate both the formal parameters of a super-
combinator definition and each application node of a supercombinator body.
These two forms of annotation are complementary, and neither can be
omitted without loss.

Annotation is carried out by performing evaluations in the abstract
domain, using the abstract versions of the supercombinators.

It turns out that precisely the same annotations are needed for parallel
machines (see Chapter 24).
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Twenty-three

THE PRAGMATICS OF GRAPH
REDUCTION

The goal of a programmer is to write programs that are

(i) (absolutely) correct, i.e. they should meet their specification;
(ii) (reasonably) efficient, i.e. they should consume as few machine resources
as possible.

In order to achieve these goals the programmer has to reason about

(i) the meaning of his program, to assure himself that it has the same
meaning as the specification;

(ii) the resource consumption of his program, to assure himself that it will
consume only reasonable resources.

In conventional imperative languages it is relatively hard to reason about the
meaning of a program, because the semantics of the programming language is
generally rather complex. On the other hand, it is normally fairly straight-
forward to reason about the memory space and CPU cycles consumed by a
program, because the programmer has an accurate mental model of how
execution takes place.

A major strength of functional languages is their semantic simplicity, which
makes it much easier to reason about the meaning of a program. This topic has
been well discussed elsewhere (for example Backus [1978], Turner [1981])
and is outside the scope of this book. On the other hand, a major weakness of
functional languages is the difficulty of reasoning about their space and time
behavior, especially the former. In particular, a functional program may have
much worse space-time behavior than the programmer might expect.

This chapter is mainly concerned with a discussion of the various forms in
which this problem occurs, as a warning to the unwary implementor. No good
solutions are yet known to most of these problems; they are very much

396
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research issues. Meira [1985] takes the efficiency of functional programs as
the main subject of his thesis, and chapter 6 of Stoye’s thesis [Stoye, 1985]
gives a good summary of the area. Both served as major sources for this
chapter.

23.1 The Time Behavior of Functional Programs

Normally we are only concerned with the result of a functional program,
rather than the exact time at which the parts of the result are produced. In the
case of an interactive program, however, we need more control over the order
of evaluation.

We may write interactive functional programs by specifying the programasa
function from a (finite or infinite) list of input characters to a (finite or infinite)
list of output characters. Such finite or infinite lists of data items are often
called streams. We may draw such a system like this:

Keyboard ——» | Functional |-——» Screen
program

Suppose we wanted to write a program which repeatedly prompted the user
with

Enter number:
then read a number (17, say) from the input stream, and then output
Result is: 34

where the result is double the input number. We could write the program
using a function double, which takes the input stream as its argument and
produces the output stream as its result:

double inputStream
= “Enter number: ” ++
“Result is: ” ++
numToChars (2*n) ++
double restinput
where
(n, restinput) = charsToNum inputStream

numToChars is a function which takes a number and converts it to a list of
characters. charsToNum takes a list of characters and converts an initial
segment of the list to a number, returning the number and the rest of the list.
The ++ operator is Miranda’s infix list concatenator.

Unfortunately, when we run the program we will get the prompt

Enter number: Result is:

The system outputs the result message before reading the number, It does this
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because the result message does not depend on the value of the number; lazy
evaluation has postponed the evaluation of (charsToNum inputStream) until
after the result message has been output.

This is an example of a case when we want some control over the evaluation
order in order to make the program behave correctly in time. In this case there
is a straightforward solution. What is needed is a built-in function seq, with
the behavior

seq Ly =1
seq xy =y
Pragmatically,

seq evaluates its first argument, discards it,
and then returns its second argument.

We can now rewrite double, thus:

double inputStream

= “Enter number: " ++
seq n “Result is: " ++
numToChars (2#n) ++
double restinput
where

(n, restinput) = charToNum inputStream

Now the ‘Result is:’ message is made to depend on the value of n, so the
message will not be output until n has been evaluated (and hence input).

This is the first example of a situation in which lazy evaluation gives slightly
unexpected results. In this case, however, it is possible to reason about the
order in which results appear in the output stream, so the problem is not
nearly so serious as those which follow.

23.2 The Delicacy of Full Laziness

We have described what it means for an implementation to be lazy or fully
lazy only in very operational terms, and they are difficult concepts to reason
about. Programs that look lazy sometimes turn out not to be for subtle
reasons, and we will see some examples in the following sections.

23.2.1 Ordering of Parameters

We recall the Miranda program from Chapter 15 which we used to develop
the concept of full laziness:

f
gxy

g4
y + sqrit x

1)+ (¢2
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Now consider a rather similar program in which g takes its parameters in a
different order:

fy
gyx

(f1) + (f 2

We might hope that the (sqrt 4) would only be computed once, as before,
but it will in fact be computed twice. This is because (sqrt x) is no longer an
MFE of any lambda expression (try it!). This, in turn, is a consequence of the
ordering of the parameters of g.

We might take this as a clue to the compiler to put g’s parameters in the
other order and change all the calls of g appropriately. But suppose the
definition of g was

gxy=sqtx+sqty

Now no order is ‘right’, and its laziness depends on the way it is used. If g is
used many times with its first parameter fixed then all is well, but if it is used
many times with its second parameter fixed we will recompute (sqrt y) each
time.

There is an asymmetry in the laziness of g with respect to different
parameters. The onus is on the programmer to put the parameters to his
functions in the ‘best’ order to maximize laziness.

23.2.2 Full Laziness and Recursion
Consider the following Miranda program (due to William Stoye):

fx0=0
fxn=sqtx+ fx(n-1)
f 4 1000

How many times does the (sqrt 4) get evaluated, once or 1000 times? The
answer is 1000 times. Now consider another program, which is plainly
equivalent:

0
sqrt x + g (n—1)

fx =g where g 0
gn

f 4 1000
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Now how many times does the (sqrt 4) get evaluated? The answer is once.
These are not obvious answers, and it takes a little while with the lambda-
lifter to discover how lazy they are, yet a program transformation system
might easily transform one into the other without expecting the serious
degradation in performance that would result.

23.2.3 Summary

We conclude that it is by no means obvious how lazy a function is, and that we
do not at present have any tools for reasoning about this. Laziness is a delicate
property of a function, and seemingly innocuous program transformations
may lose laziness. :

23.3 The Space Behavior of Lazy Functional Programs

So far in this book we have largely taken for granted that lazy evaluation is a
Good Thing, since it postpones evaluation until it is certain that the result of
the evaluation is required. '

However, this view is rather naive since it takes into account only the
number of reductions performed, while discounting the memory consump-
tion of the evaluation. It is actually rather difficult to work out what the space
consumption of a lazy program will be, and we will examine a number of
examples in this section.

23.3.1 Space Leaks

Consider the following Miranda program:

f = drop 1000
drop n xs = xs, n=0
drop (n—1) (t xs)

(.5 5. f..)

(drop n xs) returns the list xs with the first n elements knocked off it. The
function f is drop applied to one argument, 1000, and is used at various points
in the program. '

Now, the lambda expression for drop is

drop = An.xxs.IF (= n 0) xs (drop (— n 1) (TAIL xs))
When fully lazy lambda-lifting is performed, the expressions (= n 0) and
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(drop (— n 1)) will be lifted out of the Axs abstraction, giving two super-
combinators:

$drop n = $L (= n 0) ($drop (— n 1))
$L NO DN1 xs = IF NO xs (DN1 (TAIL xs))

Consider now the value of f;

f = $drop 1000
- $L (= 1000 0) ($drop (— 1000 1))
— $L FALSE ($L (= 999 0) ($drop (— 999 1))
— $L FALSE ($L FALSE (L (= 998 0) ($drop (— 998 1))
etc.

The second argument to $L can be reduced again and again. Of course, f
alone will never be expanded with successive reductions like this. However,
on the first occasion when f is applied to a list, the ($drop (— 1000 1)) expres-
sion will be reduced, and the result will overwrite the ($drop (— 1000 1))
redex. Also the (= 1000 0) redex will be evaluated, and the result will
overwrite the (= 1000 0) redex. Therefore the graph representing f will grow
in the manner indicated above, until it is 1000 levels deep.

Nothing has gone wrong. The system is simply preserving full laziness. The
next time f is applied to a list, many fewer reductions will have to be done,
because the recursion has been unrolled in advance. This is closely analogous
to the optimization sometimes performed by conventional compilers of loop
unrolling, in which the body of a loop is duplicated as many times as the loop
was to iterate in order to avoid performing a test on each iteration. Sensible
compilers only do this when the number of iterations is small, but our
preoccupation with full laziness has led us to an implementation which unrolls
loops regardless of the extra storage cost incurred.

Our campaign to save reduction steps by full laziness has succeeded, but at
a substantial cost in terms of memory usage. Worse still, it is not at all obvious
from the program that this will happen, nor is there any easy way to reason
about the storage use of such functions.

This unpleasant phenomenon is called a space leak (because memory space
leaks away invisibly) or dragging (because f drags around an unexpectedly
large graph). This memory cost caused by space leaks means that the program
may run out of memory and fail to complete evaluation, but, more insid-
iously, it will also mean that less memory is available for the rest of the
computation, so garbage collection will be more frequent. Thus thereis a time
cost associated with memory usage which should ideally be set against the
time saving from saving reduction steps. '

No good automatic solutions are known to this problem. One trick that the
programmer can use to avoid it is to define two new functions:

newDrop n xs = newDrop1 xs n
newDrop1 xs n = drop n xs
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newDrop has just the same meaning as drop, but it turns out not to be as lazy, so
that it does not have a space leak. This trick is based on the asymmetry in
laziness caused by the order of arguments referred to above, but is hardly
crystal clear! Furthermore, a clever compiler might ‘optimize’ newDrop to
drop, which is certainly a correct transformation (and one that improves
laziness), but will reintroduce the space leak.

23.3.2 Unevaluated Components of Data Structures

Consider the function addHead, where

addHead b (a:xs) = (add b a):xs
add b a = a+b

It just adds something to the first element of a list. Now suppose that addHead
is applied to a list many times, thus:

demo = addHead 1 (addHead 2 (addHead 3 [10,11]))
If evaluated to WHNF, demo will reduce to
[add 1 (add 2 (add 3 10)), 11]
but it will not reduce to

{16, 11]

until the first element of the list is evaluated. Meanwhile the graph
representing

add 1 (add 2 (add 3 10))

is taking up space in the heap. Laziness prohibits the evaluation of this graph
until the value of the first element of the list is needed.

This is a specific instance of a general phenomenon. A less contrived
instance is that of a dictionary or symbol table represented by a tree, which is
updated as data are entered into the dictionary. These updates do not
propagate immediately to the leaves of the tree. Instead an update will be
performed one level at a time, probably in response to the need for a lookup
function to search the tree. Parts of the tree which are not visited by the
lookup function will not have the updates fully performed (quite rightly
according to laziness, since they may never be visited). However, the half-
performed updates take up space in the form of pieces of graph just as the
half-performed addHead did above.

One way to fix this is to have a function which crawls over the tree visiting
every node. In our addHead example we could use seq to give

demo = seq (hd xs) xs
where xs = addHead 1 (addHead 2 (addHead 3 [10,11]))

The seq forces evaluation of the head of the list, before returning the list as
before.
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The same problems apply to this fix as to the others we have discussed. It is
far from obvious when it is good to apply it, it is an extra onus on the
programmer, and it contributes nothing to the meaning of the program.

It would be better if we could perform some kind of automatic analysis
which would discover which components of the data structure will eventually
be needed, and hence which could be evaluated straight away. This is just
strictness analysis in another guise, except that it is a version of strictness
analysis which can ‘look inside lists’. It is very much a research issue at the
moment. Furthermore, in the case of a dictionary, the parts of the tree that
are visited are data-dependent, so even a clever strictness analyzer would not
help.

