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programming language, FreshML, recently designed in the Computer Labora-
tory. The language featuresnovel type construction facilities and other features
to enable programming with bound identi ers modulo renaming.

The project was primarily basedon a preliminary version of a reseach paper
by Pitts and Gabbay.

Work Completed

Much theory was developed during the project,including inductively-de ned
big-step transition relations for translating FreshML source code into FreshML
core language code, a principal typing algorithm for the FreshML type system
and an environment-based evaluation relation for evaluating FreshML expres-
sions.

An implementation of FreshML, written in ML using the Standard ML of New
Jerseysuite, was almost entirely completed, providing a means of inputting
FreshML sourcetext and having the system type-check and evaluate it.

Special Dif culties

The novelty of the language meant that there was much underlying theory to
beunderstood. After aconsiderableamount of effort much of this was grasped,
which led to somereplacementtheory for parts of the aforementioned research
paper (mainly relating to implementation issues).
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1 Intr oduction

1.1 The project

A metalanguagefor programmingwith bound namesmodulorenaming. Such is
the description of FreshML given in the research paper on which this project
is based [1]. Variable binding operations occur frequently in programming
languages, but a natural way of representing bound variables and operations
involving them—essential for meta-programming (writing code which manip-
ulates syntactic structures)—hasnot yet been implemented in a mainstream
programming language.

Various reseach around the world is currently in progressin this area (see
references[5], [6] and [8] from [2]). The new language FreshML is the work in
progressat Cambridge.

FreshML, although currently small and experimental, provides featuresaimed
to enable straightforwar d representation and manipulation of bound names.
The aim of this projectwas to design and produce the rst implementation of
FreshML.

Somemore accessiblematerial than the working notes[1] is given in the pub-
lished paper [2], although it should be noted that some notation in [2] dif fers
from that used in [1]. This project usesthe notation of [1].

It should be noted that after writing the ProjectProposalincluded at the end of
this document), the name of the language was changed from FML to FreshML.

1.2 Language features

This section provides anintr oduction to the novel featuresof FreshML. It should
be borne in mind that FreshML is designed to provide featuresfor representing
structur esof other languages.



Consider as an example the implementation of functions in ML manipulating
terms of the -calculus. Typically adeclaration such asthe following is used to
represent -terms, which can be variablesfunctions or applications

datatype Lambda = Var of string
| Apply of Lambda * Lambda
| Fn

F of string * Lambda

We would representthe identity function, ,asFn("x", Var "x"

The problem is that such de nitions are too concrete and ignore the fact that
Fn is representinga binding operation The name of the bound variable does
not matter—unlike what this representation implies! What is needed is a
way of expressingthat Fn is representing a binding operation to the meta lan-
guage (here ML), such that it might restrict the use of the bound variables so
that problems such as name clashes, for example, do not occur. FreshML
possessesbstractiontypesto representbinding constructs and allows datatype
constructors to explicitly expressbinding constructs. Object-language? vari-
ablesare expressedasatoms which are given type atm:

= Var of atm
| Apply of Lambda * Lambda
| Fn of atm . Lambda

datatype Lambda

Given an abstraction, which hastype atm . , it is not possible to accessthe
bound variable name dir ectly. Instead, one must concetethe abstraction at a
freshname—a name which has not beenused before. This concretion operation,
written as,for example, abst |, gives the body of an abstraction with the new
freshname in place of the bound variable name. The FreshML type system is
suchthat it includes ajudgement about freshnesef names,to ensurethat values
containing bound variable hames canonly beusedin wayswhichareinsensitiveto
renaming

For example, a function attempting to list the bound variables of a -term will
not type-check.

FreshML provides featuresto createfreshatoms, to abstract over terms and to
concreteterms, together with “standard” functional language featuressuch as
polymorphism 2, function declaration and application constructs, etc.

1sayduring substitution of one -term for avariable.
2The objectlanguage is the language we are representing, herethe -calculus.
SAlthough not let -bound polymorphism asis presentin ML.
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1.3 Assumptions

This dissertation describesnot only the implementation of FreshML but also
the theory needed for the implementation which was developed throughout
the project. Every effort has been made to make the theory here accessibleto
Computer Scientistswho are not familiar with the eld, but abasicknowledge
of Standard ML, logical connectives, discrete mathematics and rule induction
are assumed.

For motivation about the novel features of FreshML the reader is advised to
consult [2].

1.4 Impor tant!

them are not the author's own work. All other de nitions, axioms, rules,

H Paragraphs like this one which have a double vertical bar to the left of
and soforth are the work of the author.

1.5 Note

The following convention regarding logical formulae is used in this disserta-
tion.

In formulae such as, for example,
holds

the scopeof the “.” charactersextend from their occurrenceto the end of the
bracketed block in which they belong, or, if no such block exists, to the end
of the expression. Thus the above expressionis equivalent to

holds
and not, for example,

holds
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2 | Preparation

This chapter describesthe preparatory work undertaken before the implemen-
tation of the FreshML interpr eter was started.

2.1 Project aims

The basic aim of the project was to design and implement an interpr eter for
the FreshML programming language. This included the development of any
theory which would be required for various stagesof the interpr eter.

The fundamental requirementswhich the interpr eter should ful ll were anal-
ysed and are stated in Section2.2below.

2.2 Requirements
The interpr eter shall take FreshML source text and return the type and
value of the expressionstherein.
The interpr eter shall be written in ML.
The interpr eter shall be modular, so parts can be easily replaced without

disruption to the whole interpr eter.

The threerequirementsdo a good job of hiding the complexity of the underly-
ing theory and implementation details!

13



2.3 Possib le extensions

The following were identi ed as possible areasin which the project could be
extended, if time permitted:

The addition of ML-style let -bound polymorphism to the language.
An interactive front end “ala ML".

Work on producing helpful, accurateerror messagesipon erroneoussource
text input by the user.

2.4 Analysis

This and the next sections give brief commentaries on some of the design de-
cisions made early in the projectlifecycle. Re nement of the requirementswas
undertaken, which led to issuessuch asthe following:

overall high-level interpr eter structure;

interpr eter structur e viewed from the perspective of implementing it us-
ing a module system such asthat of ML;

the exactlanguage to be implemented;
necessarytheories to be understood,;
theories to be invented;

development environment;
development model;

backup strategies;

timescalesand milestones;

testability;

methods of testing and evaluation;

this dissertation.

Theseissuesare dealt with over the next few sections,with the exception of the
majority of the testing issues,which are described in the Evaluationchapter.

14



2.5 Interpreter structure

It was decided that the interpr eter should have the structureillustrated in Fig-
ure 2.1, which is similar to interpr etersfor other functional languagessuch as
Haskell, for example.

Lexical analysis Parsing Translation to core

Expression
evaluation

Type checking

Figure 2.1: FreshML interpr eter structure.

FreshML source text is passed to the interpr eter. The lexical analysis phase
tokenises the source text to produce a token stream. The parser then takes
this and produces an abstract syntax tree. This is fed to the core translator
to produce core expressions—expressionsin a simple, core subset of the full
language. The type inferencealgorithm then attempts to assigna type to each
expression. Provided this is successful,the expressionsare then evaluated to
produce values, which arereturned to the user.

