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Letter from the Editors

This third issue of Polymorphism is devoted to work from Cambridge University.
There are two reports by Dave Matthews on the programming language Poly, a systems pro-
gramming language derived from Pascal and Russell but strongly influenced by ML.
"Ponder and its Type System" by Jon Fairbairn describes a type system related to that of ML
but incorporating explicit universal type quantification. Larry Paulson contributes three
papers describing some of the LCF research being done at Cambridge. Finally, we have a
note from C. Kitchen and B. Lynch from Trinity College, Dublin with advice on running ML
under the Eunice system (a Unix emulator running on top of VAX VMS).

We have had some questions about the subscription or distribution policy of Polymor-
phism. Currently we are distributing one copy to each group or location where
ML/LCF/Hope activity (or at least interest) exists, with the expectation that local duplication
and distribution will follow. The mailing list therefore contains only one individual per site
or institution, and this individual is responsible for local redistribution. /4. group may change
its representative on the mailing list by simply informing us.

In order for us all to get a better appreciation of the scope of ML/LCF/Hope style
research, and who is doing it, we encourage each group to send in a short summary of its
activities and a list of participants. We will then publish these summaries in future issues of
Polymorphism.

In the next issue, probably forthcoming in June, we hope to publish a new manual for
Luca’s ML (ML 81?), a Hope manual, and a tutorial note on ML typechecking, including a
simplified treatment of references. The Franz lisp based Hope compiler should also be ready
for distribution by June.

Luca Cardelli
David MacQueen

Bell Laboratories
Murray Hill, N] 07974
USA
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Technical Report No 28

POLY REPORT

by

D. C. J. Matthews
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Abstract

This note describes the programming language
"Ponder®", which {s designed according to the
principles of referencial transparency and
"orthogonality™ as in ([vWijngaarden 751]. Ponder is
designed to be simple, being functional with normal
order semantics. It is intended for writing large
programmes, and to be easily tailored to a
particular application. It has a simple but
power ful polymorphic type system.

The main objective of this note is to describe the
type system of Ponder. As with the whole of the
language design, the smallest possible number of
primitives is built in to the type system. Hence
for example, unions and pairs are not built in, but
can be constructed from other primitives,
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different routine must be written for each type of array that 1is
to be sorted. For example, in the notation of Algol68, one might
need both a

PROC ([] REAL, PROC (REAL, REAL) BOOL) [] REAL

and a

PROC ({) STRING, PROC (STRING, STRING) BOOL) [] STRING.

This leads to the ideas that the type of an object should reflect
any polymorphism that is inherent in it. Thus the type of 'smort'
should indicate that its first argument is an array of objects of
any type, its second is a function teking two objects of that
type, and that 1t returns an array of that type. One might
extend the type system of Algol68 tc include scme kind of type
parameters, so that the type of 'sort' might be:

PROC (AMODE M, [] M, PROC (MW, W) BOOL) [1 M,
the first argument being the type that 1s to be used throughout.

Type parameters of this nature occur in some other type systems,
for examnle that of Russell ([Demers 79], but are accompanied by
some philosophical objections: the appearance of a type as a
variable suggests that types should be "first class objects”,
with varicus operations to split them apart, and to make new ones.
If this i3 the case, then surely types should also be glven some
sort of type (Indeed in Russell, types do have 'signatures'), but
then one can ask why can one not pass the type of the type as a
parameter, and so on? Furthermore, the ability of a programme to
manipulate its data types in an unpredictable way means that some
type checking would be necessary at run time. This is due to
the problem that If types may be computed in a perfectly general
manner, then the compiler would have to be able to compare
functions to see If they always give the same result (which is
not generally possible). In Russell types are restricted so
that computation of this nature 1s not done at all, which gilves
rise to unpleasant effects, such as 'int_array (1+3)' being a
different type from ‘'int_array (3+1)".

One alternative would be to abandon the idea of totally statlc
(compile tlme) type checking and rely on some dynamic (run time)
checking of tlyp.s. I feel that this is undesirable, since the
fdea «f a typs can Dbe elther extended to encompass all

Motivation
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programming errors (at one extreme), or restricted to check none
(at the other). The flrst is too general to be really useful,
and corresponds for example, to Including the fact that divide
may not be used with a second argument of zero in {its type, and
obviously cannot be totally checked before running the programme.
The second extreme corresponds to no type checking at all (and
equally obviously may be totally checked even before writing the
programmel). Thus it 1is useful to restrict the idea of type
errors to that which may be checked for at before running the
programme.

My approach has more in common with that in ML, in that type
parameters do not really occur. Taking the example of ‘'sort'
again, what one wants to say is that, for all types 'M' 'sort' has
type

PROC ([] M, PROC (M, M) BOOL) [] W,

and have the compller decide what M 3should be whenever the
function is applied. The notation for types in Ponder also has
more in common with ML than with Algol68, so that the type of
'sort' might be written:

YT. ARRAY [T] X (T X T -> BOOL) —> ARRAY [T]

2.3 Comparlison with ML

The type system of ML answers many of the problems {indicated
above, but includes more predefined mechanisms than are necessary,

and can fall to give a type for some useful functions. In ML a

type may include fmee variables, represented as '®' '81' 182" etc,
so that the type of 'sort' in ML is:

(® array) X (® X ® = bool) > (® array)

where 't1 X t2' is the type of a pair whose left hand element is
of type 't1', and whose right hand element 1is of type 't2' and
't1 > t2' is the type of a functicon requiring Its argument to
have type 't1' and which returns an object of type 't2'. My
notation differs for type generators (see below for a
description), in that for an array of Dbooleans ML has
‘(bool array)' where Ponder has 'ARRAY [BOOLY, since I find the
prefix notation more readable when there are several applications
of generators.

Metivation 2
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Section 1: Introduction

Ponder 13 functional programming language with normal order
semantics and a strong polymorphlc type checking system. The
language 1s not yet defined in full, and hence this document is open
to suggestion, and may not describe the final version of the
language.

Ponder 1s designed with & small set of primitives for declarations
and the syntax includes very few "built in" constructs. Normal
order semantics were chosen in order that new constructs may ‘vm

introduced by the programmer, without the problem of unexpected
evaluation of arguments, as when attempting to define 'IF', for

example. That the language is functional also allows
implementations to take advantage of new developments in processor
design. Thus no concession i3 made to conventional machine

architectures, since it is hoped that programmes may be efficiently
run  on (for example) combinator [Clarke 82] or graph reducing

machines.

Section 2: Motivation

This section describes the motivation behind the language and {its
type system, and examines some aspects of other languages. The
reader who is unfamiliar with other languages mentioned is asked to
bear with me. Some of the notation which occurs is explained later.

Programming !anguages 1like Algol68, (and 1lately Ada), include too
much that 1is built in to the language. This has the effect that
they are difficult to remember in full, so that there is a tendency
fur programmers to only take advantage of a small subset of the
language. Furthermore, the excessive size of the definition tends
to make implementation difficult, and prone to modification by the
implementor in order to make it "efficient™,

2.1 Type Checking

Experience has shown that statically checked types in programming
larguages ald the production of correct programmes in several
ways. The most important aspect 13 that more mistakes in the
logic of the programme are detected at complile time, and hence do
ncL need to be found by "debugging”. This 1s particularly

2 Motivation
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important, since it 1s often very difficult to test a programme

in such a way as to sufficlently 'exercise' all of its individual
parts,

A further aspect 1is that the programmer may take advantage of
type checking when making changes to the data structures used
within a programme, since the structure of an object is reflected
in its type. Thus any incorrect accesses to an object will be
reported as type errors, so that any that are missed when the
programmer makes a change will be reported by the compiler,
rather than lurking to cause a disaster when some part of the
programme runs.

2.2

Compile time type checking, then, both protects the programmer
from itself®, and provides it with extra facilities which make
the writing and malntalnance of programmes easier.

Important constructors in data types are STRUCTures (as in
Algol68, or records in Pascal), UNIONs (as in A1gol68 or as in ML
[Gordon 79])), arrays, lists, pairs, and so on, and some form of
encapsulation (as in Abstract types in ML). One of the aims of
the Ponder type checking system is to provide a mechanism for
creating such constructors, and the minimum number of primitives
to make them out of.

Unfortunately, the strong type checking as in Algol68 or Pascal
is rather too strict, in that it tends to prevent one from doing
things which do make sense, as well as things which do not. This
tends to make one write the same thing more than once. A
commonly quoted example of this is of a routine to sort an array.
If one wishes to write a function which glven an array and a
function saying whether or not two elements are in order, returns
a sorted version of the array, one can use the same algorithm
regardless of the data type of the elements of the array. In
languages such as Pascal or Algol68, this polymorphism (that 1is
to say the ability of a function to work for many "forms"™ of
argument) of the sorting function can not be exploited, and a

®Unfortunately this English usage tends to discriminate against
humans. However, the discrimination is less than that agalnst
machines suggested by the use of 'him/her'.