23.3.3 Summary

This section has shown two contrasting ways in which a functional program
may use more store than expected:

(i) By performing reductions and holding on to the result, which is bigger
than the redex.

(ii) By not performing reduction but holding on to the unevaluated graph,
which is bigger than the result.

Notice that one problem is caused by reducing too much and the other is
caused by reducing too little.

23.4 Transient Store Usage

Some functions have a small amount of input data and a small amount of
result data, but nevertheless consume a large amount of store while they
compute their results. The residency of a program at a particular moment is
the size of the graph at that moment, and this section is concerned with
programs which have high transient residency.

Some functions allocate and discard transient store quite rapidly, but if the
function was stopped at any moment there would not be a large amount of
accessible store. Other functions allocate store and do not discard it until the
very end. This behavior is even more undesirable, because just before the
function completes it may be holding a large fraction of the heap. We will look
at some examples of this latter behavior.

23.4.1 Recursion

Consider a function to add up the elements of a list:

sum [} =0
sum (x:xs) = x + sum xs
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This is a nice simple definition, but let us see it in practice:

sum [1,2,3]

+ sum [2,3]

+ (2 + (sum [3)])

+ 2+ 3+ sun[])
+ @2+ @3+ 0)

+ (2 + 3)

+ 5

b cubh cnh b b b

VLl

L+ 1]

The evaluation consumes transient space linear in the length of the list. (Note:
using an unboxed G-machine implementation this transient space would
actually be on the stack; this is less bad than transient heap space, but still
undesirable.)

This phenomenon is well known to the Lisp community, and any red-
blooded Lisp programmer would never have written the above definition.
Instead he would have used an accumulating parameter:

sum list = sumi O list
where
sumt n[]=n
sunt n (x:xs) = sumi (n+x) xs

The definition of sum1 is tail recursive (cf. Chapter 21), and on a Lisp system
will execute in constant space. Unfortunately, many graph reduction imple-
mentations will not execute this in constant space:

sum [1,2,3]

sumi 0 [1,2,3]

sumt (0+1) [2,3]
sumt ((0+1)+2) [3]
sumi (((0+1)+2)+3) []
((0+1)+2)+3

(1+2)+3

3+3

6

Here the first parameter to sum1 grows in size linearly with the length of the
list. Stack usage is also linear in the length of the list.

In this case strictness analysis comes to the rescue, because it can infer that
sum1 will eventually evaluate its first argument, so that its first argument can
safely be evaluated before sumf1 is applied. This will produce:

sum [1,2,3]
sumi 0 [1,2,3]
sumi1 (0+1) [2,3]
sumt 1 [2,3]
sum1i (1+2) [3]
sumt 3 [3]

EEEEEER

EEEN

a
o
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Now the transient store is discarded as evaluation proceeds rather than
being held until the end, and stack usage is constant too. In addition, the
G-machine optimizations will work better, given the knowledge that the first
parameter of sum1 will be evaluated. An unboxed G-machine implemen-
tation will compute sum1 without using any transient store at all.

23.4.2 Excessive Sharing

The goal of laziness is to avoid recomputing values by sharing them. Some-
times, however, the evaluation of an expression can cause it to grow in size so
much that it would be cheaper to recompute it later than to hold on to its
evaluated form until later.

Meira [1985] gives a nice example of this. Consider a function powerList,
which takes a list as its argument and returns a list of all possible sublists of the
original list (obtaining a sublist by omitting elements from the original list).
Here is a possible definition of powerList:

powerlist [] = [[]]
powerlist (x:xs) = pxs ++ map (cons x) pxs
where

pxs = powerlist xs

The second equation simply says that to get all possible sublists of (x:xs),
return all sublists of xs together with x stuck on the front of all sublists of xs.
This is fine, but suppose we wanted to count the number of sublists of a list of
length 20:

length (powerList [1..20])

We might hope that length would eat up the list produced by powerList as it was
produced. Unfortunately, after powerList has produced all the sublists of the
list [2. .20], and they have been consumed by length, powerList is still hanging
on to all those sublists for use in the part after the ++. Hence all 2" of these
sublists will exist in store at one time, and the machine will run out of store.
The program has appalling 0(2") transient residency. This residency happens
because we share the use of pxs in powerList, rather than recomputing it.
A simple rephrasing of the program thus:

[([]11]
powerList xs ++ map (cons x) (powerlList xs)

powerlList []
powerList (x:xs)

will cause those sublists to be recomputed, and the function will now have
constant residency. A very minor change to the program has produced a
dramatic change in run-time behavior. Notice that a clever compiler might
‘optimize’ the second program into the first, by performing common sub-
expression analysis.
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23.4.3 Transient Lists

One of the advantages of lazy evaluation is that data are only computed when
needed. For example, in the Miranda program

square N = n*n

sum (map square [1..1000])

the list of integers between 1 and 1000 is squared and added up as it is
generated. The system will not first produce the list of the first 1000 integers,
then square them and then add them up. We may think of it like this:

[1..1000] —» | square |——»| sum

In a non-lazy system we would be tempted to write a special version of sum
which squared the elements of the list before adding them, to avoid
generating the intermediate list.

Unfortunately, this nice behavior does not always occur, as Hughes [1984]
points out. Consider the program

average xs = (sum xs) / (length xs)

average (map square [1..1000])

If we wrote in Pascal, we could write a program which uses bounded space to
compute the average of a list of integers, simply by maintaining a count of how
many integers had been encountered so far and a running total of their
values. '

Unfortunately, a conventional functional language implementation will
first evaluate one argument of the division operator and then evaluate the
other. This means that the entire list of integers will reside in memory at once.
It is clear that we would like to evaluate the arguments in parallel and in a
synchronized fashion (notice that the former does not imply the latter).

In the particular example given, it is possible to write a more efficient
version without resorting to parallelism, but the program is rather more
obscure. More seriously, though, Hughes shows that there are simple and
common programs which cannot run in bounded space on any sequential
evaluator.

Another example of the seriousness of this problem is the space complexity
of a straightforward coding of the quicksort algorithm. It turns out that this
has a linear transient space usage on average, but a quadratic transient space
usage in the worst case (the imperative algorithm uses linear space).

Hughes therefore suggests that even on a single processor implementation,
some form of parallelism is desirable if functional programs are to run
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efficiently. His proposed solution is to introduce two new built-in functions,
‘par and synch. The expression

par f x
is semantically equivalent to

fx

but evaluates x in parallel with applying f to x (note: this is slightly different
from Hughes’s definition, for uniformity with the rest of the book). The value
of the expression

synch e

is

e:e

except that e will not be evaluated until both the head and the tail of (synch e)
are required. If, for example, the head is required before the tail, then the
(parallel) process trying to evaluate the head will be suspended until another
process tries to evaluate the tail, at which point both processes continue in
parallel again. In the example given above, two parallel processes to compute
(sum xs) and (length xs) may be resynchronized whenever they consume a
new element of xs.

The way in which these constructs can be used to alleviate the space usage
problem is too complex to describe here, but suffice it to say that the
technique does not alter the program’s structure. Even so, putting in the par
and synch constructs in the right place is a subtle business, and if done

incorrectly can cause the program to work less efficiently or even to fail to
terminate.

23.4.4 Summary

In this section, as in the preceding sections, we have seen examples of
programs which are semantically identical, but which have very different
pragmatic behavior.

These differences are not at all obvious to the programmer, and require him
to make subtle changes to the way he writes his program to achieve a good
performance. In addition, a proposed solution to the last problem involves
major alterations to the implementation (synch and par).

23.5 Conclusions

The problems we have discussed in this chapter have a number of common
features:

(i) Seemingly innocuous (and meaning-preserving) changes to a functional
program may have dramatic effects on its run-time behavior.
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(ii) We have no good means of reasoning about run-time behavior so as to
understand how good or bad our programs are.

(iii) In order to reassure himself that his program does not have undesirable
run-time behavior the programmer may have to know a lot about the
particular implementation.

(iv) Even a clever programmer cannot solve all the problems without
extensions to the implementation. Examples are strictness analysis (or
the facility for the programmer to add annotations to indicate strictness)
and parallel execution.

(v) There are as yet no automatic systems for alleviating these effects.

(vi) Itisverydifficult to tell when undesirable behavior is taking place, except
that the program runs slower than expected. Even this relies on correct
expectations, and gives no help in finding which part of the program is
behaving badly. What is needed here is a good set of debugging tools
which would assist the programmer in finding the ‘hot spots’ in the
program. An example of such a tool in an imperative language is a
profiling tool, which gives a breakdown of how much time is spent in each
subroutine.

We should not get too downhearted! The fact is that most functional programs
run quite satisfactorily. What this chapter has established is an urgent need for
tools to help reason about the space and time behavior of functional
programs. This seems a rather hard problem, and Stoye suggests that efforts
might more profitably be directed to providing better debugging tools with
which to identify the offending part of the program, leaving the programmer
to fix the problem thus identified.
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Twenty-four

PARALLEL GRAPH REDUCTION

The possibility of parallel execution is often stated as an advantage of
functional languages. In this chapter we will explore this exciting possibility in
greater detail, and attempt to justify it.

Warning: this chapter describes current research work rather than a settled
consensus of opinion. It therefore represents the author’s personal view of the
present state of affairs, and is not a definitive statement.

24.1 The Challenge of Parallelism

Cooperation is expensive, yet it is the only way to get large tasks done quickly.

This lesson is well illustrated by human organizations. Undoubtedly the
most efficient way to get a task done is to assign a single individual to the task.
There comes a time, however, when the sheer volume of work is more than a
single individual can carry out in the required period of time, so he employs
assistants to help him. Inevitably the assistants must be told what to do and
how to do it, and a proportion of the time of all concerned is spent in
communication rather than in doing profitable work.

As the company grows, the overheads of communication can become very
burdensome. The amount of internally generated information grows with the
company, but each individual’s capacity to digest this information remains
fixed. The solution is to partition the work of the company in such a way as to
reduce the amount of interaction required between workers, so that they can
spend more of their time on profitable work and less on communication. This
may be easy if the company is engaged in a number of essentially independent
activities, but it can be very difficult if the company’s activitics arc highly
interrelated.

A primary challenge facing computer architects is the effective exploitation
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of parallelism. Raw processing power is now cheap, through replication of
silicon, but mechanisms for connecting processors together so that they
cooperate to achieve acommon goal are hard to build. Inextricably connected
with this challenge is the challenge of programming a parallel machine, and
partitioning the program in a way that minimizes communication.

In specific application areas it may be fairly easy to partition the problem so
as to minimize communication. For example, in a multi-user Unix machine it
is easy to assign a processor to each process awaiting execution. Less trivially,
vector processors such as the Cray-1, or array processors such as the ICL
DAP, have an arrangement of processing elements specifically adapted for
the efficient execution of vector- or array-structured problems.

Programming vector or array processors is, however, a highly skilled and
somewhat arcane art. In order to exploit the parallelism of the machine fully,
the programmer needs an intimate understanding of its workings and of the
workings of the compiler. The investment required to produce such programs
is very large — an investment of 10 man-years’ work or more in a single
program is not unusual - and small program modifications risk destroying the
program’s finely balanced optimizations. Furthermore, such programs are
often extremely complex, not because the task is complex, but in order to
exploit the architecture most effectively.

An alternative approach is to have a number of processing elements
connected together with some kind of network, each independently executing
its own program (an MIMD machine). Such a machine is relatively easy to
build, but gives no clues about how best to program it. The problem of
dividing the task up into concurrent subtasks, programming these subtasks in
a sequential language and arranging the intertask communication is left
entirely to the programmer. Even when the program is written it is hard to be
sure that it is correct, and concurrency gives much scope for transient and
irreproducible bugs which only occur-under particular circumstances.