2.6 Timescales and milestones

These had already been set out in the ProjectProposala copy of which is in-
cluded at the end of this dissertation.
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2.7 Modules

From the interpr eter structur e and further deliberations, the following modules
wereidentied and named:

FML Top-level module (program entry point).
Parse Lexing and parsing.
Syntax Abstract syntax treerepresentation for the full language.

CoreSyntax Abstract syntax treerepresentation for the core language.
CoreTrans Translation to core.
TypeElab Type inference(“elaboration”).

Evaluator Expressionevaluation.

PP Pretty-printing of expressions,values, etc. for debugging and
user feedback.

Test Testing functions for various modules.

It was decided to implement eachin a fashion such that one could easily re-
place one implementation of a particular module's interface with another (see
Section2.7.1below).

The speci cation and dependency information for eachmodule is given below.
Dependenciesare not “followed through”: if module  dependson module
and in turn depends on , then only module s listed as a dependency
dir ectly for module

FML
This module will depend on:

the lexer and parser;

the core translator;

the type inferencealgorithm;
the evaluator;

the pretty-printer .
The module shall consist of a top-level function which:

has the type required by the SML functions for heap saving (to createa
standalone executable);

print astartup banner;
readthe FreshML source le speci ed asargument to the program;
invoke the lexer and parser;

invoke the core translator on the parser result (the abstract syntax tree);

16



invoke the type inferencealgorithm on the core expression(s)produced,;
invoke the evaluator on the core expression(s);

print the result(s) of evaluation together with the type of eachexpression.

The raising of an exception by any of these stagesshall causeexecution to halt
after that stage.

Parse
This module will depend on:

ML-Lex and ML-Y acc—standad tools for generating lexers and parsers;
the generated ML code from ML-Lex and ML-Y acc;

the abstract syntax treemodule.
The module shall:

read lines from a stream;
invoke the lexical analyser on eachline;

invoke the parser on the ensuing token stream to produce an abstract
syntax tree.

Syntax errors in the input FreshML code shall causean exception to be raised,
incorporating the information about the error gleaned from ML-Lex or ML-
Yacc,as appropriate.

Syntax

This module shall not depend on any others and shall de ne an abstractsyntax
treedatatype for representing FreshML syntax trees.

CoreSyntax

This module shall de ne an abstractsyntax treedatatype for representing FreshML
core syntax trees. This module shall depend on the Syntax module, as certain
language constructs such as guards are identical in both the core and full lan-
guages(seethe Appendices for details).

17



CoreTrans
This module will depend on:

both abstract syntax treemodules (Syntax and CoreSyntax).
The module shall:

readin an abstract syntax tree;

translate eachexpressiontherein to the core language, raising exceptions
upon any failur e of translation;

return a set of abstract syntax treesrepresenting the core expressions.

TypeElab
This module will depend on:
the core abstract syntax treemodule.

The module shall:

readin a setof abstract syntax treesrepresenting core expressions;

attempt to infer the type of each expression, raising exceptions upon a
type elaboration error;

return the type of eachexpression,in a human-readabletextual form.

Evaluator
This module will depend on:

the core abstract syntax treemodule.

The module shall:

readin a setof abstract syntax treesrepresenting core expressions;

attempt to determine the result of evaluating eachexpression,raising ex-
ceptions upon an evaluation error;

return the result of evaluating eachexpression,in a human-readable tex-
tual form.

18



PP
This module will depend on:
the core abstract syntax treemodule.
The module shall provide facilities for pretty-printing:

core expressions(and hencecore values, matches, etc.);
full expressions(and hencevalues, matches,etc.);

lists of both of the above.

Test

This module shall provide test harnessesfor the various modules, to be written
asrequired for eachindividual module.

2.7.1 ML module system

It was decided that the ML module systemwould beused to provide interfaces
between the various modules of the interpr eter. The schemewas designed as
follows: for each module de ning more than just datatypes whose imple-
mentation must be exposed (e.g. the abstract syntax trees),the following ML
source les were produced:

sig .sml —theinterfacele for ,dening asignaturesig ;

.sml —the implementationle for ,de ning astructure or functor
conforming to the signature sig

2.7.2 Encapsulation

The speci cation that a certain implementation structure or functor conforms
to a signature would be specied using : , which ensuresthat only values,
types and so forth speci ed in the appropriate signature are externally visible.
This provides encapsulationwhich is important for maintaining the separation
between interface and implementation and for ensuring that modules' private
data is not dir ectly accessedoy other modules.
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2.8 Language

It was decided to slightly extend the language given in [1] to include tuple
types aspart of the language. Strings and other primitives were considered for
addition to the language, but were eventually decided against due to the lack
of time for an already complicated project. (There is no theoeticaldif culty in
adding such primitives to the language).

There are also afew other minor deviations from the language described in [1]:
for example, constructor expressionsare treated as rather than
(seethe Appendices).

2.9 Theory

A considerable amount of preparation was required in reading and digesting
the partially-completed paper [1]. The following lists identify particular areas
of theory which wereidentied during the planning stagesto be particularly

pertinent to the project.

2.9.1 Existing theory to be understood

Various parts of [1]:

— language grammars (full and core languages);

— translation-to-cor e rules;

— typing rules;

— evaluation rules;
general theory relating to types and type inference algorithms beyond
the scopeof the Part Il Typescourse;

In addition the author's knowledge of ML had to be extended considerably to
encompassthe module system and various other language features,neither of
which had beencovered in the Part |A Foundationsof ComputerScienceourse.

2.9.2 Theories to be invented

From the outset it was understood to be necessaryto develop theory in the
following areas.

a concrete grammar suitable for LALR parsing (to be used by ML-Y acc);
atype inferencealgorithm for FreshML;

a concrete operational semantics.
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In the end, far more theory had to be produced than was anticipated—see the
Implementationchapter for full details. This was all documented asit was in-
vented for futur e reference and inclusion in this dissertation. This body of
material constituted the prime body of documentation produced during the
project. Such documentation is important asit is much easierto look through
a theoretical description of an algorithm relating to a set of axioms and rules
than to look through the codeitself.

2.10 Development environment

It was decided to develop the project under Linux as specied in the Project
Proposablocument (seethe end of this dissertation). The Standard ML of New
Jerseysystem was selected for the project, owing to its familiar syntax! and
support for various standard algorithms through its BasisLibrary .

2.11 Development model

The very nature of the projectand the level of uncertainty about certain parts
(particularly any dif culties which designing the type infer encealgorithm might
expose)meant that a traditional waterfall model was not appropriate. A more
iterative approachwas called for after the initial time spentanalysing the prob-
lem, digesting the relevant literatur e (particularly [1]) and reworking speci -

cations and module interfaces asnecessary

The model which was envisagedfor the projectisillustrated in Figure2.2. Each
of the modules would likely be dependent on other modules and soduring the
construction of eachmodule a stub would have to be written for any modules
required but not yet written.