Motivation 2
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expression 1 expression_2

which means spply 'expiession_1' to ‘expression_2'. The result of
applying a lambda functicn to an argument 13 the body of the
lambda function with all the ocurrences of 1ts parameter replaced
by the argument. Hence

(\x. on rainy x) days

evaluates to

on rainy days )

The parameter 'x' having been replaced with the value ‘days'.
Note that parentheses are used purely for grouping, and that

application associates to the left, so that
the monk ryokan
means the same &8

(((the) monk) ryoksn)

It Is intended that a lambda function should always mean the same
thing regardless of the name used for the bound variable, since
‘\x. x' clearly behaves the same a3 "N. ¥ Thus any lambda
expression may be replaced by another one which is the same
except for the names of bound variables, without change of
meaning. When an expression contalns nested lambda functions,

variables bind to the nearest textually enclosing lambda, so that
Ax. (hx.x)
means the same as

hx. (Xz.z)

Note that if we allow the simplification of the insides of lambda
functions, the process of substitution of a value for a parameter
may cause a confusing state to arise. Consider:

M. (Oy. Oae x y)) x)

which in &li respects behaves the same as

Semantics
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M. ()z. z x)

in that

Ax. ((hy. (Mxx y)) x) p
becomes

((xy. (Axx y)) p)

and then

Ixx p
which is what you get from
M. (hz. z x) p

(try 1t)

If we try to simplify the inside of
Ax. ((hy. (Mx. x y)) x)
We might try

Ax. (Mx. x x)

but the last 'x' {s clearly meant to be bound to the first one
In these situations the proper thing to do is to change the names
so that we can see what 1is happening, so

Axr. ((hy. (hx. x y)) x)

may first be changed to

Ax. ((hy. (hz. z y)) x)
and from there we get the correct answer. One final example:
(. (M. x ¥)) (M\y. ¥y ¥) beep

evaluates to
()\y. (Mx. x x) y) beep

then to
(Mx. x x) beep

and finally (since 'beep' is unbound, and cannot be evaluated) to

Semantics 3



ML 13, nocwcver, unable to express the types of certain sensible

functions. Consider the function:

let lmposs = hselect. M. hb.
pailr (select (i, 1)) (select (b, true))

which takes a selector functicn 'select' (which returns elther its
first or second argument), and returns a palr constructed of a
selected integer, and a selected boolean. In ML parameters to
functions are required to have the same type at every application
within the function, and the type inference mechanism cannot
detert that 'select® must be a polymerphic function, nor can ML
types express this fact.

This alsc has the unpleasant effect that names bound by 'let' are
not treated In the same way as names bound by application. Thus:

let select = ha. \b. & in
let fs = Ai. b.
palr (select (1, 1)) (select (b, true))

is valid, although 'fs' is equivalent to 'imposs select'.

As will be shown, the type system for Ponder can express a type
for such functions, and Ponder preserves the equivalence of
binding by declaration and by application. An advantage of this
13 that type constructors such as pairs and disjoint unions do
nct have to be built In tc the type system, since they may be

expressed in terms of simpler constructors. A minor objection
to ML types is that the type variables are declared implicitly
rather than explicitly. In Ponder all type variables must have

explicit declarations, but it i3 the use of this which provides

the extra expresslive power.

There is also a slight disadvantage, however. In ML types are
arranged so that there is always a most general type for a well
typed expression, and so that the compller can infer what that
type 1is. In Ponder, the type system {3 somewhat richer, and
expressions do not always have a mcst general type, so of course
the compliler cannot be expected to find it. Thus in Ponder the
programmer must always specify the types cf the parameters of a
function. I feel that this 1s nc real loss, since it encourages
the programmer to think mcre about the types of things, and
probably {improves style. Tt is alse my bellef that the
programming language should ensure that as much of the

Motivaticn
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information about a function as possible may be discovered by
reading a small amount of the definition of the function. Thus,
although it may be difficult at first to get used to function
definitions which appear to be cluttered with type information,
it is worth while in the end. Programmers used to languages
like Algol68 will find that Ponder requires rather 1less
repetition of type information.

Section 3: Semantics

To define the semantics of a programming language in complete formal
detail 1s quite a complicated process, and is beyond the scope of
this description. It 1is, however, desirable that when different
people read a Ponder programme they should come to the same
conclusion about what it means. To this end, some form of
universally understood model is needed (this is clearly impossible).
Hence I will describe the semantics of Ponder as transformations
into the lambda calculus (see [Hindley 721]).

3.1 Lambda Calculus

I will now give a brief description of A-calculus, so readers who
are already familiar with 1t should skip to the next heading.
Lambda expressions are abstract representations of functions (in
the sense of methods of computation). The simplest form of
lambda expression is the name (Normally called a variable, but
‘'variable’' has unfortunate connotations of 'variable storage' in
computer circles). Here is a lambda expression, then:

days

It does not mean very much, since there is no value assoclated
with ‘'days’. Names which occur without defining ocurrences are
sald to be free. Names may be used as parameters to functions
by means of '\, like this:

. body

\parameter na

Where 'body' may Dbe any form of lambda expression, and
.un..ulopn..l_.:.lu. is a name for the parameter of the function. 1t
may help to think of 'hx. body' as "That function f, such that
f(x) = body". I will refer to these as lambda functions. The
only other form of expression is the application:

Semantics 3
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P $38+-%/="1\N<>:.78

(1t was decided to allow an arbitrary number of these characters
to be made into symbols, because {t 1s clear that only allowing
one at a time would give too few, and because allowing two at a
time seems rather arbitrary and disallows some nice combinatlions
1ike <=> and =%=., However, it 1s obviously not a good idea to
use long combinations, since it is not easy to read them. For
asm and \LELE L L2 A would reduce

example using both
readability.)

Note however that the following symbols already have built in
meanings, and may not be used in any other way:
()G sl ® 2V

When the characters '2' '-3' and 'V' are not avallable, they will
be represented by '==', 1> and 'I' respectively, in which case,
these combinations of characters may not be redefined.

The remaining class of symbol 1is the icon. Icons are symbols
whose values and types are determined =olely from the text of the
symbol. There are currently three types of icon for Ponder.

The simplest is the character jcon, which 1is written as an
apostrophe, followed by a representation for a particular

character. Thus
‘a
§= a characier 1cen, and stands for the letter a. To enable the

representatlion oi non-printing and other difficult characters,
character representations include escaped characters, which are
written as a3 fu, ther apostrophe followed by another character.

Some 3tandard escaped characters are:

w for ®
o.for *

's for space
v for ial

so that

{s the character icon for apostrophe.

Syntax
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To simplify the inputting of text, there are string icons. A
string icon 1s represented as a quotation mark, followed by a
series of character representations, and ending with a further
quotation mark. Character representations in strings are the
same as in character icons, with the addition that an apostrophe
followed by layout 1is removed up to the next non layout
character. This is to allow long strings to be printed on more
than one line. Hence

®"j string icon with a '"™line’
break'™ in it®

is the string 'A string icon with a "linebreak® imn it'. Note
that all layout is removed, so that to insert a space at a line

break it 1is necessary to leave the space before the apostrophe,
as in:

®"Apother icon with a line *
break in 1t*®

Wwhich means the same as ‘'"Another icon with a line break in 1t®'.

The only other icon is for digit sequences, which are represented
by combinations of digits, for instance:

N2

3.2 Declarations

There are two ways of giving a value a name. The first is as
the parameter of a function (which is obviously necessary), but
the second is by means of the 'LET' declaration, for example

LET three = 3;

Which declares thes name 'threes' and binds it to the value 3, and
to have the type 'INT', so that further ocurrences of the name
‘three' mean exactly the same as 3. The general form is

LET name ® expression; ...

Note that the name i3 declared AFTER the expression, so that, for
example

Syntax L}
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beep beep

Normally descriptions of lambda calculus go on to an extended
notation including numbers and so on, but that 1s wunnecessary

here.

3.2 Evaluation Order

All ob jects in Ponder are intended to be capable of
representation as lambda expressions. The only other question
of semantics which needs answering is "In what order are things
evaluated?” In Ponder, function applications are evaluated
function first (this 1is called normal order) as opposed to
arguments first, which 1s usually the case in more conventional
languages (and which is called applicative order). To see what

this means, consider

(Xz. {\y. x)) nice nasty

If we were to evaluate the arguments first, we would have to work
out ‘'nasty' first, and If 'nasty' does something nasty, we're in
trouble. Normal order evaluation gives us first

(ry. nice) nasty

and then

nice

since 'nasty' was bound to 'y' which did not appear in the result,
which means that the value of 'nasty' never even gets considered.

Nermal order evaluation corresponds approximately to call by name
in ALGOL 60, and has a reputation for being inefficient.
However. the ahsence of side effects in functional programming
makes fU possible to use a scheme of lazy evaluation, in which

arquments are evaluated at most once, the first time they are

used,

Thi= has the fortunate consequence that it 1s easy to represent
infinite structures, since they are never evaluated in full.

Semantics
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Section A: Syntax

The syntax of Ponder 1s intended to be both rich and simple (this
i3, of course, {impossible). The appendix contains a formal
description of the syntax of Ponder.

4.1 Symbols

Programmes in Ponder are represented by sequences of symbols.
Symbols are divided into four classes, the first being object
names. The name of an object should be written in {italilc

letters and numerals, with optional (italic) hyphens to separate
individual words within the name. The second class is bold

names. These are used for things which are purely syntactic,
like the names of data types, and keywords. Bold names are
written in bold face roman letters and numerals, with optional
(bold face roman) hyphens to separate words within a name.

Unfortunately, current terminals tend not to have {italics, and do
not preserve the distinctions between hyphens, dashes and minus
signs. For this reason it is necessary to adopt the convention
that bold names are written in upper case, and names 1in lower
case, using underlines instead of hyphens. hence

feels sorry for_himself
is a name, and
ZEN_KOAN

is a bold name. Note that since {t 1is often difficult to
distinguish between one and two underlines, consecutive
underlines are treated as meaning the same as one.

The third class of symbol is called (for want of a better name)
special. Speclal symbols are elther one character, like '(' and
') (so that '((' is two symbols), or are combinations of the more
unusual characters avallable. The characters which are symbols

on their own (and cannot be combined) are:
CYL 3L},

the following characters are the ones normally avallable in ASCII
for making special symbols:

Syntax y
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Types in Ponder are constructed from other types by means of
tonstructors' and ‘'generators', and by the introduction of named
types.

5.1 Function Types

The most obvious constructor 1is that for functions, which {is
written *5' (cf Scott {Stoy 771). Thus if 'LEFT' and 'RIGHT' are
both types, then 'LEFT -5 RIGHT' is the type of a function taking
objects of type 'LEFT' to objects of type 'RIGHT'. Note that '=5'
associates to the right, so that 'A => B —> C' means the same as
‘A =3 (B = €)', and that as with expressions, parentheses serve
only to group things together, so that (D - E) = F' =
equivalent to '(((D => E)) > F)', but is probably easier to read.