The challenge, then, is to produce a parallel programming system,
including both architecture and a programming methodology, which

(i) is feasible to program (this is the overriding consideration);
(ii) is highly concurrent (this allows us to buy speed with raw processing
power);
(iii) minimizes communication.

24.2 Parallel Functional Programming
24.2.1 The Opportunity for Parallelism
One of the most attractive features of functional programming languages is

that they are not inherently sequential, as conventional imperative languages
are. At any moment there are a number of redexes in the program graph, and
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in principle they could all be reduced simultaneously. Thus the hope offered
by functional languages is that

parallel execution of functional programs, through concurrent graph
reduction, may be possible without adding any new language constructs or
detailed program tuning.

If taken without qualification this statement is rather misleading, since it
seems to promise ‘parallelism without tears’, and as we remarked above,
cooperation is always expensive. We can, however, take the statement as
highlighting an opportunity, namely that functional programming offers a
fruitful line of approach to the challenge of parallelism.

The idea of concurrent execution of programs without adding new language
constructs is not new. The Fortran compiler for the Cray-1 vector processor
is designed to spot vectorizable sections of programs written in (almost)
ordinary Fortran. However, as we have remarked already, the effective
use of the Cray relies on the programmer writing his program in such a-
way that '

(i) it is vectorizable;
(ii) the compiler can spot that it is vectorizable.

We hope that in the case of functional languages the parallelism is more
general, so that the programmer’s task is made easier. First, therefore, we will
discuss the task of writing parallel functional programs.

24.2.2 Writing Parallel Functional Programs

It is tempting to believe that an arbitrary functional program would run much
faster on a parallel graph reduction machine. This comforting belief is quite
erroneous [Clack and Peyton Jones, 1985]. Many functional programs are
essentially sequential (that is, at any moment there are few redexes in the
graph). For example, an insertion sort program cannot insert the next
element into the result until the previous insertion has completed (or at least
partly completed). It is simply unreasonable to expect any old functional
program to run fast on a parallel machine.

In order to achieve good parallel performance the program must contain
algorithmic parallelism. That is, the algorithm must contain gross inherent
parallelism. The most obvious sort of algorithmic parallelism is given by
divide and conquer algorithms, which divide the task at hand into two or more
independent subtasks, solve these independently, and then combine the
results to solve the original task. A standard example of such an algorithm is
quicksort, which splits the set to be sorted into two subsets which can be
sorted independently. Other examples include any kind of search algorithm
(which covers many artificial intelligence applications) and large numerical
computations. Experiments confirm that substantial parallelism is obtainable
[Tighe, 1985; Clack and Peyton Jones, 1985].
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It is therefore still the programmer’s responsibility to create an algorithm
which will partition the task at hand into reasonably independent subtasks. It
is unreasonable to expect the machine to do this automatically, since it may
involve major algorithmic changes (such as changing insertion sort to
quicksort).

24.2.3 Writing Parallel Programs is Easier in a Functional Language

Why not program in a conventional language which supports multiple tasks,
such as Ada? There are a number of ways in which writing a parallel program
in a functional language is superior to this:

(i) In conventional languages the partition of the problem into separate
tasks is static and fixed. A task is conceived as a relatively large unit, and
tasks generally cannot be created and deleted dynamically. There will be
relatively few tasks, and the programmer must clearly identify all of them
in his design.

In a functional language the parallelism can be dynamic, and there is
no static division of the problem into tasks. Instead, the programmer
designs an algorithm whose inherent parallelism will enable concurrent
reduction to take place at different places in the graph. The ‘grain’ of
parallelism is therefore smaller and more dynamically adaptable as the
computation proceeds.

(ii) In conventional languages the tasks communicate with each other by
sending messages or making specially protected subroutine calls to each
other. The programmer has to design synchronization and communi-
cation protocols between tasks so that they cooperate correctly and
achieve mutual exclusion where necessary. It is up to the programmer to
ensure that these communication protocols are correct, and failure todo
so can result in a transient malfunction of the program.

In a functional program the synchronization between different
reductions is mediated entirely by the shared graph. A reduction is made
known to the graph by the indivisible operation of overwriting the root of
the redex with the result of the reduction, and no other synchronization
is necessary (though see the next section for efficiency considerations).

(ili) The tasking structure of conventional languages adds a layer of
considerable complexity to the programmer’s model of what is going on.
It is difficult to reason about a multitasking program, because the
programmer has to bear in mind all the possible time orderings in which
execution might take place. The behavior of the program should be
independent of the scheduling of the tasks, but the programmer must
ensure that this is the case.

There are no extra language constructs required to write parallel
functional programs. The result of the program is guaranteed to be
independent of the way in which reductions are scheduled, though this
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scheduling may have a strong impact on efficiency. Thus it is no harder to
reason about a parallel functional program than a sequential one.

To summarize, when using a functional language, the programmer does not
have to design a static task partition, guarantee mutual exclusion and
synchronization, or establish communication protocols between tasks. This
allows the programmer to concentrate on the creative activity of designing a
paraliel algorithm.

24.3 Parallel Graph Reduction

We have seen that functional languages can form a basis for parallel
programming. The benefits outlined above would in fact accrue to any
parallel implementation of a functional language, but graph reduction is a
particularly attractive execution model for a parallel implementation, for the
following reasons:

(i) Graph reduction is an inherently parallel activity. At any moment the
graph may contain a number of redexes and it is very natural to reduce
them simultarieously.

(if) Graph reduction is an inherently distributed activity. A reduction is a
(topologically) local transformation of the graph, and no shared bottle-
neck (such as an environment) need be consulted to perform a reduction.

(iii) All communication is mediated through the graph. This gives a very
simple model of the way in which concurrent activities cooperate, and it
is a model in which we have considerable confidence (because it is the
same as our sequential implementations!)

(iv) The entire state of the computation at any moment is well defined — it is
the current state of the graph.

Graph reduction gives us a rock-solid model of parallel computation which can
underpin the complexities of a parallel machine. As with the G-machine, we
can think of ways to optimize the actual execution of graph reduction to get
good performance, but as long as these are just short-cuts to achieve the same
effect we can have confidence in the correctness of our implementation.

We now begin to consider how to perform parallel graph reduction.

24.3.1 A Model for Parallel Reduction

In a sequential implementation evaluation is performed by calling an
evaluator, passing it (a pointer to) the root of the graph to be evaluated. The
evaluator performs a sequence of reductions until the graph is in WHNF and
then terminates.

Our model for parallel reduction is a simple generalization of this. We
imagine a number of evaluator fasks simultaneously at work on the graph.
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Each evaluator task is busy reducing some particular subgraph to WHNF; the
task terminates when its subgraph reaches WHNF-.

During its execution, a task may anticipate that it will require the value of a
certain subgraph at some future time. In this case it may generate a new task
to evaluate the subgraph in parallel by sparking the root node of the subgraph.
(The term ‘sparking’ is intended to convey the idea of ‘setting a match’ to a
subgraph, which ignites a processor evaluation which spreads through the
subgraph autonomously.) The new (child) task will evaluate the graph rooted
at the sparked node to WHNF, concurrently with the continued execution of
the (parent) task that sparked it.

If the parent needs the value of the subgraph before the child has completed
its evaluation, the parent becomes blocked until the child terminates. A task
may also become blocked because a sibling task is evaluating a subgraph
which the two tasks share. Mechanisms for implementing blocking are
discussed below.

Synchronization between tasks is mediated entirely through the graph, so
that the tasks do not communicate directly with each other at all. When
performing a reduction a task overwrites the root of the redex with the result
in a single indivisible operation, so that the reduction appears to all the other
tasks to take place instantaneously. Thus the graph never appears in an
intermediate state.

A task is executed by an agent. Typically an agent will be implemented by a
physical processor. Agents are concrete pieces of hardware (we can point to
one!), whereas a task is a virtual object (a piece of work to be done). An agent
is employed if it is executing a task. An unemployed agent will look for a task
to execute in the fask poo! which contains all the tasks awaiting execution.

Logically, the machine looks like Figure 24.1. This model raises a number
of issues:

(i) Logical issues, concerning the management of parallehsm The
particular issues we discuss are °

(a) When are nodes sparked to create new tasks?
(b) What happens if two tasks start evaluating the same piece of graph?

Agent Agent e Agent

Communications medium

Graph Task pool

Figure 24.1 Logical structure of a parallel graph reduction machine
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(i) Representational issues, concerning how tasks can be represented inside
the machine.

(iii) Locality issues, concerning how to deploy the resources of the machine
to execute the concurrent tasks, while simultaneously minimizing
communication.

(iv) Architectural issues, concerning the physical architecture of a machine
for performing parallel graph reduction.

We will address these issues in decreasing levels of detail.

24.4 Sparking Tasks

When should a new task be sparked? There are two broad approaches:

(i) Spark a new task to evaluate a subgraph when it is cersain that the
subgraph will eventually be evaluated (conservative parallelism). This
ensures that all tasks are doing useful work.

(il) Spark a new task to evaluate a subgraph when it is possible that the
subgraph will eventually be evaluated (speculative parallelism). This
offers maximum opportunities for parallelism.

We will discuss these alternatives in turn.

24.4.1 Conservative Parallelism

If we insist that we will only spark a task when it is certain that its result will be
needed, then we can initially start only one task, at the root of the whole
graph. This is not very parallel! When can we spark new tasks?

The most obvious place to spark new tasks is to evaluate the arguments of a
strict built-in function. For example, when evaluating

(+ E4 Ez)

we could spark tasks to evaluate E4 and Ez. It is certain that the values of E,
and Ez will be needed, so we can safely spark tasks to evaluate them. (Note:
we might choose to spark only one new task, to evaluate E, say, and allow the
task which is evaluating the whole (+ E; E2) expression to evaluate E;, since
it has nothing better to do. This is a relatively minor technical consideration,
however.)

Unfortunately, except for numerical analysis programs, this approach is so
conservative that we will obtain little parallelism. Some programs contain no
arithmetic! The idea is, however, easily generalized. Given the application of
a function f to an argument, thus

fE

we are safe to begin parallel evaluation of E if we know that f will need the
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value of its argument, that is if f is strict. So here is another application of
strictness analysis (Chapter 22), to identify points at which parallel evaluation
can be started. We can perform strictness analysis, annotate the graph with
information derived thereby, and use these annotations to control the
sparking of new tasks.

24.4.1.1 Strictness annotations
In fact, two forms of annotation are desirable. Consider an application of a
strict supercombinator $F to an argument E, which has a graph looking like

this:
/@
$F \s

At first sight it looks as if we could annotate in one of two ways:

(i) Annotate the application node to indicate that the argument would be
needed:

@!
e

(ii) Annotate $F to indicate that it will need its argument:

@
X

Actually we should do both, because either one on its own sometimes fails to
initiate parallelism. Suppose we decided to annotate application nodes only.
Consider the expression

(IF Ec $F $G) E

where $F is strict but $G is not. Parallel evaluation of E cannot be started in
case the result of the IF expression is $G, so the application of the IF expression
to E cannot be annotated as strict. Hence E will not be evaluated in parallel. If,
however, $F was annotated as strict, then after the IF had completed, $F
would be applied to E, and parallel evaluation of E would begin as $F is
applied to E.