1As opposed to CAML, for example.
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Initial reading and
requirements analysis

First module
block

Last module
block

J

Final testing

Figure 2.2: FreshML interpr eter development model.

The schedule of work for each module block would be asillustrated in Fig-
ure 2.3. Eachmodule would be designed (which might involve understanding
and/or developing considerable theory), coded, tested and evaluated against
the speci cation. Re nements to the code, design (and possibly even the spec-
i cation in an extreme case)would then be made until the module is satisfac-

tory.

Design

Code

W

Evaluate
and test

Figure 2.3: The development of one module.
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2.12 Version contr ol and backup

It was originally planned to use CVS asthe version control system throughout
the project, coupled with a schemeof backups thus:

Regular backups to tape.
Thrice-daily backups to Pelican.

Additional backupsto Thor, asdisk quota permitted.

It was found, aswork progressed(particularly with long periods of time spent
tweaking implementations of axioms and rules, asdescribed later), that it was
more ef cient to rely on the thrice-daily labelled backups for ne-grained ver-
sion control. This enabled easyrollback to work of just afew hours' old, should
problems have arisen.

Documentation was also kept under this system throughout the project.

2.13 The disser tation

This dissertation was formatted entirely using the IATEX text processing sys-
tem. All source les were kept under same the backup régime as described
previously.

The IATEX source les werearranged one per chapter, with one central “binding
together” le, for easeof authoring and editing.
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2.14 A small functional language

It was decided that, asa sort of simpli ed prototype, an interpr eter for a very
small functional language ought to bewritten aspart of the projectpreparation,
to increasethe author 's knowledge of ML and in particular the implementation
of a simple type inferencealgorithm.

This system comprised a simple lexer and parser, atype inferencestageand an
evaluation stageand used the standard ML-Lex and ML-Y acctools for genera-
tion of the lexer and parser. Thesewereimplemented asseparateML modules
using the interface/implementation paradigm discussedpreviously in Section
2.7.1.

The following sourcecode fragment shows the sort of expressionsallowable in
the prototype:

tree
= NULL
| If of SynTree
| Bool of bool
|
|
|

(* Abstract  syntax
datatype  SynTree

structure. *)

* SynTree * SynTree
Fn of string
Var of string
Apply of SynTree

* SynTree

* SynTree

The system was completed successfully in a short time and the experience
gained was valuable. An example dialogue with the interpr eter is shown be-
low.

fltest: (fn a =>1f b => (a)b)
fn (b > -> (b -> ')
fltest: fn a => if a then (fn x => true)
else (fn x => false)
fn (bool -> (¢ -> boal))
fltest: (fn a =>if a then (fn x => true)
else (fn x => false))
(true)) (true)
true bool
fltest: fna= (@ (@ )
Type elaboration failed:
unification failed: '‘a with (a -> 'b)

24



3 | Implementation

In this chapter we presentboth the implementation work in ML and the theory
which had to be developed to support it. A solid theoretical foundation was
ensured for the implementation by both creating various axioms and rules and
by utilising existing theory from the FreshML papers[1] and [2].

3.1 General details

Just over three thousand lines of ML code were produced (including com-
ments). The majority of the code consisted of the implementation of various
algorithms whose workings arede ned by setsof axioms and rules—atask for
which ML isideal. Thus this chapter presentslarge sectionsof the projectfrom
atheoretical point of view.

The abstract syntax treeswererepresentedusing standard ML datatypes. Red-
black treeswere usedfor ef cient data storageand retrieval—for example when
recording the de ned constructors and their arguments for a particular type
constructor in a piece of FreshML sourcetext.

As much re-useof existing code was made as possible; for example, standard
algorithms were used from the SML/NJ BasisLibrary asrequired.

25



3.2 Lexing and parsing

The rst stagein the interpr eter pipeline is the module to take FreshML source
text and convert it into tokens: the action of lexicalanalysis A parserthen takes
the stream of tokens and produces an abstract syntax tree.

As described in Section 2.7, ML-Lex and ML-Yacc were utilised as standard
tools to produce ML sourcefor the lexer and parser. The grammar for FreshML
given in [1] had to be enhanced slightly—for example to include tuples (see
Section 2.8) and explicit datatype declarations—and turned into a concrete
unambiguous grammar suitable for feeding to ML-Lex.

The grammar developed is given in Appendix A.

This proved to be a troublesome process;resolving the ambiguities and ob-
taining the correct precedencesds dif cult with arelatively large grammar. By
the end of the projecta few shift/r educe conicts still remained, but theseap-
peared to manifest themselves only during testing by the insistence of the in-
terpr eter on more parenthesesthan should have beennecessaryaround certain
expressions.

Someimplementation dif culties werehad with integrating the lexer and parser
into the main interpr eter (mainly due to outdated examplesand a lack of doc-
umentation in the SML/NJ system), but these were eventually resolved. The
small prototype interpr eter helped with sorting out these problems.
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3.3 Datatype declaration handling

After work had started on the core translation stage (described in Section3.4),
it was noted that it was necessaryto have a databaseof constructors and their
types for processingthe input parse tree. For example, the arbitrary name
“lam” could appear in the sourcetext and could either be a value identi er or
a constructor name. It was found to be necessaryfor the purposes of the core
translation stagewhich of theseit is.

Thus the additional datatypedeclaratiorhandlingstagewas inserted between the
parser and the core translator. The speci cation for the module was asfollows:

to receivea parsetreefrom the parser;

to identify datatype declarations and parsethem, producing adatabase
of constructor information;

resolve all namesto either value identi ers or constructors (by searching
the constructor database;if the name in question appearsin the database
asavalid constructor then it is deemed to be a constructor, otherwise it
is deemed to be an identi er);

to report any syntax errors which are identi able after knowing which
nameshave beende ned asconstructors;

to passa new abstract syntax treeincorporating these identi cations to
the core translator.

Two levels of nested red-black trees (implemented using the SML/NJ Basis
Library) were used to keep the constructor database,which hasinterfaces per-
mitting, amongst other things, the insertion and extraction of constructor data
(to support queries such as“is the name “lam” ade ned constructor name?”).

A new abstract syntax tree datatype was de ned which contained only ex-
pressionsand function declarations (since the datatype declarations are pro-
cessedby this new module) for passing data from this new module to the core
translator.

The new module also checks that the user is not trying to de ne functions
with the samename asan existing constructor, or bind a constructor name (for
example in alet expression). Patternsin matchesare checkedand identi ed
asbeing either value identi er or constructor patterns. Various other syntactic
checksare made to trap avariety of syntax errors at this stagein the interpr eter
pipeline.

Note that nameswhich do not match any de ned constructor name aredeemed
to be value identi ers; if the name is in fact unde nedat the point in the code
where it occurs, this will be trapped by the type inferencealgorithm.
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3.4 Translation to the core

3.4.1 Introduction

The FreshML type inferencerules (see Section 3.6) operate on a subset of the
full FreshML language called the core language(often abbreviated to just “the
core”). Thus a stage of translation from the full language to the core language
is necessaryafter parsing before type checking canbegin. This is similar to the
method used in Haskell [4].