5.2 Polymorphic Tynes

One way of introducing a named type is to allow it to be any type
at all. This is done by means of the quantifying constructor 'V'
(pronounced "for all"), which introduces a name within the rest
of a type or expression. Hence 'WwI. I = I' is a type, which
means "for all types 'I', take an object of type ‘I', to =another
object of type 'I'" This is the type of the identity function,
which I will now declare as an example:

LET identity = VI. I 1 = I:13

The name introduced in this way is known as the variable in which
the type i3 quantified, and things 1like 'WT.' are known as
quantifiers. (This type corresponds roughly to the ML type
'8 —» #') However, the function which takes a selector function as
an argument could be written:

IET £ = (v3. %3 > 8 -5 3) select >
INT & =5 BOOL b ™
pair (select 1 1) (select true b)

A further note about binding:

The variable introduced by a quantifier exists as far to the
right in 1ts type as 1is possible, 30 '"YT. T - BOOL' means the
same as 'WT. (T = BOOL)', and takes any argument, whereas
"(\’T. T) = BOOL' demands that 1its argument has type 'UT. T' and
hence cannot be expressed in ML. Note that 1t is mainly In this

5 Types
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respect in which Ponder types differ from the types in ML, in
that a quantifier introduces a variable locally within a
particular type, whereas in ML all type variables are effectively
bound at the outermost level. MacQueen & Sethi's system also
allows local type quantifiers.

5.3 Type Generators

The final kind of type constructor is the the type generator.
These are declared using declarations similar to:

TYPE IDENTITY ® WI. I =5 I;

This declares a generator 'IDENTITY' which has no parameters, and
which means the same as 'WI. I = I Generators may also have
parameters:

TYPE ARROW [LEFT, RIGHT] = LEFT -5 RIGHT;

so that 'ARROW [BOOL, BOOL)' means the same as 'BOOL -5 BOOL', and
ROW [INT, REAL) is the same as 'INT —> REAL', and so on.

Finally Ponder allows types to be recursive, so we can have
declarations like

RECTYPE INFINITE LIST [THING] = PAIR [THING, INFINITE LIST [THING

which means that ‘'INFINMITE LIST [INT)' means the same as
'PAIR [INT, PAIR [INT, PAIR [IRT, ... ]]]' (except that it is easier
to see where the recursion goes than deciding what '...' should
mean, (or writing it out in full, which would take too longt!)).

Note, however, that ..:nn.—.nwm. is intended to declare generators for
recursive types rather than recursive functions returning types,
hence applications of the generator being declared are restricted
to be to the parameters declared within the declaration, and
parameters may not be generators. For example:

RECTYPE WRONG [T] = WRONG [T > T];

is invalid. These restrictions are necessary to make mechanical
compile time type checking possible, since without them type
generators would be 28 powerful a2z the lambda calculus, and hence
comparing generated types would be as difficult (undecidable, in
fact) as comparing two functions.

Types 5
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LET x * 3
LET x = x + 1§
X

has the value U4, and not infinity.

Semantics

LFT declarations may be transformed into lambda expressions:

LET name * expression_1; expression_2

. expression_2) expression_1

4.3 Functions

As in lambda calculus, expressions in Ponder may be names, or
applicetions or functions (but see below for more). Names we
have seen already, and applicatlons are exactly as described for
lambdas calculus sbove.

Functions are represented differently, however. Since Ponder is
a typed language, all function parameters must have type
definitions, so to simplify the form of functions we have a

different syntax.
BOOL b —> mot b

is a function, and specifies that the parameter, which is called
W' {3 to be of type 'BOOL', and has the value 'not b'. (It may
help to pronounce '»' as nreturning”.) Within the body of a
fuinction

TYPE nawe -5 body

‘nam=' may be used where any expression of type '"TYPE' could be
u3ed. Hence we may declare named functions as in:

LET nnd = BOOL a - BOOL b =
iF a
THEH b
ELSE false
FI

Syntax
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Semantics
To transform a Ponder function into a lambda functlicn:
TYPE name —> expression

becomes

Mame. expression

3.4 Casts
A further form of expression is the cast:
TYPE: old_expression

is an expression which has the type 'TYPE', and the same value as
.o?.ln-kuuu—o:.. Note that this is purely an operation on types,
and has no effect on the value of the expression, so the value of
the expression must be suitable as an object of type 'TYPE'. For

example
FUNGUS: a_mushroom

is an expression whose type 1is IFUNGUS', and 1is valid {if every
value that 'a_mushroom' can be is also a 'FUNGUS'

Semantics

TYPE: expression
becomes

expression

Section 5: Types

Ponder types are similar to the types of MacQueen and Sethi, but are
restricted in order to make mechanical type checking possible, and
ifnclude fewer built in type constructors. The reader 1is referred
to [MacQueen 82] for a more formal treatment of a similar type

theory.

Types 5
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R4. Generalisation

26 [T]) & T not free in K

X2 VT. G [T)

R5. Function

(X3 2 K1) & (K2 > KA¥)

I > K2 > K3 > KA

R6. Result

VT.0T1.G (T1) = G [T1, T1 2 VTG [T1) > VT.G1 [T1, T)

If T is not free in 'G'
R7. Recursion

K1 2 K2 => G [K1] 2 K2 & K3 = G [K3]

K3 > K2

('a => b' Is used here to mean 'b' may be deduced from the assumption

R8. Expansion

(where ' may involve 'K')

R1 simply states that a specifier for a type represents a type which
is more general or the same as itself

6 Relationships Between Ponder Types
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R2 indicates that the relation is transitive.

R3 notes that a function which works for all types is more general
than one which only works for one type.

R4 states that if a type 'K' is more general than some function of
"1, for all types 'Ki', then 'K' is also more general than the
generalised version of that function.

R5 is perhaps a little more difficult. At first one might believe
that functions requiring more general parameters might me more
general. However, this corresponds to a greater restriction on the
applicability of the function. For example, if we have:

LET u " X x % ,..:
LET v 2 Yy > ...

with 'Y 2 X' Within the body of ‘u' 'x' may be used in any situation
where an object as general as 'X' is needed. Similarly 'v' may use
its argument as an object of type 'T'. Hence 'u' will only work if
its argument is more general than 'X', snd 'v' will only work for

arguments more general than 'Y But 'Y > X' so all the objects to
which 'v' may be applied are also objects to which ‘u' may be applied,
hence 'u' is more general than 'v'. Thus R5 states that a function

which requires less of its argument is more general.

R6 shows that a quantifier which does not appear in the parameter
specifier of a function can be moved to be in the result (and so on

until 1t 'drops off the end' if it does not appear in the specifier
at all).

R7 allows the comparison of recursive types.
R8 gives a slightly more formal description of the meaning of
definition.

6.1 Validity of Application

Using the definition of '>' we can now specify that an argument of
type 'K' is acceptable to a function whose type is 'Ks' if

s > K > Kr,

for some (see Section 6) Kr.

since this 1s true If 'K' is more general than the specifier for
the parameter of 'Ks' (if it has one).

Relationships Between Ponder Types 6



18 Ponder and its Type System

Secticn 6: Relativnships Between Ponder Types

It is now necessary to consider which combinations of functions and
arguments "make sense"” and should be allowed (and if so, what is the
type of the result?). One would like to be allowed to do the
following:

LET identity ¢ VI. I 1 > I: i
identity something

and 1t Is clear that it does not matter what the type of 'something'
is, and also that whatever {t 1is, the type of the expression
Ydentity something' Is going to be the same. Hence 1if ‘'true' has
type °'BOOL' then ‘'identity true' 1s valid, and also has type 'BOOL'.
If we define 'y' as in:

RECTYPE GENY [T] ® GENY [T} -5 (T > T) > T;

LET hall_y = VT. GENY [T] part_y - (T>T)r->T
f (part_y part_y f);

LET y * half_y half y;

then it is not easy to see whether

y identity

s valid, and if so, what i1s the type of 'y identity'?
A more helpful example is

LET apply boolean_operation_to_true = (BOOL - BOOL) op —> BOOL:
op true;
apply_boclean operation_to_true identity

since it 1s clear that although 'op' is specified as being of type
BOOL —» BOOL', 'identity' will work just as well. The notion being
used here 1is that of the 'generality’ of a function. If we require
a function of type 'BOOL =5 BOOL' in some situation, it is always safe
to use the function 'identity' instead, but we can use 'identity' in
sltuations where a function from 'BOOL' to 'BOOL' will not work, so
that 'identity true' has type 'BOOL' but 'identity 3' has type integer,
and expressions such as '‘not 3' are invalid. We can hence say that
the function 'Identity' is more general than any function of type
BOOL -> BOOL', or that the type 'WT. T -> T' is more general than the
type 'BOOL —> BOGL'. This relationshlp is defined more rigorously
below.

6 Relatlonships Between Ponder Types
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Thus an object 13 an acceptable argument to a function if the type
of the object 1is more general than the type of the parameter
specified in the declaration of the function.

The non-mathematical reader may like to skip to the end of this
section.

For the definition:
The notation

means If 'p' is proven, deduce 'q'.

Tn' are names of types, either in quantifiers or bound at an outer
level,

%n' are specifiers of types,

Gn' are generators,

and 'UT, U.) is the same as 'VYT. WYi.'
(X means X1, X2, ...) -

»' is read 'more general (or the same as)', and '®' means 'is defined
as’'

The following rules define the relation:

R1. Reflexivity
K1 2> K1

R2. Transitivity

(K1 > K2) & (K2 > K3)

K1 2 K3

R3. Instantiation

VvT1. G [T1] > G [K]

Relationships Between Ponder Types 6



24 Ponder and its Type System

By induction:
Kt >B3 &4 K2>B& ... &G ([K]l>B=>G31I[G(K]]2B

Hence:
K1 >B&K2>B& ... => (6 [K) 2B =>G3 (G [K]] 2> B)

Hence by R7:
K >B& K22>B& ... => (63 [G [K]) 2 B)

QED.