On the other hand, suppose that we annotate supercombinators only, not
application nodes, and suppose also that $G in the above example was strict.
Then it would be safe to evaluate E in parallel with evaluating the IF
expression, and it might be highly advantageous to do so (if E; took a long
time to evaluate, for example). But because we are only annotating super-
combinators, the parallel evaluation of E will not be started until the IF has
completed and either $F or $G is applied to E. A further example of the
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necessity of annotating application nodes is given by the following example.
Suppose the supercombinator $T is defined thus:

$Txf=1Fx
Now consider the expression
$T E $F

where $F is strict. $T is not in general strict in its first argument, but in this
context we would be safe to evaluate E in parallel, and we can achieve this by
annotating the ($T E) application node. ,

We conclude that to maximize opportunities for parallelism we should
annotate both functions and application nodes with strictness information.
These issues are discussed by Hankin et al. [1986].

24.4.2 Speculative Parallelism

In this section we consider relaxing our constraint that a task should only be
sparked if it is certain that its result will be needed, and consider what might
happen if we are more speculative about sparking tasks. This has the
advantage that it increases the opportunities for parallelism.

An extreme example of speculative parallelism is to spark a task for every
node in the graph or, in other words, to regard any redex in the graph as a
candidate for reduction. More conservative regimes are also possible, in
which the arguments to some functions are sparked even though it is not
certain that their result will be required.

24.4.2.1 The dangers of speculation

The danger of such speculative parallelism is that machine resources may be
consumed, evaluating pieces of graph that will eventually be discarded. For
example, consider the expression

IF Ec E; Ee

Only one of the ‘then’ (Ey) and ‘else’ (E¢) branches of the IF will be used, and
the speculative evaluation of the other will consume machine resources
uselessly. On the other hand, if the resources are available, we could begin
evaluation of E., E:and E, simultaneously, and when the evaluation of E. was
completed we would have a head start on evaluating the selected branch.

The situation is not unlike a government job creation scheme. If agents are
unemployed then we may as well find some work for them, but there is a
danger that in our eagerness to find them jobs, the work they do may
ultimately prove not to be useful.

This approach has hidden dangers. Suppose the evaluation of E. would give
the result TRUE after a few reductions, but the evaluation of E,. failed to
terminate. Then after we begin concurrent evaluation of E¢, E;and E, there is
a risk that the machine will squander all its resources evaluating E, and never
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get around to evaluating E,! In other words, we must also be careful that we do
not employ so many agents on our job creation scheme that other work that is
required is not done. The machine would not deliver incorrect answers, but it
might take much longer to deliver the correct resuit.

This suggests that we would need to divide tasks into two classes, vital tasks
and speculative tasks. The results of vital tasks are known to be needed, while
the results of speculative tasks may or may not be needed. Vital tasks should
have a higher priority than speculative tasks, so that only if the machine has
spare resources will speculative tasks be executed. Seen in this light, con-
servative parallelism is simply a regime in which there are no speculative
tasks.

24.4.2.2 Managing speculative tasks
At first, introducing a two-tier priority system seems quite innocuous, but in
fact it poses some significant challenges:

(i) A speculative task may become vital when it is subsequently discovered
that its result is needed. Thus its priority must be upgraded. This is easy
enough, but in addition some (but not all) of the tasks which it has
already sparked must also become vital. Identifying exactly which of
these subtasks must become vital is not easy, especially as they are being
created dynamically.

(ii) A speculative task may be discarded when it is subsequently discovered
that its result is not needed after all. In this case the task must be killed,
since it will otherwise continue to consume machine resources per-
forming useless work. Furthermore, all the tasks it has sparked must also
be killed, unless they are evaluating a piece of graph that is shared, and
whose value is still required. Identifying this collection of subtasks is not
easy either, especially as they might conceivably breed faster than they
can be killed.

Speculative tasks therefore add a considerable resource-management
problem. Nevertheless, some parallel machines are taking this approach
[Hudak, 1984].

24.4.3 Too Little Parallelism

The potential problem with conservative parallelism is the danger that too
little parallelism will be generated to use effectively the parallelism provided
by the implementation.

However, as we remarked earlier, the major source of parallelism in any
program is the algorithmic parallelism introduced by the programmer. This
parallelism is normally of a conservative nature, in the sense that the results
will be required of all the parallel computations which the programmer has in
mind. Hence, sufficient conservative parallelism should be available.

In many functional programs, much of this parallelism is obtained by
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concurrent evaluation of components of data structures, so some sort of
strictness analysis on non-flat domains is probably essential (see Section
22.4.2).

It is, of course, crucial that algorithmic parallelism is exploited by the
system but, however clever the strictness analyzer is, the programmer will
always fear that it may fail to spot the carefully introduced parallelism in
particular cases. It seems desirable, therefore, that the programmer should be
allowed to annotate the program with strictness information. As a safety
feature the strictness analyzer could issue a warning message if the
programmer annotates a function as strict when the analyzer fails to discover
this.

24.4.4 Too Much Parallelism

The other side of the coin is that, even in a conservative regime, too much
parallelism may be generated. This can raise serious resource-management
problems, since during evaluation a graph often expands before it shrinks.
There is a danger that the entire memory of the machine might become filled
with half-finished computations, none of which could proceed for lack of
space.

For example, consider a program in which a function f returns a list which is
consumed by a function g, which examines the whole list. A clever strictness
analyzer would spot that g used the whole list and, using this information, the
implementation might set off a task to evaluate the whole list concurrently
with its examination by g. Unfortunately, if f runs much faster than g, the
memory of the machine might become fllled with the intermediate list.

It seems likely that some kind of control over runaway parallelism of this
kind will be necessary. This is very much a research area, and little expenence
has been accumulated so far.

24.4.5 Granularity, and the Problem of Tiny Tasks

In any parallel machine there is some administrative overhead associated with
sparking, executing and completing a task. It isimportant that this overhead is
small compared with the amount of work that the task does, otherwise the
machine is in danger of spending a large fraction of its resources in task
administration. Hence we must ensure that the tasks we spark are not too
small. .

The tasks generated by a divide and conquer program can be thought of as a
tree, in which each node is a task and the descendants of a node are the
subtasks which it sparks.

In a binary tree about half the nodes are leaves, so in a binary divide and
conquer algorithm about half the tasks generated will be ‘leaf tasks’; that is,
tasks which the algorithm does not split into subtasks. For example, in the
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case of quicksort the ‘leaf tasks’ might be those which sort a set with only one
element. There is a serious danger that

(i) these ‘leaf tasks’ will be uneconomically small;
(ii) there will be very many of them (e.g. half, or more, of the total).

If nothing is done about this problem the machine could well become
swamped in a surfeit of tiny tasks. The solution must be to stop sparking
subtasks when the ‘size’ of the problem is small enough. For example, when
quicksort has to sort a set of 10 elements or less, it could avoid sparking
subtasks and do the whole sort in a single task.

This is clearly not an easy decision to make, and is an important issue in
designing parallel machines. At present there seems to be no alternative but
to dump the problem back in the programmer’s lap, but automatic techniques
need to be developed to predict the approximate cost of execution of
subtasks.

The issue of principle is one of granularity. The overheads of tasking begin
to dominate when the ‘grain’ of parallelism has become too fine, which
suggests that we should aim for coarse-grain parallelism even at the expense
of some concurrency. On the other hand, if the grain becomes too coarse
there will be too little concurrency and unemployed agents will be hanging
around with nothing to do. This suggests that some sort of run-time adaptive
system might be effective, in which a task is sparked only if there are
fewer than a given number of tasks in the pool at that time. Ultimately, a
combination of compile-time and run-time techniques will doubtless be used.

Goldberg and Hudak [1985] describe serial combinators, which give the
coarsest grain of parallelism that does not lose concurrency, though, as we
have said, a coarser grain still may be desirable.

24.4.6 Scheduling

In the light of the above discussion, the question of which task an unemployed
agent should execute is rendered rather straightforward. It should execute a
vital task if there is one, or a speculative task otherwise.

Any agent executing a speculative task should, however, keep an eye out
for vital tasks joining the task pool. If this occurs the agent should return the
speculative task to the task pool and begin executing the vital task instead.

In a conservative parallelism regime all tasks are vital, so an unemployed
agent can execute any task in the pool. Furthermore, it can execute the task
until it is complete or blocked, and there is no need to keep an eye on the task
pool. This is another benefit of conservative parallelism.

The choice of exactly which task to execute next may, however, have a
significant impact on the problems of controlling parallelism (Sections 24.4.3—
24.4.5) and of locality (Section 24.7).
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24.5 Blocking Tasks

What happens if two tasks start evaluating the same piece of graph? They
might do this because the same node was sparked twice, or (more commonly)
because the graphs being evaluated by the two tasks share a common
subgraph.

As we will see in this section, for efficiency reasons we will need to
introduce a mechanism whereby tasks can be blocked from evaluating a piece
of graph which another task is already evaluating.

24.5.1 The Need for Blocking

The indivisibility of each reduction step assures us that nothing incorrect will
happen if two tasks were to evaluate the same graph, but it would certainly be
inefficient. They would execute in rough synchronization, and would either
execute the same reduction at the same time or would ‘leapfrog’ each other.
Their exact behavior would depend on the implementation but what is clear is
that the same result would be obtained by either of them alone. For example,
consider the program

let x = * 4 5
in + x x

We might spark two parallel tasks to evaluate the arguments to the +, both of
which will try to evaluate the (* 4 5). They will both get the same result, so it
is probably better to allow one to proceed and make the other wait for the
result. Otherwise we risk tying up two agents to do the work of one.

For efficiency reasons, therefore, we would like it to be possible for one
task to be blocked by another. Let us consider the blocking mechanism in
more detail.

24.5.2 The Blocking Mechanism

A task proceeds by unwinding the spine until it finds a function at the tip,
when it performs the appropriate reduction (if there are enough arguments).
As the task unwinds the spine, it could mark the vertebrae nodes (by altering
the tag), so that a marked node is a signal saying ‘DANGER - task at work
inside here’. (Note that this mark is, of course, entirely different from the
mark used by a mark-scan garbage collector. It may be implemented by
altering the tag on the node.)

Now, when another task comes across the marked node during its unwind,
it would be blocked. As the first task rewinds the spine (i.e. pops vertebrae
from its stack when a reduction is completed), it removes the mark from the
vertebrae. Of course, the vertebra which is actually updated by the reduction
must be overwritten before its mark is removed. Any tasks blocked by the
marked nodes are now free to proceed.
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Consider, for example, the following program:

let f
g X

+ (f3) (1)

g6
+ (= %)

in

We might spark two tasks to evaluate the (f 3) and (f 1) subgraphs, which
share a common subgraph f:

/@
@ \
+/ \@ @

/

g. 6

The + might spark the nodes marked #, thus creating two new tasks to
evaluate the arguments to the +. The first of these tasks to unwind into the
node labelled f will mark it (let us suppose it is the left-hand task in the
picture). When the second task tries to unwind into this node it will be
blocked. Meanwhile the first task will reduce the f node to WHNF by applying
g to 6, and overwriting the node with the result (+ (—6)). Then, having
evaluated the arguments (—6 and 3) it will add them, remove the mark from
the f node as it pops the node from its stack, and overwrite the node marked #
with the result (—3). Now the second task can proceed, so it will unwind into
the f node, where it will see the (+ (-6)). It will never know that there was
once a (g 6) redex there.

24.5.3 Reducing Mutual Exclusion

A disadvantage of the blocking scheme outlined above is that it risks
unnecessary serialization. To take a common example, many books on
functional programming point out the usefulness of higher-order functions. A
typical example of this is the definition of sum, which sums the elements of a
list, in terms of foldr, a higher-order function which combines the elementsof a
list using a given dyadic function:

fodr fb[]=0Db
foldr f b (x:xs) = f x (foldr b xs)
sum = foldr (+) O
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sum is thus defined as a partial application of foldr, and is represented by the
graph

\

sum: @
@ 0

o 4

Now suppose we were evaluating an expression which used sum in many
places. As a task unwinds into the sum graph it marks the top node, thus
blocking any other tasks from unwinding into it. But the sum graph is already
in WHNF, so there is no point in making other tasks block. It is perfectly safe
to allow any number of tasks simultaneous access to the sum graph, and it is
quite peculiar to insist on serial access to a commonly used function!