The grammar for the core language is reproduced from [1] in Appendix B.

The FreshML paper [1] gives a small-step transition relation to translate from
the full language to the core. Implementation started using this relation, but it
was soon discovered that such a relation was inconvenient for the production
of an implementation.

To work around this problem a big-step relation was produced, which is based
on the ideas behind the small-step relation but is expressedvery dif ferently.
Such a relation is more akin to the way in which an implementation works:
informally “give me an expressionand | will return the core expression” rather
than “give me an expressionand | will return an expressionwhich might have
beenpartially translated into the core,but not completely” which is aninformal

statement of how the small-step relation worked.

This formulation turned out to be dif cult and time-consuming, but was even-
tually completed successfully.

In this section we intr oduce and justify the big-step relation® and describe its
implementation in ML.

Notation 3.4.1 Here we take Exp?; CExp;

Vid; Pat and Match. The symbol denotes a hypothesis
for arule which hasbeensplit over more than oneline.  denotesasequence
of one or more s. ~ denotes a sequenceof zero or more s. denotes a

constructor name. denotes a single guard and a general guard (which
can consist of one or more single guards).

3.4.2 Expressions

Here we presentthe theory developed for this projectfor the translation to the
core.

A full syntax to core syntax translation is denoted as ( Exp,
CExp) and is mutually inductively de ned (with ) by the axioms and rules
given on subsequentpages.

1n fact, two mutually inductively de ned relations are used.
2Consult the Appendices for the de nitions of Exp, CExp, etc.
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(  vid)

( new)

let be fresh in new in

(et

Figure 3.1: Axiom and rules for simple constructs.

As can be seenfrom the axiom ( vid) in Figure 3.1, value identiers are
syntactically unaffected by translation to the core.

As an illustration of how the rules are implemented, consider the ( let) rule
in Figure 3.1. This is read asfollows:
“To translate an expression of the form let = in to the

core language, rst translate to get
the core language), then translate

let = in

(' being by induction in
to get and nally return

Hence the operation of the two rules above should be clear; they simply trans-
late their individual components (, etc.) to the core and then return a core
expression.

Vid Cval ( abst)
Vid Cval ( abst)
let = in fresh
Vid Cval ( abst)
let = in fresh
Vid Cval ( abst)
let = in (let = in ) , fresh

Figure 3.2: Rules for expressionsinvolving abstractions.
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Thethreerulesin Figure 3.2give translations for expressionsinvolving abstrac-
tion values into the core. Abstraction values in the core are only permitted to
beof theform . ,where isavalueidentier and is asyntactic value (as
de ned in Appendix B).

Thus expressionsin the full language which are not of this form have to be
expanded out asdescribed by the rules. In fact, one rule of the form

( abst)
let = in (let = in . ) , fresh

would suf ce, but this intr oduces unnecessarylet expressions,for example
when translating an abstraction .  wherethe rst component is already
avalue identi er . Thus the four rules in Figure 3.2 have hypothesesto restrict
the syntactic categoriesof the input to eachrule.

Cval vid

( con)
Cval Vvid ( con)

let = in fresh
Cval vid ( con)

let = in fresh
Cval Vid ( con)
let = in (let = in ) , fresh

Figure 3.3: Rules for expressionsinvolving concretions.

Figure 3.3gives rules for expressionsinvolving concretions. The core language

dictates that concretions must be of the form ,where is asyntactic value
and is a value identier . Thus the rules expand out more complex forms
(e.0. , where Exp) using let expressions,much like the

abstraction rules.

The justi cation for the existence of four concretion rules is identical to that
given above for the abstraction rules.
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Figure 3.4gives rules? for translation of function declarations and function ap-
plications.

case of ( fun)
fun fun = = , fresh
case of ( fun)

fun = fun = = fresh
( app)

Figure 3.4: Rules for expressionsinvolving functions and applications.

The part of a function between curly bracesis termed a match An example
function (in the full FreshML syntax) is illustrated below with the match en-
closed in a box. Note how the match includes multiple clausesseparated by
the characterasin ML.

fun f = ‘Zero => Zero Suc X => Suc Suc x

The translation processspecied by the ( fun ) rulesin Figure 3.4translates
the function body into a case statement—function values in the core must be
of the form fun = . The function f above would be translated into
the core expression:

fun f = { a => case a of { Zero => Zero
| Suc x => Suc Suc x } }

where a is a fresh name allocated by the translation rule. Anonymous func-
tions, for example

fun X = X
are allocated a fresh name by the rule ( fun ) and translated into named

functions.

Translation of function applications is trivial: the function and argument are
both translated to the core separately and then returned together asa core ap-
plication expression.

3The relation is described in Section3.4.3.
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Figure 3.5 gives two rules for the translation of case statements. The core

language only supports caseexpressionsof the form case of (where
is a core matchasde ned in Appendix B) and thus any expressionsin the full
language of the form case of must be expanded.

Translations for the bodies of caseexpressionsare speci ed by the relation,
described in section 3.4.3.

VIid case of

( case)
case of
Vid case of ( case)
case of let = in fresh

Figure 3.5: Rules for expressionsinvolving case statements.

3.4.3 Case expressions

The matches inside caseexpressionsmust have translation performed upon
them to expand out patterns which are not supported in the core language.

In order to appreciatewhy the translation is speci ed in the way given below,
it is necessaryto consider how a typical case expressionmust be translated.
Translation hasto occur on both the “high-level” structure to massagethe ex-
pressioninto aform acceptablein the core (case  of —seeFigure 3.5),
and also on the match inside the body of the statement.

It is thus convenient to expressthe translation of matches separately from the
translation of expressions(the latter being speci ed by ). Note that in the
Figures which follow, the matches on which the rules are working are given
inside the body of the enclosing case statement, as sometimes expressions
have to be generatedduring the translation processwhich must lie outside this
statement (for examplerule ( case)).

Axioms and rules

The additional translation of case expressionsis de ned as a relation ,
which is mutually inductively de ned (with ) by the axiom and rules given
in Figures3.6to 3.11.

Notation 3.4.2 (In addition to notation described previously). The special to-
ken FAIL is used to indicate a failur e of translation. Angle brackets indicate
optional parts of rules. A rule containing such optional parts must be applied
with either all or none of the optional parts present.
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An axiom which species how the  relation is to be used is exhibited in Fig-
ure 3.6 below. This just constrains the “input” expressionsto the translation
processspeci ed by the relation to be case statementsacting on value identi-
ers. This condition is satised by rules( case),( case),( fun )and
( fun ) described previously.

case of FAIL ( case) ( Vid)

Figure 3.6: Use of the relation.

Abstraction patterns

Figure 3.7 gives rules for translating matchesinvolving abstraction patterns.

case of where = (  case)
case of . where = new in
G T T T T
| |
, case of |
: where = :
I = case of |
| |
| |
| |
G T T T T T T T T T
! case of !
I I ( case)
1 - 1
I where I new in
| |
I I
| |
I I fresh

Figure 3.7: Rulesinvolving abstraction patterns.