Note that if 'G' is parameterless, we have

G2>B

since 'K' is empty.

It is clear that, since any object may be applied to an object of
type 'VT.T'. and (f it returns at all, it will return an object
with the same property, any object is acceptable for 'B'

Section B: Result Types

It now remalns to answer the question "What is the type of the
result of applying some function to some argument when the

application 1is valid?".

We begin by noticing that I there are no quantifiers on the outside
of the function, $.e. it i3 of the form 'Ks —> Kr', then

of the type
the type returned is clearly the result type 'Kr'. For instance, {if

we have:
LET true = BOOLL..;
LET bint e BOOL b -5 INT:
IF b
THEN 1
ELSE O
E1:

then 'bint (true)' has type 'INT'.

8 Result Types
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We mav also notice that if A type {3 compared with one in which
there are free names, the relationship may be dependant upon some
constraints on the values of the variables, Hence if we compare
BOOL —> BOOL' with the parameter type of VL (T > T)>3>T>™n
(that is (T => T)') then 'BOOL -> BOOL > (T - T)' is true if both
BOOL > T' and 'T 2 BOOL'. We could consider that the result type
would be the most general substitution of variables into the result
type within these constraints. This seems to work, since for
example in

LET identity » WI. T 1 = I:1;
LET true ® BOOL: ...
identity true

we have 'BOOL > I', and hence the most general type for the result
would be 'BOOL'. Unfortunately this does not always make sense. An

example is:

LET f » WT. ((T > T) = T) thing —> T: something non obvious;
LET x = (INT - BOOL) ib —> BOOL: something less odd;
f x

since '(BOOL —> INT) =2 BOOL 2 (T > T) > T is true ir both
BOOL > T' and 'INT > T', and 1t 1is pessible that the only 'T' for
which this is satisfied is 'B ® (VWT. T) = B However, since it is
unlikely that such applications were intended, the solutlon here is
to add the condition that an application is only valid if the type
which satisfies the constraints is in the set of constraining types.
Hence the above example would be re jected.

There are still some situations in which there is no most general
type satisfyling the conditions. An example of this is:

LET £ = VT. ({T > T) > T) thing > T = T: something odd;
LET x ® (A -5 B) bl —> A: something equally odd;
f x

In this case we have both 'A 2 T' and 'T 2 B', and hence 'A 2 B', but
the result types satisfying the conditions are 'A > A', and 'B > B'
and everything between, and none of these types is the most general.
In such cases as this the result can be said to have every such
type. Thus the type checker should wait until the result of such
an application is used before deciding which of the types was
intended. (The present implementation of the type checker does not
do this, however, since such applications appear to be rare.

Result Types 8
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b.2 7.2 Lemma 2:

Tne following properties are stralghtforward consequences of the
rules: If TIPE B = (VT. T) > B
Then K1 > B K2 >B&

. = G [K] > B for all G (K

Proposition 1

Proof:
5
WU I8 ¢ eI, 121 © WEL. TG (2L 18D By structural induction on G (K]

(where 'K1 = E2' means 'K1 > K2 & K2 > KIY), i.e. The order in

which quantifliers appear in a type specifier is irrelevant to its Case 1:
meaning.
G (K] :=m
Proposition 2 Follows immediately from the assumptions.

Case 2

VT,TI.GI[T] - G2[T,T1] # VTI. GI[T] = VTI G2[I.T1]

G (K] = G1 [K] - G2 [K]

Section T: Froperties By Lemma 1, YT. T > G1 [K]

By induction, K1 > B & K2 > B & => G2 [K] 2 B,

We mav nuow examine the properties of some types.

Hence by RS,

7.0 Lesma i K1 >B&K22B& ... =>Gl [K] > G2 (K)2 (VI.T)>B

by R8, R2
(VT. T) > K for all K Z1 > B&K2)B& ... =>G1 [K]>G2[K)2B

Proof: :

Fcliows immediately from R3 Soms 3

dence an object of this type is acceptable as an argument to any G (K] ® VT. G2 [K, T]

furnction, and no object other than one of this type i3 acceptable

for Lhis type. Thus the only way of creating an object of this By induction

tvpe 13 to declare something like: Ki >B&LK2>B&...aT>2B=>G2[KT]28B

LET boitcm ® y identity;
Hence by R2, RU:

(With 'y I' reducing to 'f (y f)'; hence 'y identity' reduces to Kl >B&K2>B&...4T>B =>VT.G2I[K T]I>B

‘identity (y ldentity)', and to 'y identity' again, and so on.)

which corresponds to a non terminating computation (i.e. there

are no values of this type),

G (K] = G3 [G [K]]

Properties Properties 7
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Similarly there are no primitive data structures, and we might

declare:

9.2 PAIR

CAPSULE TYPE PAIR [T1, T2] » WU. (T1 = T2 =5 U) > U;
LET pair ® WT1, T2. T1 t1 => T2 t2 =5 PAIR [T1, T2]:
YU. (T1 > T2 > U) u = U:
utl tz;

LET left = WTi, T2. PA ITLI2) p2 TR
PAVIL T2 TURI <2 T2 82 =5 %1}

LET right ° WT1, T2, PAIR IT1, T2] p = T2:
p (WTY, T2. T1 t1 > T2 t2 = t2);
SEAL PAIR;

representing ‘palr's as functions which take unpacking functions
a3 arguments, Thus for example:

left (pair a b)

Reduces to:

pair a b (VT1, T2 T1 t1 > T2 t2 > t1)
to:

(VTI1, T2. T1 t1 > T2 t2 > t1) a b

to:

(VT2. T2 t2 > a) b

to:

a

The rules for comparing capsules are straightforward: if the
names cf the two capsules {identify with different generators,
then they are incomparable. If the names identify with the same
generator, then compare the arguments as if comparing the body of
the generator with the two sets of arguments substituted.

We now have means of representing 'true' and 'false', and 'PAIR's of
things, so 1t should not be too difficult to represent bit
patterns, but what about 'UNION's?

Useful Types
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9.3 UNION

CAPSULE TYPE UNION [L, R] = VE. PAIR [(}. > E), (R > E)] 5 E;
LET inject 1 ® VL. L 1 > YR. UNION [L, R]:

VE. PAIR [(L 5 E), (R = E)] p - E:

left p 1;

LET inject r = VR. R r = VL. UNION (L, R):
YVE. PAIR [(L =5 E), (R =5 E)] p > E:
right p r;

LET choose ® WL, R. UNION [L, R] u =
VE. PAIR [(L - E), (R = E)] p =
u p;

SEAL UMION;

The above Iimplements disjoint unions of two types (which may
either or both be 'UNION's of other types), as functions which
remember an object of one of the two types, and take a 'PAIR' of
functions, one for each type. Thus If ‘'left thing' has type
'LEFT', ‘'right_thing' has type 'RIGHT', and .MInl.,. has type
'UNION [LEFT, RIGHTY),

inject 1 left thing

creates a 'YR. UNION [LEFT, R}, ie. a union of 'LEFT' and
anything,

inject r right_thing
creates a 'wL. UNION [L, RIGHTY)', and
L]

choose u 1 r
(pair function to apply 1f left
function_to_apply if right)

will apply to the element 'function_to_apply_ if left' or
'function to_apply If right' as appropriate.

9.4 LIST

As a final example of the types of functional data structures,
here is one version of lists:

Useful Types 9
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Instead it selects one of the possible types by using a similar
scheme to that of ML It is at present not known whether there are
any meaningful programmes in which this strategy selects an
inappropriate type.)

An alternative approach is found in [MacQueen & Sethi 1982], and is
to allow conjunctions of types. This, however tends to result in
very complicated types, with little gain for practical applications.

One final problem is that having chosen the result type in this way,
it is possible that the bounds on a type variable were in terms of
that variable, for example 'A 2 A —> A', which would be solved by
putting 'A = A > A\ As far as is known, most of the examples in
which this situation occurs are nonsensical, and those that make
sense may be expressed in ways which avoid the problem (and are
usually clearer, for example 'y' above). Given this, it was decided
thst the type checker should not 'invent' generators as solutions to
(in)equations 1ike this, and should reject function applications
which produce them (as does ML).

An example of thls case is:

LET 7 ® WA. ((A =5 A) > A) thing > Al ...
LET z 2 VI. (T2 T) g >T>T: ...}
f =z

which could be solved by putting 'A = A - A' in the result, but is
instead re jected.

Section 9: Useful Types

The reader may have noticed that I have said nothing about
‘primitive' types in Ponder. This is because there are none. Since
it is possible to represent any kind of object with an appropriate
functional data structure (as in Gedanken [Reynolds 70]), it is not
strictly necessary to make any type primitive. For example, we

might represent bocoleans as:

TYPE BOOL » WB. B &> B > B;

LET true = VBBt 5 B f > B:t;

LET false = YB. Bt > B[ = B: ;

LET {f = BOOL b -5 VT. T then part > T else_part > T:
b then_ part else part;

9 Useful Types
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Note that the definition of 'if' relles on normal order evaluation,

which i3 the order of evaluation defined for Ponder (otherwise the
‘then' and ‘'else' parts would always be evaluated). Thus ‘'true' is

the function which retains 1{its first argument and discards its
second, whereas 'false' retains its second.