This is a specific instance of a general rule:

Once a subgraph is in WHNF it will never be altered, so it is quite safe for
many tasks to have (read only) access to it.

This suggests that we need another kind of application node, a WHNF
application. A graph rooted at a WHNF application node is known already to
be in WHNF, so the node is not marked when a task unwinds into it.
Supercombinators, numbers, CONS cells and so on are, of course, already
known to be in WHNF. This scheme will ensure that:

(i) if a graph may contain redexes, and hence may be altered, then only one
task is allowed in it;

(ii) if a graph is known to be in WHNF, and hence cannot alter, then any
number of tasks can have simultaneous access to it.

We must now consider when we can mark an application node as being
in WHNF. Sometimes this will be possible at compile-time. Consider the
supercombinator

$F x = IF (> x 0) x

The two application nodes in the body are known to be WHNF applications,
since IF requires three arguments. Compile-tinme WHNF marking is not
always possible, so that further improvements accrue from performing some
run-time WHNF marking as well. Consider the expression ($G E4 E2 Ej),

where $G is a supercombinator requiring three arguments. It has a graph like
this:
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When it is reduced, the top node will be overwritten with the result. However,
the lower two nodes are now known to be in WHNF, and can be marked as
such before they are popped from the stack.

The observations are closely related to those of Section 20.7, but seen from
a different perspective.

24.6 What Is a Task?

When a task is not being executed by an agent it must be represented in some
way in store. There are, of course, all sorts of ways of representing a task, but
in this section we will explore some of them to reassure ourselves of the
feasibility of our ideas so far.

The representation of a task must contain all the information required to
continue executing the task from the point at which it was last suspended. In
conventional multitasking operating systems this representation is often
called a Task Control Block, and contains information such as

(i) the task’s stack pointer;
(ii) the task’s program counter;
(iii) the state of the task’s registers.

By contrast, in our parallel reduction model a task can, in principle, be
represented completely by a single pointer to the root of the graph it is
evaluating. The complete state of a partially completed task is held in the
graph, so that a pointer to the root of its graph suffices to represent a task at
any stage in its life (not only when it is newly sparked). At any stage an agent
can stop performing reductions on a task, put its root pointer back into the
task pool, and begin executing another task.

24.6.1 Pointer-Reversal

The only trouble with the very simple representation of a task that we have
described is that if a task is blocked and subsequently resumed, the agent has
to unwind down the spine of the graph from the root. One way to avoid this is
to use pointer-reversal.

In Chapter 11 we described how an evaluator could unwind the spine of an
expression without using a stack by reversing pointers in the spine as it went.
At first it appears that this is totally out of court in a parallel machine, since the
pointer-reversed graph is in a ‘peculiar state’ which will be incomprehensible
to other tasks.

However, pointer-reversal only reverses pointers in the vertebrae, and the
vertebrae are exactly the marked nodes. Hence, no other task will look inside a
pointer-reversed node, and it is quite safe to use this technique! The complete
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state of a task would now be represented by two pointers, the forward and
backward pointers. Then when a suspended task is resumed, the forward and
backward pointers are already pointing to the area of the graph which is of
interest.

We have previously understood that pointer-reversal has a hidden cost,
because the pointers have to be re-reversed when rewinding the spine (i.e.
popping nodes from the stack). But even this is no longer necessarily true,
since we have to mark vertebrae as being in WHNF as we pop them, and in a
parallel machine there will probably be little extra cost to re-reverse the
pointers as well. So pointer-reversal may save repeatedly unwinding the spine
each time a task is blocked, and costs very little.

24.6.2 Using a Stack

During the development of the G-machine it became clear that the careful use
of the stack was crucial to a fast implementation of graph reduction. Does the
stack not then form part of the task state? Is it indeed possible to use a
stack-based implementation like the G-machine for a parallel machine?

We recall that the entire G-machine development was simply a sequence of
optimizations to ordinary graph reduction. In effect, part of the state of the
computation is held in the stack for efficiency reasons, but we should be able
to stop execution at any point, and (using information in the stack) fix up the
graph to represent the current state of affairs. If this sounds like a lot of work,
remember that straightforward graph reduction effectively involves flushing
the current state out into the graph at every reduction step, while a parallel
G-machine would, in effect, keep part of the state of the graph in the stack
over a sequence of reduction steps.

There is no reason why this approach should not be combined with the
pointer-reversing idea. They can be used either individually or together.

24.6.3 Reawakening Blocked Tasks

So far we have not discussed what happens to a task when it is blocked. There
are two main alternatives:

(i) We could simply return it to the pool of tasks awaiting execution. In due
course an unemployed agent looking for work will resume execution of
the task. It will very soon encounter the node that blocked it before. If
this node is still marked, the task is blocked again, and is returned to the
pool of tasks, otherwise it can continue to execute normally.

(i) We could somehow suspend the task, so that it is not considered for
execution by unemployed agents, and reawaken it when the node which
blocked has its mark removed. Reawakening it would consist of putting
it in the'pool of tasks awaiting execution.
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The first method has the advantage of simplicity, but it is rather inefficient,
since repeated attempts are made to execute a task which is still blocked for
the same reason. Some care would have to be taken to ensure that the
machine did not spend all its time trying to resume blocked tasks, while never
getting around to executing the tasks which would remove the blockage.

In order to implement the second method we would somehow have to
attach the blocked task to the marked node. Then when the mark is taken off
the node, the blocked task can be put back in the task pool. We could achieve
this by adding an extra field to every application node, which pointed to a list
of tasks which should be reawakened when the mark on the node is removed.
This is the approach taken by the ALICE machine (see below).

Attaching an extra field to every application node seems rather wasteful,
since most of them will not have any tasks blocked on them, and an alternative
would be to overwrite the head of the application node with a pointer to a list
of blocked tasks, and to remember the old head in the tail of the list. Some
mechanism would then be required to indicate that there were blocked tasks
queued up on a marked node.

24.7 Locality

All the issues we have discussed so far have been logical issues, concerning the
abstract model of agents reducing a graph. Having fixed the details of the
model we then need to take decisions concerning its physical embodiment.
For the most part we regard a discussion of these physical issues as beyond the
scope of this book, since they are largely technological.

There is, however, one question which straddles the boundary between
these two areas, and which has a pervasive effect on the architecture of the
machine, namely the question of locality.

24.7.1 Whatis Locality?

Consider the communication within a commercial company. The
organization of the company is intended to enable workers to perform their
tasks by communicating mainly with fellow workers in the same office.
Somewhat less often a worker may need to communicate with someone
further away but in the same building, and less often still he may need to
communicate with a colleague further away. Longer-distance communication
costs more, however, both in time and money, and an excessive proportion
of non-local communication generally indicates an inefficiently organized
company. It is therefore important to achieve predominantly local
communication, a property we call locality of reference.

The idea of locality is well established in conventional computer
architecture. It is an observed property of most programs that they tend to
reference data which have either been referenced in the recent past (temporal
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locality), or which are physically adjacent to recently referenced data
(spatial locality) [Denning, 1972]. A conventional cache exploits locality of
reference (both temporal and spatial) to hold actively used data in fast
memory close to the processor [Smith, 1982].

Functional programs are not so well behaved, since the physical adjacency
of two cells in the heap bears no relation to their logical adjacency, resulting in
a loss of spatial locality. This is, as we now discuss, particularly serious for
parallel machines.

Locality is a statistical property of programs, and the best we can hope to do
is to develop effective heuristics for achieving predominantly local references.
This is at present an area more of speculation than experiment, though some
simulations have been performed [Keller and Lin, 1984; Hudak and
Goldberg, 1985a].

24.7.2 Shared Memory and Distributed Memory

Broadly speaking, a parallel graph reduction machine can be organized in one
of two ways:

(i) In a shared memory machine the graph resides in a large shared memory
system, probably consisting of a number of distinct memory units. The
processors are connected to the memory system by some kind of
communications system and, as the number of processors increases, so
does the transit time of processor-memory transactions through the
communications system.

Hence, adding more processors causes the existing processors to run
more slowly.

(ii) Ina distributed memory machine each processor has a local memory unit
attached to it, forming a composite processor/memory unit. The graph is
distributed among these local memory units. Processors access graph
nodes in remote memory units using a communications system which
interconnects all the processor/memory units.

Accessing a local graph node is therefore very much cheaper than
accessing a remote one. If local accesses predominate, then more
processors can be added without slowing down existing processors, a
very desirable property.

There is no reason in principle why accessing a remote graph node in a
distributed memory machine should take any longer than in a shared memory
machine (the communication system needs to be used in either case), and this
is one of the insights of the Rediflow architecture (see below).

We see, therefore, that to be able to add more processors to a machine
without slowing down the existing processors we must

(i) use a distributed memory scheme,
(ii) achieve locality.
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It is for this reason that locality plays such a key role in parallel reduction
machine architecture.

24.7.3 Locality versus Concurrency

There is one easy way to achieve perfect locality: execute all tasks and allocate
all cells on a single processor/memory unit! This shows up the tension
between locality and concurrency. When is it best to export a task to another
processor (to maximize concurrency), and when is it best to perform it locally
(to maximize locality)?

We cannot expect any general answers to this question. For particular
programs a good task distribution may suggest itself, and one approach is to
allow the programmer to annotate his program to indicate this [Hudak and
Smith, 1985]. The alternative is to develop effective heuristics for distributing
the tasks through the machine. It seems intuitively plausible that a heavily
loaded processor should export tasks to a lightly loaded neighbor, and this
leads to the idea of load balancing [Keller and Lin, 1984] (also called diffusion
scheduling [Hudak and Goldberg, 1985a]). The idea is that tasks are ‘pushed
away’ from busy processors, in addition it would improve locality if tasks were
‘drawn towards’ memory units to which they have global references.

The granularity of the task is also important, since it is more worthwhile to
export a large computation than a small one.

Much more experience will need to be gained before we can make any
confident assertions about achieving locality in a parallel machine.

24.8 Parallel Reduction Machine Projects

A number of research teams are in the process of building parallel graph
reduction machines. The details of their architecture are beyond the scope of
this book, but we mention some current projects here to serve as a starting-
point for further reading.

The Rediflow project at the University of Utah is a substantial
research program aimed at unifying the ideas of reduction and dataflow in a
single parallel architecture (hence the name) [Keller, 1985]. Rediflow is the
successor to the AMPS (Applicative Multiprocessor System) project [Keller
etal., 1979]. The reduction model is considerably more general (and complex)
than that described in this chapter. The architecture consists of a collection of
processor/memory/switch units, called Xputers, where the switching portion
of the Xputers collectively forms a multistage communications network, over
which the processors communicate using message-passing. Each Xputer is
directly connected to a fixed number of neighboring Xputers, regardless of
the total number of Xputers in the network, so the machine is readily
extensible. The graph is distributed over the memories of the Xputers, so
locality and granularity are major issues.
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ALICE (Applicative Language Idealized Computing Engine) is a parallel
reduction machine based at Imperial College, London [Darlington and
Reeve, 1981]. The reduction model is a slight variant of supercombinator
reduction, but the architecture permits generalizations of the model
to be explored. It is constructed using Inmos Transputers which access
grobally addressable memory using a multistage network switch [Cripps
and Field, 1983]. Locality is not a major issue, since the graph is held
in globally addressable memory. ALICE became operational in February
1986.