In FreshML, abstraction patterns such as matching on an expression
are expanded out by creating a freshatom and concreting at that atom.
Then apattern matchof  against ( concretedat )proceeds.(This

is described more fully in [1]).

To implement this, we simply provide rules to match abstraction patterns and
expand them out asspeci ed.
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We provide an example for clarity. The expression
case exp of { x . y => SomeConstructor }
translatesto

new x in
case exp @x of { y => SomeConstructor }
end

under the relation.

When thereare further matchesto deal with, for example when we are attempt-
ing to translate an expressionlike

case exp of {
X .y => Abstraction
| anything => SomethingElse
}

then we have to provide a clausenot to match anything against“exp @ x”
but against“exp”, to preservethe correct meaning of the expression.

For example, the following translation would be wrong:

new X in
case exp @x of {
y => Abstraction
| anything => SomethingElse
}

end

It is straightforwar d to seethat a correct translation would be (where z is a
freshname):

new Xx in
case exp @x of {
y => Abstraction
| z => case exp of {
anything  => SomethingElse
}

}
end
which is the behaviour of the rules speci ed.

FreshML alsoincludes guardedpatternsproviding atom-equality and atom-inequality
tests. (Thereis no “if ” statementin the language). For full details the reader
is referred to [1]. We illustrate guards in the following example:
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fun eq ={ (X, y) where x =y => Equal
| (X, y) where x <>y => NotEqual }

The intended meaning should be obvious.

Thus when was being de ned it was necessaryto take account of these
“guar ded matches”. In the caseof the abstraction patterns treatedin Figure 3.7
this simply meansproviding two morerulesto preservethe guards during the
translation process.

Value identi er patterns

In Figure 3.8 below we presentrules for translating value identi er patterns.

Note that  hasbeenreplaced by just —multiple guards are not permitted
for value identi er patterns (since only one atom is presentto be tested).

1 1 1 |
' case  of ' ! case of ' ( case)
I where = ! [ where = |
| 1 | |
| I | |
I | | |
case of

C T T T T T T T T T T T 1 I_______________I
| 1 | 1
| case of 1 case of I ( case)
! where = ! ! where = !

| |
I I I = I
| 1 1 1
| | 1 |
I I I I fresh

Figure 3.8: Rulesinvolving value identi er patterns.

The treatment of matches involving value identi er patterns is straightfor -
ward, becausesuch patterns are permitted in the core language. Thus all that
is required is to translate the body of the match into a core expressionand any
subsequentmatchesinto core matches (the latter by generating another case
expression).

The rules above provide aformalisation of this intuition.
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| |
| |
| |
I I
! case of !
1 |
| where = |
| |
| |
| |
I I
| o o o C ol m D _ I ( case)
case of where = fresh
TSt TTT T T
| |
, case of |
| = |
| |
| case of |
: where = :
I = case of :
| |
| |
| |
| |
| |
L ! ( case)
case of where = fresh

Figure 3.9: Rulesinvolving constructor patterns.

Constructor patterns

We now deal with the translation of constructor patterns*. These may them-
selvescontain complex patterns which are not acceptablein the core, for exam-
ple:

MyCon(a.b, c¢) => Abstraction
| x => SomethingElse

Non-nullary constructors are treated in the interpr eter as a constructor name
applied to an expression(which may be a tuple®). Thus to translate a construc-
tor pattern to the core, we construct a case expressionwhich rst matcheson
the appropriate constructor and then matches on the speci ¢ constructor ar-
gument (if any). This new expression (which is not yet a core expression)is

4Note that guarded constructor patterns and guarded tuple patterns are deemed to be accept-
able in the core—this is a slight deviation from [1]. Section3.6.4explains why this is done.

5Rather like in ML, where all non-curried functions take just one argument: function expres-
sionssuchasfn (a, b) => a areof coursefunctions taking atuple asargument.
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recursively translated until all non-core patterns have been dealt with. Thus
tuples and other complex patterns are translated by the other translation rules
just asif they had beenin a match by themselveswithout the constructor.

Figure 3.9gives rules for translating constructor patterns.

An example should make this clear. Translation of the expression
case exp of { MyCon(a.b, <c¢) => Abstraction }
would causethe construction of the following (non-core) expression:

case exp of {
MyCon x =>
case x of { (a.b, c) => Abstraction }

}
wherex is afreshname.
This new expressionis then recursively translated into the core.
Note how the constructor match hasbeenturned into a match acceptablein the
core:

MyCon x => ...

and a match which can be expanded using other rules:

(ab, ¢ => ..

Tuple patterns

Considerable dif culty was had with formulating rules to expressthe trans-
lation of matchesinvolving tuple patterns. The problem here is that we may
have a complex pattern of the form

« )

where the individual s are not acceptable core patterns. For example, we
might wish to have a match

(x.body, y) => FirstElementlsAbstraction
| (@ b) => FirstElementlsSomethingElse

In order to translate this to the core, following asimilar method to that given in
[1] (but used there to expressthe translation of constructor patterns), we walk
over the tuple and construct a suitable expressionhaving the sameeffect asthe
input case expressionbut with all patterns acceptablein the core.

There are two distinct stagesin this processfor translating a single match in-
volving atuple pattern to the core:
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translation of the patterns into acceptablecore forms;

translation of the body of the match into a core expression.

This is quite hard to formalize due to the way in which the patterns needto be
walked over in the rst step, and the body of the match translated only once
when the patterns have beendealt with.

Notation 3.4.3 We take vid, and _ (where
meansthat eachvalue identi er occurring in the guard  must occur
positivelyin . occurs positively in itself, and in , or ( ) if

it occurs positively in (respectively ).

I
| |
I case of I
L ) where ~ =
: case of L :
I where = |
l l
| |
| |
o o o C o C e mm D _ | ( case)
case of ( ) where = fresh
C T T T T T T T e ey
| case of ;
: ( ) where = :
| case of I
: where = :
I = case of |
l l
| |
| |
| |
e ______________! ( case)
case of ( ) where = fresh

Figure 3.10:Rulesinvolving tuple patterns not acceptablein the core.

38



I | | I
! case of ! !case of ! ( case)
v () where = 1+ () where =
I 1 | I
| I | I
S S ! fresh
case of
T |
I | I |
| case of ., case of \( case )
! () where = ; ; () where = :
1 1 | = 1
| I | |
I 1 ] |
I I I I fresh

Figure 3.11: Rulesinvolving tuple patterns acceptablein the core.

We distinguish between two structural forms of matches: rstly those whose
enclosing case statementstake the form©

case of ( ) where =
where VId, and secondly those taking the form
case of

( ) where =

Observe that the second form matchesan input expressionwhose match pat-
tern is acceptablein the core,whilst the rst form matchesan input expression
whose match pattern is not acceptablein the core (due to complex patterns still
being present). The side condition on the rst form ensuresthat only patterns
not acceptablein the core match againstit.