It would however be desirable to have types such as boolean built in
to the implementation, so that programmes may take advantage of
properties of the hardware. Unfortunately 'BOOL' as represented
above has slightly different properties from booleans, since it
includes several objects which fall to terminate if applied. Also
1f' may be given arguments other than (functions which evaluate to)
one of the objects 'true' or 'false'. Since this criticism applies
to functional data structures in general, it i3 clearly necessary to
provide a mechanism to prohibit wunintended applications. The
proposed mechanism s te allow the programmer to state that a
particular generater 1is to be sealed, so that {t 1s no longer
equivalent to the type which it generates. Thus 'BOOL' might be

declared:

9.1 BOOL

CAPSULE TYPE BOOL * WYB. B> B = B;

LET true ® BOOL: \WB. Bt 5 B f > B: t;

LET false ® BOOL: wB. Bt > B f —> B: f;

LET if = BOOL b - VT. T then part > T else_part > T:
b then part else part;

SEAL BOOL; N -

which means that ‘'true' and 'false' are the only objects of type
'‘BOOL', and that 'if' is the only function which is allowed to take
advantage of the representations of 'true' and 'false’. Note that
only objects which have been declared to have type 'BOOL'
explicitly retain the type 'BOOL' after 'BOOL' is sealed, so that
if the declarations included

LET spurion » WB. Bb > B f > B:y {1;

‘spurion' would only have type 'VB. B > B - B Conversely,
objects which have been stated to be of type 'BOOL' lose thelr
relationship with the representation of 'BOOL' after the 'SEAL', so
that one may nc longer apply 'true' to anything.

Useful Types 9
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PREFIX - © minus;
so that '-1' means 'minus 1'.

Prefix operators differ from functions 1in that they may be
overloaded, and that they bind differently. Thus 'minus minus 1’
means '(minus minus) 1', whereas '- - 1' means '- (- 1)'.

10.3 Bracketing Operators
The final kind of operator goes round the outside:

LET identity ® IT. T t =5 ¢;
BRACKET BEGIN END *= identity;
BRACKET IF FI = 1f_thing;

so that 'BEGIM expression END' means the same as 'identity
(expression)'. Note that for a function to be Infixed, it must
have a type which, when it 1is applied once, yields another

function.

10.8 Overloading

it a1so would be inconvenient If one had to have a different name
for every type of equality function (like ‘'equals string string'
or 'equals int int'), and indeed, programmes would be difficult to
read. :...”:;m lmzw. kind of operator may be overloaded on the
type(s) of its argument(s). Hence we might have:

LET equal_bool_bool = BOOL a -> BOOL b —> if a b (not b):
INFIX = olma:malvoc—lgo:

INFIX = = INT 32 3 INT b 2 ...
INFIX = STRING a —> STRING b —> .
PREFIX - = IRT | —» . _;

PREFIX - = REAL r = ...

After which all of 'Ms® = ®s"' 'true = true' and '3 = 3' are valid.
Note that the overloading 1is purely syntactic, and that special
symbols are not objects, merely syntactic marks.

An overloaded cperator application {identifies with the most
recently declared version of the operator for which an

application is valid.

10 Syntactic Sugar
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10.5 Pairs

Palrs are however, known more intimately to the compiler. This
is to allow "Colateral Declarations" which have proven to be very
useful In functional languages. Hence

LET a, b ° some_pair;
means the same as

LET Invisible Mame = some_pair;
LET a = left Invisible Name;
LET b » right —..:u»v_oizmio"

(Where 'Invisible Mame' is intended to be some name which will not
be visible to the rest of the programme).

Although ' could have heen declared as an infix operator for
‘palr', it was decided to build this one facility 1into
declarations, since the more general notion of declarations of
which this 1s a special case does not fit readily with the
semantics of the lambin calculus, and hence would require
something too complicated to be included in Ponder.

Similarly if the argumer' to a function is a pair, the parts of
the pair may be given nam-=, as in

LET swap © VT1, T2. T1 a, T2 b > b, a;
Note that ' associates to the left, so that 'a, b, ¢' means

'pair (pair a b) c'. This s hardly important, since the
declarations work the same way, so that

LET one, two, three = 1, 2, 3;

has the obvious effect.

10.6 Recuraive Objects

A further form of syntactic sugar 1is the recursive object
declaration:

LET _REC factorial = INT n —5 INT: IF (n <= 1)
THEN 1

ELSE n ® (factorial (n - 1))
FI

Syntactic Sugar 10



30 Ponder and its Type System

LET abort = y identity;
CAPSULE RECTYPE LIST [T] 2 WVAR. (BOOL - T = LIST [T] = R) - R;

LET nil ® WT. LIST [T]: WR. (BOOL > T = LIST [T] > R) f > Rt
f true abort abort;

LET cons ¢ VT. T new_head = LIST [T] tail —> LIST (Tl
YR. (BOOL =5 T =5 LIST [T] > R) [ —> R:
f false new_head tall;

LET head ® WT. LIST [T]1 1 D> T:
1 (BOOL null => T h —> LIST [T] tail = h);

LET tail = VT. LIST [T] 1 - LIST [T]:
1 (BOOL null > T h - LIST [T] tail - tail);

LET null ¢ VWT. LIST (T] 1 > BOOL:
1 (BOOL null =5 T h => LIST [T] tail => null);

SEAL LIST;

In whicn a 1ist is represented as a function which applies {ts
first argument to a boolean (which is 'true' if the list is 'nil’),
the head of the 11st, and to another 1list, which is the tall.

Hote that 'CAPSULE' and 'SEAL' are not brackets, so that the areas
where two capsules are open may overlap. However, {f you leave the
3ral off & capsule, you can expect the compller to complain, since

1ts contents are lilkely to spill out and ruln your programme.

Section 10: Syntactic Sugar

The language so far described {s rather dry, and some things would
be a little tedious to do. Hence Ponder {includes some mechanisms

for introducing new syntactic forms.

10.1 Infix Operators The simplest form of syntactlic sugar {s to
allow infix operators. First the symbol to be used must be
declared as an operater, and glven a precedence over other

operators and a direction for association.

10 Syntactic Sugar
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PRIORITY n symbol ASSOCIATES direction;

31

Here ‘'n' is a nonzero digit with '1' being the most binding,

'symbol' is either a bold name other than a keyword, or is a
"Special symbol", and 'direction’' is either 'LEFT' or 'RIGHT'. Then
we can assoclate an expression with the symbol.

INFIX symbol ¢ expression;
and

TYPEINFIX symbol = NAME_OF GEMERATOR;

After such a declaration, the symbol may be used as an {infix
version of the expression or type. So we might have:

PRIORITY 5 - ASSOCIATES LEFT;

PRIORITY 3 ® ASSOCIATES RIGHT;

INFIX - ® subtract;

INFIX ® = times;

after which 'a - b - ¢ means 'subtract (subtract a b) c',
'a ® b ¥ c' means 'times (a (times b c))' and 'a ® b - c ® d' means

'subtract (times a b) (times c d)'.
Further examples:

PRIORITY S5 >< ASSOCIATES LEFT;
TYPEINFIX >< = PAIR;

LET or 2 BOOL a => BOOL b —> if b true a;
INFIX OR = or;
LET i{mplies = BOOL a - BOOL b = (not a) OR b;

It would be better If operators were not given priorities, but

that their binding power were expressed 1in relation to

other

operators, but it is not yet clear what the notation for this

should be.

10.2 Prefix Operators

Sfmilarly we can have prefix operators:

Syntactic Sugar
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CAPSULES' do not provide all the facilities of other forms of

abstract type, in that everything declared within a 'CAPSULE' 1is
visible from onutside, Hiding 13, houever already provided within

the normal block structure, and is made more palatable with the use
of the syntactic sugar for declarations, for example:

CAPSULE TYPE BOOL ®* VT. T > T > T;
LET true, false, !f = BEGIN LET true = BOOL: ¥YT. Tt > T f —> T: t;
LET false » BOOL: WT. Tt 5 T f > T: ;
LET spurion ¢ VI. Tt > T > T:
y identity;
LET 4f ® BOOL b —> VvT. PAIR [T, T] te =
T: b (left te) (right te);

true, false, if
ERD;
SEAL BOOL;
s0 that 'spurion' dces not even appear in the outside world. This
can be improved even more with the use of suitable combining forms
for declaration [Milne 761].

The author has implemented a parser and a type checker for Ponder.
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Appendix: Reference Grammar

The grammar 1is given as a two level grammar [vWijngaarden 75), but
does not attempt to describe the type checking or scope rules.
{Metaproductions)

EMPTY= .

ALPHAZ a; b; c; d; e; f; g h; 15 35 k
nio;piqg;r:s; tiu; viw x;y;z.

NOTION= ALPHA; NOTION ALPHA.

LEVELz 11 1043 2902 209840 14111 1

11411 i85 11441 1835 28441 1144,

PRIO= prior LEVEL ty.

ASSOCxz left; right.

BRACKET: name; parentheais.

{General Hyperrules}

WOTION- 1ist: NOTION;
NOTION, comma symbol, NWOTION 1ist.

(Predicates])

provided that PRIO1 greater than or equal PRIO2:
provided that PRIO1 greater than PRIO2;
provided that PRIO1 equal PRIO2.

provided that PRIO1 equal PRIOI: true.

provided that prior LEVEL1 LEVEL2 ty
greater than prior LEVEL3 ty: true.

true: EMPTY.

(Productions])
programme: unit.

Reference Grammar 15
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declares the factorlial function.

mantics

LET_REC name ® expression_1; expression_ 2

means the same as:

(Mname. expression_2) (y (hnaae.expression_1))

where

y * M. (8. T (g g)) (g. f (g g))

Section 11: Separate Compilation

In the first versions of the Ponder compiler it will be necessary to
3licw the programmer to split a programme into several pleces. The
mechanism intended for this is similar to that of Algol6B8c, in that
a prudramme may optlonally begin with 'USING "some-definition-file®'
which causes the compiler to read definitions from the file, and may
include expressions of the form 'TYPE: ENVIRON ®"some-other-
definition-rile®, which would cause it to output all the preceeding
definitions into the file.

Secilon i12: Standard environment

In  orger t¢ relieve the programmer of some of the initisl
definiitons, a standard environment file will be provided. This
wiil Include definitions of the types 'BOOL, INT, STRING, CHAR, and of
T,_.w gerierators 'PATR', 'LIST', and possibly some others, together with
definltions of sume useful Infix operators, such as '4+', '-' and so on.