As part of the DAPS project (Distributed Applicative Parallel Systems), a
group at Yale University is implementing a parallel graph reduction engine
called Alfalfa [Hudak, I985]. The parallel reduction model is based on serial
combinators [Hudak and Goldberg, 1985b], a variant of fully lazy super-
combinators. The hardware base is a 128-node Intel Hypercube [Intel, 1985],
a distributed multiprocessor without shared memory, in which processors ~
communicate using messages. From an abstract point of view, this is rot
unlike the Rediflow architecture, but the research is more closely focused on
purely functional languages. As with Rediflow, the absence of shared
memory means that locality and granularity are major issues.

GRIP (Graph Reduction In Parallel) is a parallel supercombinator graph
reduction machine under construction at University College London [Peyton
Jones et al., 1985; Clack and Peyton Jones, 1986], funded by the UK Alvey
Directorate. In contrast with the other projects described, GRIP is based on a
bus architecture, which places an inherent limit on the achievable parallelism
[Peyton Jones, 1986]. The intention is to deliver significantly better
performance for a given cost than more ambitious designs.

24.9 Summary

We have seen that functional languages are a good medium in which to write
parallel programs, and that graph reduction provides a secure basis for
exploiting the concurrency of a multiprocessor to execute them.

Parallel implementations of functional languages are now beginning to
appear, and the next few years should see the testing in practice of some of the
assertions made in this chapter. It is an exciting field.
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Appendix

AN INTRODUCTION TO MIRANDA

David Turner

Miranda is a strongly typed functional language based on higher-order recursion
equations. The basic ideas of Miranda are taken from the earlier languages SASL
[Turner, 1976; Richards, 1984] and KRC [Turner, 1982}, with the addition of a type
discipline essentially the same as that of ML [Gordon et al., 1979]. The Miranda system
is a product of Research Software Limited, and is implemented on a variety of
computers, running under the Unix operating system.t A full description of the
language and its programming environment is in preparation. We give here a very brief
introduction to the language, concentrating on those features which are needed to
follow the use of Miranda notation in this book. We omit discussion of a number of
features of the language which are not relevant to the material covered in the book.

Basic ideas

The Miranda programming language is purely functional - there are no side-effects or
imperative features of any kind. A program (actually we don’t call it a program, we call
it a ‘script’) is a collection of equations defining various functions and data structures
which we are interested in computing. Here is a very simple example of a Miranda
script:

|+ 5%
TT .
28
<

UD(XBN
(R R’
Q

a3, 8

The Miranda system is interactive, and its basic action is to evaluate expressions in
the environment of the current script. So typing z to the system after the above script
had been entered would produce the response 9.

Notice that Miranda scripts have very little by way of excess syntactic baggage —

Llalnix is a trademark of AT&T Bell Laboratories; Miranda is a trademark of Research Software
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Miranda is, by design, rather terse. There are no mandatory type declarations,
although (see later) the language is strongly typed. There are no semicolons at the end
of definitions — the parsing algorithm makes intelligent use of layout. Note that the
notation for function application is simply juxtaposition, asin sq x. In the definition of
the sq function, nis a formal parameter — its scope is limited to the equation in which it
occurs (whereas the other names introduced above have the whole script for their
scope).

Certain basic data types are built into the language; these are numbers, characters
and truth values. There are two kinds of built-in data structure, called lists and tuples.

The most commonly used data structure is the list, which in Miranda is written with
square brackets and commas, e.g.:

week_days = [“Mon”, Tue”,"Wed"”, Thur",“Fii"]

days = week days ++ [“Sat”,”Sun’]

In fact a string is just a list of characters, so writing e.g. “Mon” is equivalent to writing
the list ['M’,’0’,'n’]. Lists may be appended by the ++ operator.

Other useful operations on lists include infix : which prefixes an element to the front
of a list, # which takes the length of a list, and infix ! which does subscripting. So, for
example, 0:[1,2,3] has the value [0,1,2,3], #days is 7, and days!0 is “Mon".

There is also an operator —— which does list subtraction. For example
[1,2,3,4,5] — [2,4]is[1.3.5].

There is a shorthand notation using . . for lists whose elements form an arithmetic
series. Here, for example, are definitions of the factorial function, and of a number
result which is the sum of the squares of the odd numbers between 1 and 100 (sum and
product are library functions, which add together and multiply, respectively, the
elements of a list):

fac n = product [1..n]
result = sum [1,3..100]

The elements of a list must all be of the same type. A sequence of elements of mixed
type is called a tuple, and is written using parentheses instead of square brackets. For
example:

employee = (“Jones”,True,False, 39)

Tuples are analogous to records in Pascal (whereas lists are analogous to arrays).
Tuples cannot be subscripted — their elements are extracted by pattern-matching (see
below).

Guarded Equations and Block Structure

An equation can have several alternative right-hand sides distinguished by ‘guards’ (a
guard is a boolean expression written following a comma). So, for example, the
greatest common divisor function can be written:

ged a b = ged (a—b) b, a>b

ged a (b—a), a<b
a, a=b

The semanticsspecifies that the guardsare tested in order, from top to bottom, butitis
probably bad style to write code which takes advantage of this. It is best to have asetof
guards which are mutually exclusive, as above, so that the order in which the cases are
written is not relevant. The keyword otherwise may be used as the last guard, indicating
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that this is the case which applies if all the other tests fail. Thus,

f args = rhsi, testi
= rhs2, test2

= rhsN, otherwise

(N.B. Earlier versions of the Miranda compiler permitted the guard to be left offin the
last case — the programs in the main part of this book are written in this older form.)

It is also permitted to introduce local definitions on the right-hand side of a
definition, by means of a where clause. Consider for example the following definition of
a function for solving quadratic equations (it either fails or returns a list of one or two
real roots):

quadsolve a b ¢ = error “complex roots”, delta<0

[—b/(2+a)], delta=0

[-b/(2+a) + radix/(2*a),—b/(2*a) — radix/(2*a)], delta>0
where

delta = b*b — 4*a*c

radix = sqrt delta

Note that the scope of the where clause, if present, is all the right-hand sides associated
with a given left-hand side. Where clauses may occur nested, to arbitrary depth,
allowing Miranda programs to be organized with a nested block structure. Indentation
- of inner blocks is compulsory, as layout information is required by the compiler to
determine the correct parse. This is done using Landin’s ‘offside rule’ [Landin, 1966}.

Pattern-matching

It is permitted to define a function by giving several alternative equations, dis-
tinguished by the use of different patterns in the formal parameters. This provides
another method of case analysis which is often more elegant than the use of guards.
Here are some simple examples of pattern-matching on lists:

sum[] =0
sum (a:x) = a + sum x

reverse [] =[] -
reverse (a:x) = reverse x ++ [a]

The range of possibilities permitted by Miranda in pattern-matching is quite rich—for
example, patterns can be nested, and repeated identifiers can be used to imply equality
of subcomponents. Pattern matching can also be combined with the use of guards. As
an example which shows this, here is a definition of a function for removing adjacent
duplicate elements from a list

no_dups x = X, #x<2
no_dups (a:a:x) = no_dups (a:x)
no_dups (a:b:x) = a : no_dups (b:x), a "= b

Noticf: the way in which guards are here used to fully separate the cases, so that the
meaning of the script is not sensitive to the order in which the equations are written. In
fact the semantics of the language specifies that cases are tested in the order written,
but as a general rule it is better to avoid writing code which depends on this (although
this is not always possible without clumsiness).

Accessing the elements of a tuple is also done by pattern-matching. For example, the
selection functions on 2-tuples can be defined thus

fst (a,b) = a

snd (ab) = b
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Currying and Higher-order Functions

Miranda is a higher-order language — functions are first class citizens and can be both
passed as parameters and returned as results, Function application is left-associative, so
when we write f x yit is parsed as (f x) y, meaning that the result of applying fto xisa
function, which is then applied to y. So for example if we define the function plus by:

plus xy = x + vy

then plus 3 is a function in its own right — it is the function that adds 3 to its argument.
This device, whereby any function of two or more arguments is treated as a higher-
order function, is known as ‘currying’ (after the logician H.B. Curry).

The use of higher-order functions is an important feature of the programming style
made posss'lble by functional languages, and often lends itself to very concise forms of

expression. As a simple example of higher-order programming consider the function
foldr, defined by:

foldr op k [] = k
foldr op k (a:x) = op a (foldr op k x)

All the standard list processing functions can be obtained by partially parameterizing
foldr. Examples:

sum = foldr (+) O
product = foldr (*) 1
reverse = foldr postfix []

where postfix a x = x ++ [a]

Note that in Miranda an operator can be passed as a parameter, by enclosing it in
parentheses.

Lazy Evaluation

Miranda’s evaluation mechanism is ‘lazy’, in the sense that no subexpression is
evaluated until its value is known to be required. One consequence of this is that it is
possible to define functions which are non-strict (meaning that they are capable of
returning an answer even if one of their arguments is undefined). For example, we can
define a conditional function as follows:

if Tve xy = x
‘if False x y = y
and then use it in such situations as if (x=0) 0 (1/x).

The other main consequence of lazy evaluation is that it makes it possible to write
down definitions of infinite data structures. Here are some examples of Miranda
definitions of infinite lists (note that there is a modified form of the . . notation for
endless arithmetic progressions)

ones = ones
nats = [0..]

odds: = [1,3..]
fibs = 1

f
where fab = a:fb (at+h)

The last example is the list of all Fibonacci numbers - 0,1,1,2,3,5,8,13 . . . (each
number from the third onwards is the sum of its two predecessors).

The presence of infinite data structures in a programming language is far from being
a mere curiosity — as with higher-order functions it has a strong effect on programming
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style and gives the functional programmer access to a range of programming
possibilities not available to his imperative counterpart.

Infinite lists also provide the means for handling problems of interactive input/
output and communicating processes within a functional framework.

ZF Expressions

ZF expressions (also called list comprehensions) give a concise syntax for a rather
general class of iterations over lists. The notation is adapted from Zermelo Frankel set
theory (Whence the name ZF). A simple example of a ZF expression is:

[ n*n | n <— [1..100] ]

This is a list containing (in order) the squares of all the numbers from 1 to 100. The
above expression would be read aloud as ‘list of all n*n such that n drawn from
[1..100T. Note that nis a local variable of the above expression. The variable-binding
construct to the right of the bar is called a ‘generator’ — the ‘<’ sign denotes that the
variable introduced on its left ranges over all the elements of the list on its right. The
general form of a ZF expression in Miranda is:

[ body | qualifiers ]

where each qualifier is either a generator, of the form var<—exp, or else a filter, which is
a boolean expression used to restrict the ranges of the variables introduced by the
generators. When two or more qualifiers are present they are separated by semicolons.
An example of a ZF expression with two generators is given by the following definition
of a function for returning a list of all the permutations of a given list:

perms [] = [[]]
perms x = [ aty | a <— x; y <~ perms (x—fa]) ]

The use of a filter is shown by the following definition of a function which takes a
number and returns a list of all its factors,

factorsn = [l 1 i<-[1.ndiv2; nmodi=0]

ZF notation often allows remarkable conciseness of expression. We give two
examples. Here is a Miranda statement of Hoare’s ‘Quicksort’ algorithm, as a method
of sorting a list:

sort [] =[]
sort (a:x) = sot [b | b<—x; b<=a]++ [a] ++sot[ bI b<— x b>a]

Here is a Miranda solution to the eight queens problem. We have to place eight
queens on chess boards so that no queen gives check to any other. Since any solution
must have exactly one queen in each column, a suitable representation for a board is a
list of integers giving the row number of the queen in each successive column. In the
following script the function queens nreturns all safe ways to place queenson the first n
columns. A list of all solutions to the eight queens problem is therefore obtained by
printing the value of (queens 8). This example is taken from Turner [ 1982].

queens 0 = [ [c] ]

queens n = [ q:b | q <— [0..7};b <— queens(n—1); safe q b ], n>0
safe q b = and [ “checks q b i | i <— [0..#b-1] ]

checks q b i = q=Dbli \/ abs(q — bli)=i+1

It is interesting to note that this is a problem whose solution would have involved
backtracking if it had been programmed in an imperative language. Lazy evaluation
enables us to avoid backtracking, by programming explicitly in terms of a list of all



436 Appendix

solutions, without necessarily incurring the penalty of actually constructing all the
solutions. In fact if we only want the first solution we can print hd (queens 8) and the

remainder of the solution list will not be instantiated. (Note: in the definition of checks,
the infix operator \V means logical ‘or’.)