Figure 3.10gives rules for manipulating matcheswhose rst pattern is not ac-
ceptablein the core. The operation of rule ( case) is asfollows (( case)
is similar). This matchesagainst expressionsof the rst of the two forms given
above. We determine the rst pattern in the tuple pattern which is not accept-
able in the core and construct a (non-core) expressionto reduce the pattern in

6Here we are just dealing with single matchesfor the moment.
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guestion to avalue identi er pattern. The processis then repeatedby induction
to walk over all the tuple patterns which need transformation.

At the end of this processwe will have an expression which will have a tu-
ple pattern which now only contains patterns which are acceptablein the core
(which would match the secondof the two forms given above). Next, the rules
in Figure 3.11 are used to translate the whole generated expression (which,
although its constituent patterns are acceptablein the core, is not yet a core
expression)and the match body to the core. This yields a fully translated core
expression.

3.5 Core expression optimisation

3.5.1 Motivation

After work on the core translation algorithm was complete, it was observed
that certain expressionswere exhibiting exponential increasesin size during
the translation process.

Although it had not been previously planned, it was decided to introduce a
core optimization stageto reduce the size of these expressions. This would
lead to smaller core expressions,yielding various bene ts:

faster performance of the type inferencealgorithm and evaluator;
increasedtestability and easierdebugging;

shorter expressionsto report to the user when atype inferenceor evalu-
ation error occurs. This is examined further in Section4.3.

3.5.2 Substitution algorithm for optimisation

In order to implement the optimisation algorithm described below, it is nec-
essary to de ne the operation of capture-avoiding substitution of one value
identi er for all freeoccurrencesof another on FreshML core expressions.This
is de ned in Appendix C.

We mutually inductively de ne the relations o, o and o to simplify cer-
tain patterns of core expressionsasgiven in FiguresC.5to C.7. The optimisa-
tions given are not by any meansthe bestone could do: it was all that could be
produced given the constraints of the project. Somediscussion about possible
impr ovements is deferred until the Evaluationsection.

The optimisation relation is given in Appendix C for the interestedreader.
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3.6 Type inference

3.6.1 Introduction

The core of the projectwas the design and implementation of a principal typing
algorithm for FreshML. Such an algorithm takes an expression (in the caseof
FreshML, a core expression)and determines the type (if any) of that expression.
A typing algorithm is said to be principalif the type it returns is the mostgeneral
type for that expression,asde ned in De nition 3.6.1.

De nition  3.6.1(Most general types) For an expression having atype
is said to be the mostgeneratype for if for eachother possible type of there
exists a substitution from type variables to types which, when applied to ,
yields this other possible type.

The axioms and rules governing the FreshML type inference algorithm are
given later in this section and also in [1]. Note that [2] uses a different typ-
ing judgement.

To determine the type of an expressionan algorithm is used to recursively walk
over the structure of the input expression. This attempts to create instances
of the axioms and rules governing the typing judgement along the way, thus
constructing a proof treefrom the bottom up.

The position of the type checkerin the FreshML interpr eter pipeline is illus-
trated in Figure 2.1.Input to the type checkeris an optimised core expression.

3.6.2 Types

We implement not only the types speci ed in the FreshML paper [1] but also
tuple types. The set of FreshML types, Ty (ranged over by ), used in the
FreshML implementation is inductively de ned by the following production:

type variable

atm atom
function type
tuple type
atm . atom abstraction type

type construction
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3.6.3 Restricted types

The novel feature of the FreshML type system is that an additional judgement
is used: that relating to freshnessAn atom is deemedto be freshfor an expres-
sion if isinsensitive to the name of . After [1] we write

to denote arestrictedtype, which not only gives the “type” of an expressionas
usual ( ) but also the atoms ~ known to be freshfor the expression.

3.6.4 Extra typing rules

Extra typing rules had to be invented for tuple patterns. Additionally rules
were intr oduced to deal with guarded constructor and guarded tuple patterns
dir ectly, rather than expanding them into the core language asis done in [1].
This increasesthe complexity of the type inferencealgorithm but was found to
make a very signi cant reduction in the size of the core expressions.

Notation 3.6.1 We take Ty, RTy, — — Fin(VId).

For sets and , the setSubs denotes the set of all partial func-
tions from to , thought of as substitutionsfor elements of by ele-
ments of . One such substitution is written . indicates the
application of the substitution to

The set Ty is the setof FreshML types.
The setRTy is the setof FreshML restricted types.
The setVId is the setof all value identi ers.

The set TyCtxt is the set of all valid typing contexts. ( TyCtxt valid
ok, where ok isasde ned in Section3.6.8).

Fin( ) denotesthe setof all nite subsetsof the set

denotes extended to map to . In the implementation this
correspondsto an overwriting operation if dom

supp( ) denotes the supportof a restricted type , which is the freshness
component of . (Thus supp( =)

~ denotes™ (where™ Fin(VId) and Vid);
denotes with its support extended by ;
denotes with eachatom's support therein extended by ;

“_" denotesa“don't care” argument or result asin ML.
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3.6.5 FreshML typing judgement

As described in [1], the FreshML typing judgements take the forms

for expressions;
for matches.

The typing contexts TyCtxt arepairs ,where  maps value iden-
tiers to restricted types and maps eachvalue identier  in its domain to
a setof value identi ers which arefreshfor

3.6.6 Substitution axiom

The return value for each clause of the type inferencealgorithm, such clauses
taking syntax trees , is of the form — ,where ~ RlIyand is
a partial function representing a substitution Ty TyVar which does not need
to be applied to by the caller of the clause.

3.6.7 Uni cation

The action of uni cation of two types and in type systemssuch asthat of
ML is typically asgiven in De nition 3.6.2.

De nition  3.6.2(Uni cation) The processby which a substitution of types for
type variables, Sub(Ty, TyVar) can be found for two types and such
that

Uni cation algorithms are typically inductively de ned on the structure of
types. In FreshML however we need a more powerful de nition of uni ca-

tion aswe have freshnessinformation aswell as“r egular” types to deal with.

This means that we need an algorithm which takes two FreshML restricted
types —and — and returns a unifying substitution for and and
alsoa freshnesscomponent which contains the atoms which are common to
—and ~. To seewhy the latter is so, consider this analogy: when we unify
two types and we areaiming to nd atype to which both and canbe
specialised— nding in essencethe “commonality” between the types. Hence
when we unify two freshnesscomponents —and — we areaiming to nd infor -
mation common to both components, which will be the intersection of — and

A suitable de nition was constructed and is given below in De nition 3.6.3.1t
should be noted that this assumesthat the uni cation on the “type” part of
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restricted types of the form ~— is a mostgeneraluni cation algorithm, i.e.
that the substitution  returned is such that

Sub(Ty, TyVar) Sub(Ty, TyVar)

where representsthe composition of the substitutions and

De nition  3.6.3(Uni cation of restricted types) We de ne the unication of
restricted types —and — asfollows:

unifyr - -
unify - = Subs Ty TyVar  Fin(VId)

where “unify” is the standard most general uni cation operation of type
Subs Ty TyVar .

3.6.8 Pseudo-code for the typing algorithm

The following sections present pseudo-code and detailed descriptions of the
implementation produced. Readerswho do not wish to inspect the details are
advised to skip to Section3.7.