Section 13: Example

1 now glve & complete definition of the construction for
. THE®...ELSE...FI"

Example
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CAPSULE TYPE IF FI [T] = T;

CAPSULE TYPE BOOL = VT. T > T > T;

CAPSULE TYPE TE [T1, T2] e PAIR [T1, T2);
BRACKET IF FI ® WT. IF_FI [T] if_f1 = T: if_f13

PRIORITY 9 THEM ASSOCIATES RIGHT;
INFIX THEW ® BOOL b —> VT. TE [T, T] te = IF_FI [Tl
BEGIN LET then part, else_part * te;
b then part else part
END; B

PRIORITY 9 ELIF ASSOCIATES RIGHT;
INFIX ELIF = WT1. T1 then = VT2, TE [T2, T2] te > TE [T1, T2):

pair then IF te
FI;
PRIORITY 9 ELSE ASSOCIATES RIGHT;
INFIX ELSE @ WT. T1 then = VT2, T2 else —> TE [T1, T2):
pair then else;

SEAL IF FI;
SEAL BOOL;
SEAL TE;

Note the use of 'CAPSULES' to ensure that only objects constructed
using the operators may be passed to 'IF ... FI', and the use of
pairs to ensure that the varlous results may have different types,
but have some least general type in common.

Section 14: Conclusion

This note has shown that locally quantified polymorphic types with
parameterised generators and capsules provide almost all the
facilitates required of a type system.

Some useful kinds of types appear at first to be missing from the
system, STRUCTures being a notable example. However, much of this
can be solved by the use of the mechanism for the overloading of
operators, so that a STRUCTure can be represented by a capsule with
the appropriate number of 'PAIR's, and overloadable functions for
field selectors.

Conclusion [0
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representation: function rep;
cast;
prior 11111 1111 ty ASSOC application.

function rep: quantified namwed map;
named map.

cast: type, colon syabol, representation.

quantified nemed map: quantifier, function rep.

named map: named parameters, arrow symbol, representation.

named parameters: typed name;
named parameters, comma symbol, typed name.

typed

solid type, name symbol.

PRIO1 A330T1 application:
prefix application;
PRIO2 left application, PRIO2 ASSOC1 operator,
PRIO2 right application,
provided that PRIO1 greater than or equal PRIO2.

prefix applicstion: operator, prefix application;
function application.

function application: expression;
function application, expression.

expression: nase symbol;
character icon;
string icon;
integer icon;
bracketed expression.

bracketed expression: opening BRACKET, representation,
closing BRACKET.

{end of productions]

15 Reference Grammar

Ponder and its Type System ui

(The representation of a NOTION-symbol {s usually obvious from
NOTION. In the case of PRIO ASSOC operator-symbols, however, PRIO
and ASSOC are determined by the priority declaration for the symbol
in question}

Reference Grammar 15
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unit: declaration, semicolon symbol, unit;
representation.

declaration: type dec;
capsule dec;
seal capsule;
operator dec;
name dec.

operator dec: priority dec;
infix declaration;
type infix declaration;
prefix declaration;
bracket declaration.

priority dec: priority symbol, integer icon, new operator,
associates symbol, direction.

infiz declaration! infix sysbol, new operator,
18 defined as syambol, representation.

type Infix decleration: type infix sysbol, new operator,
is defined as symbol, bold name symbol.

prefix declaration: prefix symbol, new operator,
is defined as symbol, representation.

brackei declaration: bracket symbol, opening BRACKET aymbol,
closing BRACKET symbol,
is defined as symbol, representation.

new operator: PRIO ASSOC operator.

FRIG ASSCC nperstor: PRIO ASSOC operator symbol;
PRIOC A3S3SOC bold name symbol.

type dec: type symbol, generator name,
is defined as symbol, type;

rectype symbol, generator name,
is defined as symbol, type.

15 Reference Grammar
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capsule dec: capsule symbol, type dec.
seal capsule: seal symbol, bold name symbol.

generator name: bold name symbol, bound types;
bold name symbol.

bound types: left bracket symbol, bold name 1list,
right bracket symbol.

type: quantified type:
prior 11111 1111 ty ASSOC map.

quantified type: quantifier, type.
quantifier: for all symbol, bold name 1ist, dot syabol.
PRIO1 ASSOC1 map: solid type;
PRIO2 left map, PRIO2 ASSOC1 operator,
PRIO2 right map,
provided that PRIO1 greater than or equal PRIO2.

solid type: type name; type pack; applied type generator.

applied type generator: bold name symbol,
solid type 1ist square pack.

solid type 1ist square pack: left bracket symbol,
solid type 1list,
right bracket symbol.

type name: bold name symbol.

type pack: opening parenthesis syabol, type,
closing parenthesis syabol.

name dec: let symbol, name 1list,
is defined as symbol, representation.

Reference Grammar 15
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Abstract

Manna and Waldinger have outlined a large proof that probably
exceeds the power of current automatic theorem-provers. The
proof establishes the unification algorithm for terms composed of
variables, constants, and other terms. Two theorems from this
proof, involving structural induction, are performed in the LCF
proof assistant. These theorems concern a function that searches
for an occurrence of one term inside another, and a function that

lists the variables in a term.

Formally, terms are regarded as abstract syntax trees. LCF
automatically builds the first-order theory, with equality, of

this recursive data structure.

The first theorem has a simple proof: induction followed by
rewriting. The second theorem requires a cases split and substi-
tutiuvnm throughout the goal. Each theorem is proved by reducing
the initial goal to simpler and simpler subgoals. LCF provides
many standard proof strategies for attacking goals; the user can
program additional ones in LCF's meta-language, ML. This flexi-
bility allows the user to take ideas from such diverse fields as

denotational semantics and logic programming.

Recent Developments in LCF:
Examples of Structural Induction

by Larry Paulson
University of Cambridge

January 1983

|=

Introduction

An interactive proof assistant should be able to reason about a
variety of data structures and algorithms, and automatically per-
form simple proofs. It should be flexible, allowing experimenta-
tion wWwith different ways of expressing and performing proofs.

These are the goals of the proof assistant Edinburgh LCF (Gordon,

Milner, Wadsworth [19791).

In view of the success of the Boyer and Moore [1979] theorem-
prover, why should a proof assistant excite any interest? Manna
and Waldinger [1981, page 47] manually prove the Unification
Algorithm and remark, "Although the above proof may be beyond the
power of current automatic systems, a partially interactive sys-
tem could be used to produce it with known techniques. This
approach requires more human effort, but it still would convey
many of the benefits of automatic synthesis."” This paper presents

Ltwo theorems from Manna and Waldinger's theory.

2. Essential Background

I.CF relies on one fundamental principle: proofs are conducted in

a meta-language, ML. ML is a general-purpose functional program-
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4, The QOccurrence Relation

Qur proofs concern the ordering relation "t OCCS u", an infix
function that tests whether t occurs in u as a sub-structure.

This requires a theory of the infix equality function, =. The

structure package can prove theorems describing the outcome of

the equality noun_ for varlous arguments; for instance, if v, t,

u, t', u' are all defined, then

(COMB t u)=(COMB t' u') == (t=t') AND (u=u')

(VAR v)=(COMB t u) == FF

Figure 2 shows how to axiomatise the OCCS and OCCS_EQ functions,
binding the axlioms to ML names. The functlion OCCS_EQ tests

"equals or occurs in." The function 0CCS is deflned as a set of

clauses, one for each possible pzv:n"m a term cannot occur in =a

constant or variable, and occurs in COMB t1 t2 exactly if it
equals or occurs iu t1 or t2. This style of defining functions,
reminiscent c¢f Proluox (Clocksin and Mellish [1981]) ar HOPE (Bur-
stall et al., {1981]1), eliminates the need for destructor and

discriminator functions.

L Do not confuse the function = with the predicate ==. The

formula "x=zzy", which may be proved using inference rules, as-
serts that x and y are equal. The term “"x=y" represents a com-
putable equality test applied to x and y. Likewise, do not con-
fuse the truth-valued functions AND, OR, and NOT, with the logi-
nw~oo::mow»<mu\/./\.m=a:.

2 The first clause asserts that OCCS is strict; the other uses

of UU confine the clauses to defined values only. Our theorems
contaln similar definedness hypotheses, a reflection that they
were originally formulated for a first-order loglc, not for
PPLAMBDA.
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let 0CCS EQ =
new_axiom (' 0CCS_EQ",
"1t t2. t OCCS_EQ t2 == (t=t2) OR (t OCCS t2)%");:

let 0CCS_CLAUSES =
new axiom (T0CCS_CLAUSES™,
Lg 1 A t OCCS UU == UU

(te. = e==UU ==
t 0CCS (CONST c) == FF)

/\
(tv. = v==UU ==
t OCCS (VAR v) == FF)
/\
(11 t2. ~ ti1==UU ==> ~ t2==UU0 ==
t OCCS (COMB t1 t2) == (t OCCS_EQ t1) OR (t OCCS_EQ £29" e ¢

Figure 2. Axioms for the infix functlions OCCS_EQ and OCCS.

5. The Variables Proposition

Our first theorem concerns a function VARS_OF, which computes a
list of all the variables in a term. (We use a theory of 1lists,
with constructors NIL and CONS, and infix operators APP for

append, MEM for membership test.)
»

let VARS_OF CLAUSES =
new_axiom (TVARS_OF CLAUSES",

" VARS_OF UU == UU
LN
(le. ~ ¢ == WU ==
VARS OF (CONST ¢) == NIL)
/\ i
(tv, ~ v == U ==>
VARS_OF (VAR v) == CONS v NIL)
4N
(1t u. ~ t == U0 == ~u ==z U ==>
<>mm10ﬂﬁnozm t u) == (VARS_OF t) APP (VAR3_OF TR b O

Let us prove that a variable v occurs in a term t exactly when v

is a member of the list VARS_OF(t). We give LCF the goal:
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ming language whose data values include terms, formulas, and
theorems of the loglc. Inference rules are ML functions that map
thecrems to theorems. The only way an ML program can prove a
theorem 1is by applying Inference rules to axioms or previously

proved theorems.