Polymorphic Strong Typing

Miranda is strongly typed. That is, every expression and every subexpression has a
type, which can be deduced at compile-time, and any inconsistency in the type structure
of a script results in a compile-time error message. We here briefly summarize
Miranda’s notation for its types.

The three primitive types are called num, bool and char. The type num comprises
integer and floating point numbers (the distinction between integers and floating point
numbers is handled at run-time - this is not regarded as being a type distinction).

I£ T is type, then [T]is the type of lists whose elements are of type T. For example,
[[1,2].{2,31.{4.5]] is of type [[oum]], that is it is a list of lists of numbers.

If T1 to Tn are types, then (T1,.. ., Tn) is the type of tuples with objects of these types
as components. For example, (True, *helio”,36) is of type (bool,[char],num).

If T1 and T2are types, then T1—>T2is the type of a function with arguments in T1 and
resuits in T2. For exampie the function sum is of type [num}~>num. The function
quadsolve, given earlier, is of type num—>num—>num—>[num). Note that —> is right-
associative.

Miranda scripts can include type declarations. These are written using :: to mean ‘is
of type’. For example:

sg @ num —> num

sgn=n+*n

The type declaration is not necessary, however. The compiler is able to deduce the type
of sq from its defining equation. Miranda scripts often contain type declarations even
though they are not really necessary, since these are useful for documentation (and
they provide an extra check, since the type-checker will complain if the declared type is
inconsistent with the inferred one).

Types can be polymorphic, in the sense of Milner [1978]. This is indicated by using
the symbols * ** === etc. as an alphabet of generic type variables. For exampie, the
identity function, defined in the Miranda library as

id x = x
has the following type
id o+ —> =

This means that the identity function has many types, namely all those which can be
obtained by substituting an arbitrary type for the generic type variable, e.g.
num-—>num, bool—>bool, (*—>*+) —> (*—>=*+)andsoon.

We illustrate the Miranda type system by giving types for some of the functions so far
defined in this appendix '

fac :: hum —> num

sum :: [num] —> num

reverse :: [*] —> [*]

fst : (*,**) - %

snd @ (*,*%) —> %=

foldr :: (*—>%x—>%2) —> a2 _> [#] —> #+
perms :: [+] —> [[*]]

queens :: num —> [[num]]
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User-defined Types

The user may introduce new types. This is done by an equation using ::=. For example a
type of labelled binary trees (with numeric labels) would be introduced as follows,

tree 3= Niit | Node num tree tree

This introduces three new identifiers — tree which is the name of the type, and Nilt and
Node which are the constructors for trees. Nilt is an atomic constructor, while Node takes
three arguments, of the types shown. Here is an example of a tree built using these
constructors: '

t1 = Node 7 (Node 3 Nilt Nilt) (Node 4 Nilt Nilt)

Notice that constructors always begin with an upper-case letter (and any identilier
beginning with an upper-case letter is assumed by the compiler to be a constructor).

To analyze an object of user-defined type, we use pattern-matching. For example
here is a definition of a function for taking the mirror image of a tree:

mirror Nilt = Nilt
mirror (Node a x y) = Node a (mimor y) (mirror x)

User-defined types can be polymorphic - this is shown by introducing one or more
generic type variables as parameters of the ::= equation. For example, we can
generalize the definition of tree to allow arbitrary labels, thus:

tree * ::= Nilt | Node * (tree *) (tree *)

this introduces a family of tree types, including tree num, tree bool, tree(char—>>char)
etc.

The types introduced by ::= definitions are called ‘algebraic types’. Algebraic types
are a very general idea. They include scalar enumeration types, e.g.

color ::= Red | Orange | Yellow | Green | Blue | Indigo | Violet
and also give us a way to do union types, for example:
bool_or_num ::= Left bool | Right num

It is interesting to note that all the basic data types of Miranda could be defined from
first principles, using ::= equations. For example here are type definitions for bool,
(natural) numbers and lists,

bool ::= True | False
nat = Zero | Suc nat
list # ::= Nil | Cons * (list *)

Having types such as num built in is done for reasons of convenience and efficiency — it
isn’t logically necessary.

It is also possible to associate ‘laws’ with the constructors of an algebraic type, which
are applied whenever an object of the type is built. For example we can associate laws
with the Node constructor of the tree type above, so that trees are always balanced. We
omit discussion of this feature of Miranda here — interested readers will find more
details in the references [Thompson, 1986; Turner, 1985].

In addition to algebraic types as sketched above, there are two other ways in which
the Miranda programmer can introduce new types (these are not discussed in the main
part of this book, but we mention them for completeness). These are:

(i) Typesynonyms
The Miranda programmer can introduce a new name for an already existing type, We
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use == for these definitions, to distinguish them from ordinary value definitions. For
example:

string == [char]

matrix == [[num]]
Type synonyms are entirely transparent to the type-checker ~ it is best to think of them

as macros. It is also possible to introduce synonyms for families of types. This is done by
using generic type symbols as formal parameters, as in

aray * = [[+]]

SO now, €.g., array num is the same type as matrix.

(ii) Abstract data types

In addition to concrete types, introduced by := or == equations, Miranda permits the
definition of abstract types, whose implementation details are ‘hidden’ from the rest of
the program. Abstract data types (and the related idea of free types) become important
in constructing larger pieces of software, which may evolve over time. The way in
which abstract data types are declared in Miranda is one of the innovatory features of
the language — for a partial discussion of this see Turner [1985].

(Note: further information about the Miranda system and its availability for various
computers may be obtained from Research Software Limited, 23 St Augustines Road,
Canterbury, Kent CT1 1XP, UK, or from the following electronic mail address:
mira-request @ uk.ac.ukc.)
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Algol68, 146
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array processor, 410
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blocking a task, 414, 421

of definition, 41
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Church-Rosser Theorem 1, 24
Church-Rosser Theorem 11, 28
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clothed value, 357
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code generation, 294, 327
combinator, 224
common sub-expression, 241, 405
communication, between tasks, 412, 426
compaction, 281
compilation, 221
compilation scheme

A, 264

B, 357, 358

C, 264, 305, 306, 339

ClLetrec, 309

E, 342, 365,377

ES, 343, 365, 377

F, 302,304

R, 304, 339,364

RS, 343, 364,376

Xr, 309
compile-time reduction, 240
complexity, 5
conditional equations, 58, 63
conformality check, 110, 115
conformality transformation, 117
CONS, 12, 17, 53, 298, 300, 316, 323, 340
constant applicative form, 224, 227, 248, 253,

311, 312, 321,361
constant sub-expression, 243
constrained variable (see type variable,
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constructor rule, 84
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lazy, 52,197
context, 303
conversion rules, 14,21, 23, 34
convertibility, 19, 34
coordinate, 140
copying garbage collection, 282
copying root of result, 214, 217, 334
correctness, 2, 138, 293, 396
Cray-1, 410
current context, 303, 367
currying, 10, 16, 185, 30,434
cycle (see graph, cyclic)
cyclic graph (see graph, cyclic)
cyclic structure (see graph, cyclic)
cyclic Y, 219

DAP, 410

DAPS, 429

dataflow analysis, 119

de Bruijn number, 230
debugging, 190, 408

definition (see let(rec)-expression)
delayed substitution, 378

delta conversion, 22
delta rules, 22
denotation, 29
denotational semantics, 28, 37, 386
of lambda calculus (see lambda calculus)
dependency analysis, 118, 119, 150, 254, 390
dependency graph, 120
Deutsch-Schorr-Waite algorithm, 203, 283
diagonalization, 129
diffusion scheduling, 428
directed edge, 186
director, 278
director string, 274
discriminated union, §§
DISPATCH, 371, 376
distributed memory, 427
divide and conquer, 411
domain, 30
domain theory, 28, 31, 162
dragging, 401
dump, 203, 315, 320, 359
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G-machine, 320
G-machine representation, 326
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scheme, E)
eager evaluation, 194, 355
efficiency, 73, 80, 113, 115, 119, 133, 221, 396
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enriched lambda calculus (see lambda
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entry table, 288
enumeration type (see type, enumeration)
environment, 29, 31, 221, 378
equality, 34
equation, 26
equations
conditional, 97
overlapping, 99
sequential, 101
solving, 166
strongly left-sequential, 101
ERROR, 61
Eval, 29, 382
EVAL, 314, 321, 323, 329, 331, 343, 352,370,
377
EVAL, avoiding, 361
evaluating arguments, 200, 203, 349
evaluator, 193, 200, 202, 212, 413
EXEC entry, 369, 373, 376
extension, of substitution, 168
extensional equality, 35, 262, 269

F compilation scheme (see compilation
scheme, F)
FAIL, 61, 69, 94, 96, 125,347
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of pattern-matching, 61 head normal form, 199

of type-checker, 165 heap, 192, 325, 338
FALSE, 12 persistent, 282
FAM (see Functional Abstract Machine) higher-order function, 390
FATBAR, 12§, 300, 347 HNF (see head normal form)
field, 52, 187, 325 hole, 308, 351,374
filter, 128, 435 Hope, 2, 56, 80, 194
fixed point, 26, 28, 388

of substitution, 167
fixed-size cells (see cell, fixed size) | combinator, 260
fixpoint (see fixed point) transformation, 262
floating let{rec)s outwards (see let(rec)s, IF, 12, 105, 300, 317, 344

floating) indirection cell, 214

formal methods, 136 indirection node, 213, 217,287,334
formal parameter, 12° infinite data structure, 194, 434
FP/M, 296 infinite list, 195
frame pointer, 298 infinite types, 155
free occurrence, 17 innermost spine reduction, 199
freer, 230 ' input, 196, 197, 435
free variable (see variable, free) instance, 15, 157
free variable set, 250 of lambda body, 207, 220
from-space, 282 instantiate function, 210, 220, 231
full laziness, 5, 210, 220, 245, 267, 401 instantiation, 210

delicacy of, 398 lazy, 265

effect of recursion, 399 intermediate code, 294

redundant, 256 intermediate language, 2
Functional Abstract Machine, 378 irrefutable pattern (see pattern, irrefutable)

functional programming, parallel, 410

G-code, 294, 319
G-machine, 5, 231, 293

parallel, 424
garbage, 367

garbage collection, 5, 281, 312, 326, 328, 330,

335, 358, 401
. garbage collector, 192, 209, 213,217
generator, 128, 435
generic operation, 330

generic variable (see type variable, generic)