Note that the algorithm producesprincipal restrictedtypes: principality for the
type component is as usual but principality for the freshnesscomponent is
ensured by returning the largest possible set of atoms’ which are fresh for a
given expression. For example, when typing a tuple type we determine the
freshnesscomponents for all the individual tuple elementsand then return the
intersectionof these—thelargest set of atoms freshfor everytuple element.

We de ne the following:

the function typ : TyCtxt CExp RTy  Subs(Ty, TyVar) which types
acore expression;

the function typm : TyCtxt CMatch (RTy RTy) Subs(Ty, TyVar)
which types a core match;

and make the following claims about rstly the equivalence between typ and
the inductively de ned relations and secondly the principality of the restricted
type returned:

typ( , )=(C 7, ) =

"The atoms, of cause,all being declared in the appropriate typing context.
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Typing of value identi ers

The rule for typing value identi ers given in the FreshML paper [1] is as fol-
lows®:

ok

where ok is asgiven in De nition 3.6.4below (slightly rephrased from

(1))

De nition  3.6.4(Well-formed typing contexts) A typing context is said
to be well-formed(written ~ ok) when both of the following conditions
hold:

dom  eachtype Ty only involves type construc-
tors declared previously to the expressionbeing typed;

dom dom gy atm .

We implement this asfollows.

let ;if is not found an error is raised;

return RTy SubsTy TyVar .

We claim that ok is ensured by eachclause of the typing algorithm.

Typing of the new statement

The typing rule is

dom 4  supp
new in

We implement this asfollows.

let TyCitxt (atm ) and with  made fresh for all
dom( )
let - RTy SubsTy TyVar typ ()
if ~ then raise an error, “Cannot deducethat isfreshin 7
return ( - RTy SubsTy TyVar .

8Note that - means effectively “ ' for some™
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Typing of the let statement

The typing rule is

We implement this asfollows.

let RTy SubsTy Tyvar typ ( );
let RTy SubsTy TyVar  typ ( );
return ( ) RTy SubsTy TyVar .

Typing of tuples

Empty tuples are failed immediately with an error.

For non-empty tuples, atyping rule had to be invented (since the version of
FreshML in [1] did not support tuple types). The following rule was produced:

We implement this asfollows.

determine the types

obtaining substitutions from types to type variables );

determine the intersection of the freshnesscomponents ~ Fin(Vid)
to give a setof value identiers = Fin(VId) ;

return - RTy SubsTy TyVar , where

composition of the
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Typing of an abstraction value

The typing rule is

atm .

We implement this asfollows.

let v v
let Subs Ty Tyvar  unify ( atm);
let - RTy SubsTy TyVar typ ( );

return (atm . - , RTy SubsTy TyVar .

Notice that this returns the largestset of freshatoms possible.

Typing of a concretion

The typing rule is

|| atm . - ty atm

We implement this asfollows.

let - Ry :

let Subs Ty Tyvar  unify ( atm);

let - RTy SubsTy TyVar  typ ( );
let TyVar be afreshtype variable;

let Subs Ty TyVar  unify ( atm. );

let Subs Ty TyVar ;

return ( - ., ) RIy SubsTy TyVar .
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Typing of a function value

The typing rule is

dom( 1) atm

ty
for all fv( )
fun = =

We implement this asfollows.

let TyVar be afreshtype variable;

let TyVar be afreshtype variable;

let TyCitxt ;

let - RTy SubsTy TyVar typ ()
let Subs Ty TyVar  unify ( );

let = Fin(VId) bethe freevariables of the function body ;

let  Fin(VId) bethe intersection of for all =

let Subs Ty TyVar be the composition of the substitutions arising
from unifying all with atm;

let Subs Ty TyVar ;

return - with all substitutions for and removed

RTy SubsTy TyVar .
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Typing of a function application

The typing rule is

We implement this asfollows.

let - RTy SubsTy TyVar typ ();
let Subs Ty TyVar  unify ( ), where and arefreshtype
variables;
let - RTy SubsTy TyVar typ ( );
let Subs Ty TyVar  unify ( );
let Subs Ty TyVar ;
return - RTy SubsTy TyVar .
Typing of the case statement
The typing rule is
|| case of
We implement this asfollows.
let - RTy SubsTy TyVar typ ( );
let N - RTy RTy SubsTy TyVar typm
( );
let ~ SubsTy TyVar  Fin(Vid)  unifyr ( - BE
let Subs Ty TyVar ;
return - RTy SubsTy TyVar .
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Typing of a constructor value

The typing rule is

a7 1) - ( )isde ned by
exists of the form: datatype =

( ) T

We implement this astwo clauses: one for nullary constructor values (those
taking no argument) and one for non-nullary constructor values. The nullary
constructor clause usesthe insight that a nullary constructor value is freshfor
all value identi ers in the typing context.

For nullary constructor values we do the following:

extract the information about the constructor from the constructor
manager—the type constructor associatedwith it and any type vari-
ables parameterising it (e.g.the in*“ list 7);

allocate freshtype variables for each of the type variables  (to en-
sure they are fresh in the current context, irr espective of what the user
named them in the datatype declaration);

extract all value identi ers ~ in the typing context

return ( tcn  —, empty substitution).
For non-nullary constructor values (“con ") we do the following:

let - RTy SubsTy TyVar typ ( ):

extract the information about the constructor from the constructor
manager—the type constructor associatedwith it, the type of the ar-
gument and any type variables  parameterising it (e.g. the in*“
list ");

allocate freshtype variables for eachof the type variables  (to en-
sure they are fresh in the current context, irr espective of what the user
named them in the datatype declaration). In parallel with this create a
map® from TyVar  TyVar which details which type variable has been
mapped to which freshone;

rewrite the constructor argument type to use the freshtype variables
(by using the map from the previous step), to get a new type ;

let Subs Ty TyVar  unify( );
let Subs Ty TyVar ;

9Implemented using a red-black treeusing standard SML/NJ library functions.
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obtain the concrete type constructor argument type by applying the
substitution to the freshtype variables of the type constructor in order
to specialise(e.g. this might produce “num list ” from*“ list 7);

return ( o)
3.6.9 Typing of matches

The following algorithm typm, described by clause, takes an FreshML match
and returns its type.

Single value identi er pattern

The typing rule is

We implement this asfollows:

let RTy (where is afreshtype variable);
let TyCitxt ;

let RTy SubsTy TyVar =typ ;
return RTy RTy SubsTy TyVar .

Value identi er pattern followed by further matches

The typing rule is

We implement this asfollows:

let RTy RTy SubsTy TyVar typm ;
let TyCitxt ;

let RTy SubsTy TyVar =typ ;

let - Subs Ty TyVar  Fin(VId) = unifyr ;

let Subs Ty TyVar and - Ry

return - RTy RTy SubsTy TyVar .

51



Single equality-guarded value identi er pattern

The typing rule is

ty atm - atm
where = atm

We implement this asfollows:

let Subs Ty TyVar  unify (  ,atm);

let— Fin(VId) ;

let TyCitxt atm

let RTy SubsTy TyVar =typ

return atm — RTy RTy SubsTy TyVar .