LCF's logic, PPLAMBDA, nses Scott's theory of continuous partial
orders (Stoy [19771)). PPLAMBDA has the usual introduction and
elimination rules for ef:ch connective. Please note {its ASCII

representation of loglical formulas (Figure 1)

PPLAMBDA Terms

[ constant, where c is a constant symbol

X variable

Nikigoi lambda-abstraction over a term

t u combination (application of function to argument)
uu "bottom" or "undefined" element

TT truth-value "true"

EF truth-value "false"

u equality of t and u
universal quantifier
existential quantifier
conjunction
disjunction
fmplication
if-and-only-if

A negation

ete .,

O -
#N W
N oo
T =

A
"

L
"
"
VoV
=]

Figure 1. Syntax of the logic PPLAMBDA
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3. Axiomatising a Structure: Combinator Terms

Let us formalise Manna and Waldinger's [1981) theory of the Unif-
ication Algorithm, which concerns substitution over combinator
terms. These are like PPLAMBDA terms without lambda-abstraction.

For proofs we are only concerned with their abstract syntax:

term - CONST const
VAR var
COMB term term

To axioma'ise this structure in LCF, we 1{introduce the abstract
types eonat™, "var", and "term", then axiomatise them using
LCF's structure package. LCF stores the types and axioms on a

theory file, which can become part of a theory hierarchy.

ipercront signs enclose comments$®

new_tvpe 0 ‘var®y: fdeclare the types var, const, term$
new tvpe 0 ‘const';
new t-ne 0 “term’;;

struct. axm (":term", fbuild the theory of terms%#
strict’,

CONST", ["c:const"];

VAR, ["v:ivar"]);

"COMB™, ["tl:term"; "t2:term"]] )

The resultinyg theory includes the constructor functions CONST,
VAR, and COMB, and axioms stating that these are distinct, one-
to-one, et!~ . The constructor functions are all strict: for
instance, ¢ONST UU == UU. To build a theory that includes infin-
ite and partially defined structures, call struct_axm with argu-

ment " lazy instead of '“strict’ .



Recent Developments in LCF 8

wy MEM (VARS OF(COMB t1 t2)) == (VAR v) 0CCS_EQ (COMB t1 t2)"
[ " v z= Uu" )
[ "v MEM (VARS OF t1) == (VAR v) 0CCs_EQ ti" ]
[ "v MEM (VARS OF t2) == (VAR v) OCCS_EQ t2" ]
[ » t1 == vy )
[ v 2 == vu" ]
ny MEM (VARS OF(VAR v')} == (VAR v) 0CCS_EQ (VAR v
[ " v ==uu" ]
ﬁ nYooy' == yun u
wy MEM (VARS OF(CONST c)) == (VAR v) OCCS_EQ (CONST c)"
[ " v ==z uu" )
[ * ¢ == Uu" ]
"y MEM (VARS_OF UU) == (VAR v) OCCS_EQ uu"
M n- vV == C:: w

Figure 3. Subgoals after applying induction.

The most interesting case involves terms of the form
(COMB t1 t2), with induction hypotheses for t1 and E2. The left

and right sides converge:

v MEM (VAR5 OF (COMB t1 t2))

unfolding the definition of VARS_OF --->
v MEM ((VARS OF t1) APP (VARS OF t2))
by a theorem about MEM, APP, and OR -——

(v MEM (VARS OF t1)) OR (v MEM (VARS_OF t2))

(VAR v} UCCS EG (COMB t1 t2)

unfolding the definition of 0CCS_EQ --->
(VAR v)=(COMB t1 t2) OR
(((YAR v) OCCS_EQ t1) OR ((VAR v) 0CCS_EQ t2))

since any VAR is distinct from any COMB --->
(((vAk v) OCCS EQ t1) OR ((VAR v) 0CCS_EQ t2))
by the inductlion hypo!"eses -=-=>

(v MEM (VARS OF t1)) OR (v MEM (VARS_OF t2))

The other goals converge similarly. To perform such reasoning,
LCF  provides the tactic ASM _REWRI 'E_TAC. This rewrites the goal
using its assumptions and a list ¢t theorems furnished by the

user . The symbols AND CLAUSES, OR _CLAUSES, etc., denote axioms

Recent Developments in LCF 9

and theorems from parent theories.

expand (ASM_REWRITE_TAC
TAND CLAUSES; OR_CLAUSES;
TERN_EQUAL_ALL;
MEM_CLAUSES; MEM_SINGLE; MEM_APP;
VARS OF CLAUSES; VARS_OF _TOTAL;
0CCS_EQ CLAUSES] )i:

LCF reports that the subgoal is solved and prints those that
remain. The above call of ASM_REWRITE_TAC includes enough

theorems to solve any of the four subgoals.

5.3. Summarising the proof

Now that the interactive proof is complete, let us combine the
tactics we used into a composite one that performs the entire

proof. For combining tactics, LCF provides functions called tac-

ticals. The baslc ones are THEN, ORELSE, and REPEAT.

TAC1 THEN TAC2
calls TAC1, then applies TAC2 to all resulting subgoals

TAC1 ORELSE TAC?2
calls TAC1, if it fails then calls TAC2

REPEAT TAC
calls TAC repeatedly on the goal and its subgoals

The tactic that proves the Variables theorem is

TERM_INDUCT_TAC "t" THEN
ASM_REWRITE TAC [AND_CLAUSES; OR _CLAUSES; etc.]

In words, the proof is induction followed by rewriting. Many

proofs have this simple form -- for instance, properties of list
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set goal (1],
"tv., T v==zUU 8D
't. v MEM (VARS _OF t) == (VAR v) OCCS_EQ t" )

We will work backwards from the goal, by applying subgoaling

functions, called tactics, to {t. A tactic returns a list of

m:cmom_w.vquma:»n:mmhmmmhkth»oznzunamuuvnoOwucwn:m
subgoals to a proof of the original goal. By applying further

tactics we reduce all the subgoals to trivial ones. Then we

assemble the complete proof from the proof functions.

One simple tactic i{s GEN_TAC, which reasons that to prove !x.A(x)
it suffices to choose a new variable x' and prove A(x'), since
this theorem can then be generalised over x'. Another tactic s
DISCH_TAC, which reasons that to prove A==>B, It suffices to
prove B under the assumption A, since this assumption can then be
discharged. Notation: the double bar means "suffices to prove";

assumptions are enclosed in [square brackets]; other assumptions

of the goal are implicitly passed to the subgoals.

Tx.A(x)

z=zszzzzTa==s GEN_TAC
Alx")
Az==>B

Zzzzzzzz=z==z== DISCH TAC
(Al B -

For interactive proof, LCF's subgoal package 13 convenient: It
stacks pending and solved subgoals, displays the current goal,

and apulies the proof functions in the correct order. You can

apply tactics and back up from faulty steps.
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9.1. The structural induction tactic

The structure package provides a tactic, TERM_INDUCT_TAC, to per-
form structural induction on a goal !t.A(t). This produces four
subgoals: t may be a COMB (the step case); t may be a VAR or
CONST (the base <cases); t may be UU (the undefined case). The
subgoals include induction hypotheses and assumptions that the

sub-structures are defined.

tt. A(t) TERM_INDUCT_TAC
[ aCt1) & m(E2) 3 ™ tr=sgy ; = %2 ==U0 ] A(COMB t1 t2)
[ v == UU ] A(VAR v)
[ " e==0U 1] A(CONST ¢)
A(UU)

lLet us ask the subgoal package to expand the current goal wusing
TERM_INDUCT_TAC. The induction variable t is submerged inside
the goal, so the tactic calls GEN _TAC and DISCH_TAC before apply-

ing induction.

expand (TERM_INDUCT_TAC "t"):;

rnﬂ.c1*:nm the four resulting subgoals and thelr assumptions
(Figure 3). We can prove each one by rewriting: if we have a

theorem t=zu, change the goal by replacing every instance t' of t

by the «corresponding instance u'., For implicative rewrites, a
theorem A==>(t==u) may be used to rewrite an instance t' by u' if
the anlLecedent A' can be proved.
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The inference rule MP_CHAIN, given a list of implications, recur-
sively modifies a theorem using Modus Ponens on it and its parts.
With the above theorems, It can change our antecedent to a dis-

junction of equalities.

((tb = t1) OR (tb OCCS t1)) OR
((tb = t2) OR (tb OCCS t2)) == TT

N/

1 \/ tb 0OCCS t1 =
m/\nUOnomﬁmu

"
]
- -

This theorem has the proper form for the tactic SUBST_CASES_TAC.
This splits the goal into four cases, and substitutes each equal-
ity through the corresponding goal and its assumptions. Figure y
shows Lne firzt twc cases; the other two are similar. An aster-
i*k (%) marks those assumptions which, altered by the substitu-
tion, maich part of the goal. Now ASM_REWRITE_TAC can finlsh

each case.

w((ta = t1) OR (ta OCCS t1)) OR ((ta = t2) OR (ta OCCS t2)) == TT"
[ " ta == Uu" )
[ "ta OCCS tb == TT" ]

L [ "FT == T% == ta- 0CCS t1 == TT™ 1]
[ "tb OCGCS t2 == TT ==> ta 0CCS t2 == TT" ]
[ & 61 ==4uU" .1
[ » t2 == UU" 1}

"((ta = t1) OR (ta OCCS t1)) OR ((ta = t2) OR (ta OCCS $2)) == TT™
[ » ta =2 WU" ]

L] [ "ta OCCS €1 == TT* ]

€ *ta 0GGS ‘t1:2= IT ==> fta 0CCS t1 == TT" ]
[ "t1 OCCS t2 == TT ==> ta 0CC3 t2 == TT" ]
(
(

::r_nn:::u
e g2 s Ut J

Figure U. Two cases after substitution in the assumptions.
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In the goal A==>B, how do we grab hold of the anr'ecedent A, to
put it through MP_CHAIN and SUBST_CASES_TAC? During the interac-
tive search for a proof, we might use DISCH_TAC to put A on the
assumption 1list, then use one of LCF's tacticals for manipulating
assumptions. But we have a slick way of expressing the completed
proof. Instead of the tactic DISCH_TAC, we can use the tactical
DISCH_THEN, which binds the antecedent A to a variable for

further use.