GET, 357

global, 314

GLOBSTART, 304

grain of execution (see granularity)

granularity, 279, 419, 428

graph, 186, 233, 320
acyclic, 120, 187
concrete representation of, 187
cyclic, 218, 233, 282, 285, 308
G-machine, 320
G-machine representation, 325, 330

graph reduction, 208
lazy, 1, 112
parallel, 5, 413
supercombinator, 221

graphical body, 234, 236

GRIP, 429

ground type, 140

guard, 58, 63, 432

Iswim, 56

J combinator, 277

J' combinator, 277
JFAIL, 347

JFALSE, 317, 323, 341
JFUN, 369

JUMP, 317, 323, 329

K combinator, 260

K optimization, 267
K-n-i, 350
K-transformation, 262
KRC, 2, 127, 194

lambda abstraction, 12, 13, 43

native, 252

pattern-matching, 40, 50, 57, 60, 76, 104
lambda calculus, 3, 9, 150

denotational semantics, 28

enriched, 3, 39, 50, 104, 133

operational semantics, 14,28

ordinary, 39, 50, 104, 111

syntax, 9
lambda expression, 13

representation of, 185
lambda-lifting, 150, 220, 221, 228, 379, 387

context-dependent, 258

effect of n-reduction, 346

fully lazy, 248
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laws, 437 mutual exclusion, 422
laziness, 33, 215, 347, 355, 379 mutual recursion, 157, 232, 390
lazy constructors (see constructors, lazy)
lazy evaluation, 131, 194, 243, 398, 406, 434
lazy graph reduction, 212 named value, 357
lazy product-matching, 71, 72, 113, 115, 116 name-capture, 21, 173, 199, 256
least upper bound, 388 native lambda abstraction, 252
left-to-right rule, 63 65, 101 NEG, 300, 314, 323
let (see let-expression) nmed pattern (see pattern, ncsted)
let-expression, 40, 42 NIL, 12,53
compilation of, 307, 345 node, 186, 320
irrefutable, 112 non-flat domain, 391
pattern-matching, 67 non-generic type variable, 172
redundant, 241 non-strict, 33, 434
simple, 40, 112 non-strict semantics, 2
top-level, 155 NORMA, 191, 205, 265
let(rec)-expression, 109, 234 normal form, 23, 197
definitions of, 41, 42 normal order, 25, 195
floating outwards, 249, 250, 254 NOT, 12
general, 111 NPL, 56, 127
irrefutable, 111 number, 432
simple, 43, 111
letrec (see letrec-expression)
letrec-expression, 40, 42 occupancy, of heap, 284
compilation of, 308, 345 occurs bound, 14
general, 115 occurs free, 14
irrefutable, 113, 114 offside rule, 433
pattern-matching, 67 operational semantics, 14
simple, 42 OR, 12
top-level, 157 ordinary lambda calculus (see lambda
level number (see lexical level-number) calculus, ordinary)
lexical level-number, 230, 235, 252, 255 Orwell, 2, 56, 127, 194
lifetime, of cell, 287 otherwise, 58, 432
linearization, 284 output, 196, 322, 435
Lisp, 370 overloading, 147
list, 53, 108, 141, 432 overwriting root of redex (see updating root
list comprehension, 127, 435 of redex)
pattern-matching, 136
listless transformer, 288, 391
LML, 2, 80, 194, 294 PACKPRODUCT, 316
load balancing, 428 PACK-PRODUCT-r, 108, 300, 316
locality, 284, 415, 426 PACKSUM, 316
loop unrolling, 401 PACK-SUM-d-1, 107, 300, 316
PAIR, 54
par, 407
mark-scan garbage collection, 282 paraliel evaluation, 406
match, 57 parallel functional programming, 410
match, 81 parallel graph reduction, 413

maximal free expression, 245, 246, 247
size of, 254

maximally general unifier, 168

memo function, 217

MFE (see maximal free expression)

MIMD machine, 410

Miranda, 2, 37, 56, 102, 127, 194, 197, 265, 431

mixture rule, 88

MKAP, 298, 307, 323, 360

MKINT, 357

ML, 2, 56, 139, 148, 194

monomorphic, 145

parallel reduction machine, 206, 209, 282,
284, 394
parallelism, 409
algorithmic, 411
conservative, 415
dynamic, 412
speculative, 417
parameter order, 229, 253, 398
parentheses, 11
partial application, 258, 349
partial function, 143
partial object, 161
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Pascal, 146
pattern matching, 3, 50, 51, 52, 57, 15, 150,
433
pattern-matching, compilation, 78, 137, 362
pattern-matching compiler, 50, 78
pattern-matching lambda abstraction (see
lambda abstraction, pattern-matching)
patterns, 43, 57, 59, 129
constant, 69, 105
irrefutable, 110
multiple, 80
nested, 58, 60, 70, 80, 110
on left-hand side of definition, 67
overlapping, 57 .
product, 59, 69, 105
product-constructor, §9
refutable, 110, 129
simple, 60
sum, 59, 69, 106
sum-constrnctor, 59
variable, 83 ]
peephole optimization, 340, 360, 377, 378
persistent heap, 282
plateau, 389
pointer, tagged, 191
pointer-bit, 191, 357
pointer-reversal, 203, 283
in paraliel machine, 424
polymorphic typing (see type-checking,
polymorphic)
polymorphism, 139, 143
ad hoc, 147
parametric, 147
Ponder, 2, 194, 295, 353
POP, 298, 305, 323
prefix form, 9, 40
PRINT, 322
printing mechanism, 196, 322
priority of task, 418
product type (see type, product)
product
lifted, 73
ordinary, 73
program, 44
program transformation, 56, 221, 400
projection function, 216
proper subexpression, 246
PUSH, 298, 306, 323
PUSHBASIC, 357
PUSHGLOBAL, 298, 306, 323
PUSHINT, 306, 320, 323

qualifier, 128, 128, 435

R compilation scheme (see compilation
scheme, R)

rearranging top of stack (see stack,
rearranging top of)

RS compilation scheme (see compilation
scheme, RS)

reawakening a task, 425

recursion, 42, 43, 66, 150, 162, 238, 263,387

effect on full 1aziness, 399
effect on residency, 403
recursive functions, 25
redex, 10
supercombinator, 223
top-level, 198
reduction, 4
compile-time, 240
reduction order, 4, 23, 193, 397
optimal, 25
reduction rnle, 129
redundant iet-expression, 241
reference count
one bit, 286
shared, 285
reference counting, 219, 282, 285
refutable pattern (see patterns, refutable)
region, 287
repeated variables, 65
residency, 403, 405
RETURN, 315, 323, 340
rewrite rnles, 225
rib, 202
rnle of signs, 380, 385
rnn-time checks, 139
rnn-time library, 301, 319
run-time type-checking (see type-checking,
mn-time)

S combinator, 260

$’ combinator, 270

S-transformation, 261

safety condition, 382, 386

SASL, 2,56, 102, 127, 194, 197, 265, 358

scheduling, 420

schematic generality, 144

schematic variable (see type variable,

schematic)

Scheme, 295

script, 431

SECD machine, 221, 324, 378

SELPRODUCT, 317

SEL-r-i, 108, 300, 317, 344

SELSUM, 317

SEL-SUM-r-}, 125, 300, 317, 362

SEL-SUM-s+, 124, 125

SEL-H, 71, 76, 108

semi-decidable, 158

sequential evaluation, 406

serial combinator, 420, 429

serialization, 422

set abstraction, 127

set comprehension, 128

shared memory, 427

sharing, 187, 208, 233
excessive, 405
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shorting out indirections, 287, 334
simulated stack, 328
SK combinators, 5, 260
SK compilation algorithm, 263
SK1M, 191, 265, 278, 286, 295
SLIDE, 308, 323, 360
space leak, 400
sparking a task, 414
spine, 202
spine stack, 202
SQUEEZE, 369
stack, 194, 205, 302, 319, 325, 338
G-machine, 319
G-machine representation, 325
in parallel machine, 424
rearranging top of, 296, 302, 322, 334, 355,
368, 374
simulated, 328
spine, 202
stack frame, 203, 221, 370
standard interpretation, 382
state transition, 320
state of task, 424
storage allocation, 192, 338
storage fragmentation, 281
storage management (see also garbage
collection), 192, 281
stream, 194, 397
strict, 33, 200, 383
strict product-matching, 71
strictness analysis, 3, 74, 351, 353, 380, 403,
404, 416, 419
strictness annotation, 391, 416
string, 432
string reduction, 208
strongly connected component, 120, 285
structural induction, 56 .
structure tag, 107, 187, 189
structured data, 362
structured type (see type, structured)
subscripting, of lists, 432
substitution, 17, 41, 130, 166
substitution instance, 144
substitution
delta, 167
extending, 169
fixed point, 167
idempotent, 167
identity, 167
notation, 22
substitutions, composition of, 166
sum type (see type, sum)
sum-of-products, 56
supercombinator, §, 150, 220, 223
recursive, 238
supercombinator graph reduction (see graph
reduction, supercombinator)
supercombinator redex, 223
supercombinators, fixed set of, 260

synch, 407

synchronization of tasks, 414, 421
syntax tree, 185, 275
system tag, 189

T, 295
TD translation scheme (see translation
scheme, TD)
TE translation scheme (see translation
scheme, TE)
tag, 185, 187, 325
TAR, 12, 17, 300, 317
tail call, 368, 373
generalized, 367, 371
tail recursion, 370, 404
target machine, 324
task, 413
speculative, 418, 420
tiny, 419
vital, 418, 420
task control block, 424
task pool, 414
template, 210
template instantiation, 231, 256, 363
term rewrite system, 225
tip of spine, 202
to-space, 282
topological sort, 120
TQ translation scheme (see translation
scheme, TQ)
TR translation scheme (see translation
scheme, TR)
transformation, 39, 56
translation, 38
translation scheme, 45
TD, 45, 68, 81, 82
TE, 44, 68, 81, 132
TQ, 134
TR, 64, 66
tree, 185, 186
TRUE, 12
truth value, 432
tuple, 54, 140, 432
type
algebraic, 437
boolean, 55
enumeration, 55, 437
ground, 140
of function, 142
product, 56, 122
structured, 51, 141
sum, 56, 122
union, 437
user-defined, 437
type checker, 176, 202
type checking, 3, 50, 163, 109, 110, 139
polymorphic, 28, 436
run-time, 109
type declaration, 52, 436
type environment, 173
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type expressions, 164

type-forming operator, 53, 54, 142, 164

type inference, 149

type labels, 151

type scheme, 171

type synonym, 437

type template, 171

type variable, 53
constrained, 160, 171
generic, 53, 144, 172
non-generic, 172
schematic, 53, 144, 171
unknown, 172

types, infinite, 155

typing, compile-time, 190

typing, run-time, 190, 191

unboxed representation, 190, 214, 335, 404
unification, 168

unification algorithm, 170

unifier, 168

uniform definitions, 98, 100

union type, 437

unknowns (see type variable)

unmoved variable, 167
UNPACK-PRODUCT-r, 108
UNPACK-PRODUCT-t, 106, 122, 125
UNPACK-SUM-d-r, 107

UNPACK-SUM-s, 106, 123, 125

unwind, 202

UNWIND, 298, 305, 315, 322, 323, 332,370,377
UPDAP, 361

UPDATE, 298, 305, 323

updating root of redex, 203, 208, 209, 214,
217, 298, 339,414

UPDCONS, 362

user-defined type, 437

variable pattern (see pattern, variable)
variable rule, 83
variable

bound, 14, 154, 159

free, 14, 171,222,226
variable-sized cells (see cell, variable-size)
VAX, 324
VAX assembler, 324
vector processor, 410
vertebra, of spine, 202
virtual memory, 283, 284

weak head normal form, 198, 422 '

well-typed, 151
where clause, 66, 118, 433
WHNF (see weak head normal form)

Xr compilation scheme (see compilation
scheme, Xr)

Y combinator, 27, 42, 43, 114, 126, 150, 155,
218,232,263

ZF expression, 3, 50, 127, 435