Equality-guarded value identi er pattern followed by further matches

The typing rule is

ty atm -

atm — atm ~

where = atm

We implement this asfollows:

let Subs Ty TyVar  unify(  ,atm);
let RTy RTy SubsTy TyVar typm ;
let = Fin(VId) ;
let SubsTy TyVar Fin(Vid)  unifyr (atm ~ )
let TyCtxt atm
let RTy SubsTy TyVar =typ ;
let - Subs Ty TyVar  Fin(VId) unifyr ( )
let Subs Ty TyVar and - Ry
return atm - RTy RTy SubsTy TyVar .

52



Single inequality-guarded value identi er pattern

The typing rule is

ty atm atm
atm

where

We implement this asfollows:

let Subs Ty TyVar  the composition of the substitutions resulting
from “unify (  ,atm)” for each ;

let TyCtxt atm ;

let RTy SubsTy TyVar =typ ;

return atm RTy RTy SubsTy TyVar .

Inequality-guarded value identi er pattern followed by further matches

The typing rule is

where = atm

We implement this asfollows:

let Subs Ty TyVar  the composition of the substitutions result-
ing from “unify ( y ,atm)” for each ;

let RTy RTy SubsTy TyVar typm ;
let Subs Ty TyVar  unify atm ;

let = Fin(VId) _;

let TyCitxt atm —;

let RTy SubsTy TyVar =typ ;

let ~ SubsTy Tyvar Fin(Vid)  unifyr ()

let Subs Ty TyVar and - Ry

return atm - RTy RTy SubsTy TyVar .
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Tuple and constructor patterns

The algorithms for implementing guarded and unguarded tuple and construc-
tor patterns were extremely complicated and it was not certain whether they
were correct. The algorithms are thus not reproduced here.

The procedure followed is similar to that for constructor values, except there
is the additional complexity of the matchesto be dealt with. Much common
code is shared between the algorithms for the various combinations of un-
guarded/guar ded and tuple/constr uctor patterns.

The main dif culty encountered is the mixing of equality and inequality guards.
It is possible, perfectly reasonably, to write FreshML code such as:

fun f ={ (@& b, ¢) where a =b and a <> c => a
| x => b}

The dif culty lies in combining the rules for equality and inequality guards,
which have dif ferent structuresdue to the dif fering amount of freshnessinfor -
mation which one caninfer from the two types of guards.

The implementation produced is believed to produce correctresults but it has
not been fully investigated as to whether the types returned are principal.
There is some doubt asto whether they arein all cases.

As is discussed in the Evaluationchapter, this is an area which needs further
reseach work.
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3.7 Expression evaluation

The evaluation of expressionsis the nal stage in the FreshML interpr eter
pipeline, as illustrated in Figure 2.1. Before coding could begin, it was nec-
essaryto de ne how the evaluator should work. This is detailed in the next
section.

3.7.1 Dynamic operational semantics

A concrete dynamic operational semantics using environments (rather than
the very inef cient substitution methods as used for conveniencein [1]) was
formulated before coding began.

It should be noted that the nal version of [2], which did not appear until the
project and this dissertation were nearly complete, also includes a semantics
similar to that described here. The version presented here was designed
independently and is the author 's own work .

We de ne resultsof evaluation thus0:

Res Atm of SemAtm semantic atom
Abst of SemAtm Res abstraction
Con of Con (Resoption) type construction
Tuple of Res tuple

Fn of Vid VId CExp Env function closure

We de ne the environmentEnv to be a partial function mapping value identi-
ers to results of evaluation.

Notation 3.7.1 Here we take Resand other notation as previously.
The specialtoken FAIL is used to indicate a failur e of evaluation.

We give the semantic rules in a style similar to that used for Standard ML [3].

The form of the semantic judgement for expressionsis

where is anenvironment, isanexpressionand is the result of evaluating
the expression in environment . The form of the judgement for values is
analogous to this. For matchesthe judgement is of the form

where is the result of evaluating the value to be matched againstand isa
match.

10Note that semantic atoms are the type of the entities referred to by values of type atm.
1 option is either NONE or SOME( ), where hastype
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For guards we de ne

to mean“in environment ,result matchesguard ” (where is the result of
evaluating the subjectof the guard ). Wewrite  to indicate the converse.

If no rule is found to apply to a particular expression,then the result of evalu-
ating that expressionis deemedto be FAIL.

We assumethat the input expressionis syntactically correct when giving the
semantics.

The dynamic semanticsis inductively de ned by the axioms and rules in Fig-
ures3.12to 3.16.

( vid)
b
Abst(, ) (- absy
Con( ,NONE) ( con)
( con)
Con( ,SOME )
fun = Fn( ) ( fun)

Figure 3.12:Dynamic semanticsfor values.

We provide a brief commentary on the workings of the axioms and rules for
evaluation below.

Values

Value identi ers aresimply looked up in the appropriate environment. Failure
of this processleads to failur e of evaluation.

Abstraction values are evaluated by looking the abstracted atom up in the en-
vironment to get the corresponding semantic atom, after which the abstraction
body is evaluated and the two resultsreturned asa pair.

Constructor values simply have the constructor argument evaluated, if one
exists, and then a result is returned pairing this result with the constructor
name.
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Function values are returned as function closues—a binding of the function
name, argument name, body and current environment—such that when afunc-
tion is evaluated it is evaluated in the environmentof de nition. (This is known
asstatic scoping).

( val)
( tup)
Tuple ( )
Atm () ( new)
new in
(where is anew semantic atom).
( let)
let = in
Atm () Abst( )
( conc)
where denotesthe swappingof all
occurrencesof and in
( case)
case of
Fn( )
Fn( ) ( app)
is not of the form Fn( ) ( app)

FAIL

Figure 3.13:Dynamic semanticsfor expressions.
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Expressions

Pure values are simply passedto the value evaluation rules described above.

Tuples are evaluated by evaluating each component one by one and then re-
turning the results packaged up asatuple result.

Atom creation constructs (new in ) are evaluated as follows. First a new
semantic atom is created with a unique name. Then this is bound to by ex-
tending the current environment and the body is then evaluated in this new
environment, giving the nal result.

Value identi er binding constructs (let = in ) areevaluated asfollows.
First is evaluated; the result is then bound to by extending the current en-
vironment and the body is then evaluated in this new environment, giving
the nal result.

Concretions are evaluated by evaluating the expressionto concrete and ensur-
ing that it is an abstraction (* "), looking up the semanticatom at which
to concretethe expressionand then returning  with all occurrencesof and
transposed.

Caseexpressions (case  of ) are evaluated asfollows. First the value
is evaluated. Then the match rules are invoked to match the result of evaluat-
ing againstthe match (seebelow).

Function applications are evaluated by rst evaluating the rst component of
the application itself. For evaluation to succeedthe result must obviously be a
function closure. Assuming this is so, evaluation proceeds. The environmentof
de nition of the function (held in th