TERM_TAC "tc" THEN
ASM_REWRITE_TAC [OCCS_CLAUSES; 0CCS_EQ]

THEN
3solves all base cases, but the COMB case remainsi
DISCH_THEN 3binds antecedent to & variables

(\ante. SUBST_CASES_TAC (MP_CHAIN [OR_EQ_TT; LQUAL_TT] ante))
THEN
$splits into four cases$§
ASM_REWRITE_TAC [OR_CLAUSES; OR_R_TT; OR_TOTAL;
TERM_EQUAL_TOTAL; OCCS_TOTAL])

In the Jjargon of denotational semantics (Stoy [11771), the argu-

ment to DISCH_THEN is a continuation that tell: what to do with

the antecedent. Only time will tell whether such a high-powered
approach can be justified; flexibility to try dif'erent styles is

the hallmark of LCF.

7. Postscript

We can prove many similar theorems. The orderiny relation O0CCS
is antl-reflexive; it is also monotonic with resp nt to substitu-

tion.
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utilities (append, map, membership), and totality of recursively

defined functions.

Given a set of theorems, ASM_REWRITE_TAC strips off wuniversal
quantifiers, splits apart conjunctions, and decides which of the
resulting pleces are useful for rewriting or for solving implica-

=u, but also

tive rewrites. It accepts not only term rewrites, t

formula rewrites, A<=>B. After rewriting, it removes tautologies

from the goal -- perhaps solving it completely, returning an

empty subgoal list.

Edinburgh LCF provided a similar tactic, SIMPTAC, consisting of
seven 1inscrutable pages of ML. Since SIMPTAC was impossible to
modify, Avra Cohn [1982] spent considerable effort adapting her
proofs to its 1limitations. 1In contrast, ASM_REWRITE_TAC has a
modular construction. Its apparently baroque strategy 1{is con-
trolled by a twelve-line ML function that calls tactics, pattern
matchers, canonical form translators, rewriting functions, and
tautology checkers. These components can easily be changed to

suit i1ndividual needs or correct shortcomings.

ransitivity of the Occurrence Relation

Let us prove a more difficult theorem, that the ordering relation

OCCS is transitive:

lta. = ta==UU EED)
Itb. ta 0OCCS tb == TT ==>
fte: th QOCES kg =2 ‘TT =2> Ea 0CCS te == TT

Recent Developments

in LCF

If we induct on the variable tc,

rewriting solves only

The COMB case remains:

its four u:cmom_u.w
"((tb = t1) OR (
((tb = t2) OR (
z==>
((ta = t1) OR (
((ta = t2) OR (

" otg ==

"ta 0OCCS
"tb OCCS

nTog ==
"op2 ==

The goal has the form A==>B,

proving B by assuming

[
{
(
[ "tb OCCS
[
[

b1 OR b2 OR b3 OR bl

b2, b3, or bl equals

al OR a2 OR a3 OR al

realise that if any ail equals TT,

equal TT.

tb 0CCS t1))
tb 0CCS t2))
ta 0CCS t1))
ta 0CCS t2))
yu» u
th == TT" ]
£t == TP ==
t2 == TT D)
uun ]
uun ]

SO w

== TT,

== TT,

If A were a disjunction A1

into fou- subgoals,

the antecedent A.

OR
== TT
OR
== T
ta 0CCS t1 == TT"
ta 0CCS t2 == LT"
e can use DISCH_TAC

]
]

three of

to attempt

Since B has the form

it suffices to prove that one of b1,

TT. o

and,

\/ A2

he antecedent A has the form

by studying the assumptions, we

\/ A3 \/ A4, then we

proving B in each case of whether

or A4 he: 4., Now A uses the

rather t!'han the

theorems to correct thls,

ing:

OR_EQ TT !
EQUAL TT !

3
tb OCCS te == TT.

1

ogical

trut

conne

These three hold vacuously,

h-valued functions

ctives \/ and ==,

"
"
v

by contradicting the

then the corresponding bi must

could split
Al, A2, A3,
OR and =,

but we have

using a weaker kind of formula rewrit-

"
"
v
x O
n
"
< =3
-
-
~
o
"
.
-
-

antecedent
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.. ™ & 0CCS & == 'TT
1s1. 7 sl==UU z2)
ft. ~ t==UU =2>
fu. t OCCS u == TT ==
(t SUBST sl1) OCCS (u SUBST sl) == TT

Most of these proofs are stralght-forward inductions, but some
reveal weaknesses in LCF. For instance, we plan to extend the
backwards-chaining primitives to handle existential implications
such as (?x.A)==>B. This would be executing PPLAMBDA theorems as

a Prolog program (Clocksin and Mellish [(19811).

LCF's methods apply to any loglc. The logic PPLAMBDA can compli-
cate first-order problems, adding cases about undefined elements.
However, the extra cases are usually trivial., PPLAMBDA 1s essen-
tial for proofs about denotational semantics, compiler correct-

ness, lazy =valuation, and higher-order functional programs.

In such a short paper it is impossible to document, motivate, or
even mentior all the techniques -- particularly experimental
ones. You may not see how LCF  helped to discover the proofs
shown here, since I have omitted the fruitless first attempts.
Look again at the subgoals in Figures 3 and 4, which LCF printed.
Imagine writing them out by hand. With computer assistance, we
can hope to prove theorems involving increasingly complex data

structures.
Acknowledgments. I would like to thank Gerard Huet for porting
the Lisp sources, and Mike Gordon for dally discussions. Robin

Milner wrote the first structure package.
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ML UNDER EUNICE

C. Kitchen & B. Lynch
2 December 1982
Trinity College Dublin

It is possible to link the UNIX version of ml under
EUNICE. The purpose of this note is to facilitate this
process for other ml users or possible users who are running
EUNICE rather than true UNIX.

There are only two changes to make. One is to mocify
all the occurrences of all symbols in the following list:

Array
Closure
Collect
Composition
Cons
Conskecord
ConsVariant
CopvStream
Pefine
DisArray
DumClosure
EmptyStream
Explode
ExplodeAscii
Failwith
GetStream
ldentity
Inmplode
Imploceascii
InChar

Inint
InString
IntToString
NewStream
QutChar
Outlnt °
QutString
Peir
PutStream
kef
StringTolnt
Sub

Tabulate
Upcdate
___ValidTP

L

L ]

These all occur in the file "mlrout.s". Treble unaerscores
all need to become single underscores.
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The second change is to modify the make file. 1 give a
copy of our modified make file below; the major changes are
to replace the "1d" with a "pc", to replace "as" with
"unixas", and to replace "cc" with a "cc -s", "unixas"
combination to ensure that "cc" does not produce a VMS
object file. (The optimisation flags are optional.) If you
use a "unixld" under eunice, the image has problems getting
started.

MAIN = mlglob.h mlmain.h mlstor.h mlscan.h mlpars.h
mlanal.h mlcomp.h mlassm.h mldebg.h mlrout.h
mlfile.h mlmain.p

SCAN = mlglob.h mlscan.h mlmain.h mlrout.h
mlscan.p

PARS = mlglob.h mlpars.h mlmain.h mldebg.h mlscan.h
mlfile.h mlpers.p

ANAL = mlglob.h mlanal.h mlmain.h mlpars.h mlscan.h
mlanal.p

COMmP = mlglob.h mlscan.h mlcomp.h mlmain.h mlanal.h
mlcomp.p

ASSM = mlglob.h mlassm.h mlmain.h mlrout.h
mlassm.p

DEBGC = mlglob.h mldebg.h mlmain.h mlpars.h mlanal.h
mlcomp.h mlassm.h mlrout.h
mldebg.p

STOk = mlglob.h mlstor.h mlmain.h mlrout.h
mlstor.p

SERV = mlglob.h mlserv.h mlmain.h mldebg.h mlrout.h
mlalloc.h mlserv.p

ROUT = mlrout.s

FILE = mlfile.c

MLSYS = mlmain.o mlpars.o mlanal.o mlcomp.o mlscén.o
mldebg.o mlassm.o mlstor.o mlserv.o mlrout.o
mlfile.o

mlsys: $ (MLSYS); pc -o mlsys -s S (MLSYS)

mlmein.o: ${(MAIN); pc -w -c =0 mlmain.p

mlscan.o: ${(ECAN); pc -w =-c =0 mlscan.p

mlpars.o: $(PARS); pc -w -c -0 mlpaers.p



Page 3

mlanal.o: $(ANAL); pc -w -c -0 mlanal.p
mlcomp.o: $(COMP); pPcC =-w -c -0 mlcomp.p
mlassm.o: $(ASSM); pPc -w -c -0 mlassm.p
mldebg.o: $(DEBG); PC -w =-c =0 mldebg.p
mlstor.o: $(STOR); pc -w =-c =0 mlstor.p
mlrout.g: $ (ROUT) ; unixas -o mlrout.o mlrout.s
mlserv.o: $(SERV); pc -w -c =0 mlserv.p
mlfile.o:$(FILE); cc -w =S -0 mlfile.c

unixas -o mlfile.o mlfile.s
rm mlfile.s

We are a bit worried that this conversion may have
introduced a couple of minor bugs; however, we have not
found them vet.

Since the correspondence between versions of ml running
and default operating systems is not obvious, may I suggest
keeping the default operating system of each site in the
sites list.
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