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Abstract

Extensible records were proposed by Wand as a foundation for studying object-oriented type inference.
One of their key benefits is that they allow for an elegant encoding of object-oriented inheritance, where
one class of objects may be defined as an extension of another class of objects. However, every system
of type inference designed for extensible records to date has been developed in the Hindley/Milner-
style, a consequence being that polymorphism in these systems is not first-class and analysis is not
strictly compositional. We argue that both of these features are necessary to retain the modelling and

engineering benefits of traditional object-oriented languages such as Java:

1. Object-oriented modelling depends on the treatment of objects as first-class citizens, and this
demands a type inference system capable of handling first-class polymorphism.
2. Object-oriented engineering encourages the separate development of software modules, and this

should be supported by the type inference system with compositional analysis.

Both of these features are present in a type system for the A-calculus called System E, which
supports first-class polymorphism via intersection types, and compositional type inference via expansion
variables. However, research into System E has so far focused on refining and simplifying the formulation
of expansion variables and exploring type inference algorithms with various properties. Meanwhile, the
system has not yet been extended beyond the terms of the pure A-calculus and it lacks many features
that would be needed in a practical object-oriented language.

In this dissertation, we combine System E with Wand’s extensible records resulting in a new approach
to type inference for extensible records that better preserves the modelling and engineering benefits of

object orientation stated above. The resulting system, called System EV°"| is significant because previous
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type inference systems, both for extensible records in particular, and also for object orientation in
general, have at best preserved only one or the other of these two benefits, but never both of them
simultaneously. System EY°' also makes a significant contribution to the work on System E, since it
demonstrates for the first time that the System E’s expansion variables can be adapted to analyse
programs whose term language extends beyond the pure A-calculus.

To demonstrate the potential use of System EV" in object-oriented type inference, an implementation
of our type inference algorithm was created and is shown to succeed on problem examples that previous

systems either fail to analyse, or else fail to analyse compositionally.
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Chapter 1

Introduction

Type inference is a feature of some programming languages that use type information to statically
check the validity of programs. Normally, this type information is manually inserted into a program by
the programmer, and then an automated type checker uses this information at compile time to check
whether the right types of expressions are used in the right types of contexts. The type checker ideally
guarantees that accepted programs will not have any type errors at runtime. If a language goes one
step further to offer type inference, then the programmer is free to leave out this type information, and
a type inferencer will attempt to automatically compute the missing information.

Type inference has long been used in functional programming languages to relieve programmers of
the burden of manually inserting type information. However, attempts to bring the benefits of type
inference to object-oriented languages have been met with limited success. This is unfortunate since,
from the 1990s, object-orientation has been the dominant software development methodology used
throughout both industry and education.

Table 1.1 lists the top 11 programming languages in April 2013 listed by the TIOBE Programming
Community Index [1], an indicator of the popularity of programming languages. Although such lists
should be taken as only rough indicators of language popularity, we can observe from this list a clear
pattern of the dominance of the object-oriented paradigm, with only C not supporting object-oriented

programming constructs. A more interesting observation, though, is that the languages in this list
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Rank | Language Rating
#1 | C 17.862%
#2 Java 17.681%
#3 C++ 9.714%
#4 Objective-C 9.598%
#5 C# 6.150%
#6 PHP 5.428%
#T (Visual) Basic | 4.699%
#8 Python 4.442%
#9 | Perl 2.335%
#10 | Ruby 1.972%
#11 | JavaScript 1.509%

Table 1.1: TIOBE Programming Community Index for April 2013

supporting object-orientation adopt two distinct approaches to typing. Java, C++, Objective-C and C#
check types at compile time (i.e. “static typing”), and rely on programmer-supplied type annotations
to achieve this, while PHP, Python, Perl, Ruby and JavaScript check the types of values at runtime
(i.e. “dynamic typing”) and do not require any type information to be known at compile time. Visual
Basic can operate under either approach, and will use static typing if the programmer supplies type
annotations or will use dynamic typing otherwise.

While static typing with explicit type annotations may create more work for the programmer, it
also provides the significant benefit of ruling out unsafe programs at compile time and alerting the
programmer to faulty code before it is released to users. On the other hand, while dynamic typing may
allow for more rapid software development, it also leaves programs vulnerable to type errors at runtime.
Missing from Table 1.1, however, are object-oriented languages that are statically typed and require no
type annotations through the use of type inference. Such languages could be seen as truly mixing the
best of both extremes by allowing programs to be written rapidly without requiring the programmer to
supply type information, but to still benefit from static type checking by having this type information
automatically inferred by the compiler.

While a number of foundations for object-oriented type inference have been proposed, none has been
as successful as those used by functional programming languages, and there has not yet been a pro-
posal that entirely preserves the modelling and engineering benefits of the object-oriented programming

style. In particular, previous efforts have not been able to simultaneously address both of the following
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considerations that are important in the object-oriented paradigm:

1. Object-oriented modelling depends on the treatment of objects as “first-class” citizens, and as
such, objects are often passed through parameters. With respect to the type system, objects
often also have polymorphic types, meaning that they may be reused in different contexts at
different types. Thus, we should expect of any object-oriented type inference system that it be

able to infer polymorphic types for parameters, which is referred to as first-class polymorphism.

2. Object-oriented engineering encourages the separate development of software modules, and as
such, it ought to be possible to analyse and compile a single module on its own without having to
re-analyse and recompile the entire system. This kind of analysis is referred to as compositional

analysis and should be expected of any object-oriented type inference system.

The overall challenge is to create a type inference system that simultaneously supports (1) first-class
polymorphism, (2) compositionality and of course (3) object-orientation itself. The current state of
affairs is that we have systems that support any two out of these three features (to an extent), but no

system that supports all three:

First-class polymorphism

(e.g. Intersection type‘s)"‘ @ (e.g. Flow analysis)

Compositionality ‘ Object-orientation

(e.g. Hindley/Milner + records)

A useful observation is that Hindley/Milner-style type inference [45], despite being widely used in
functional languages, is incapable of inferring types that require first-class polymorphism, and that while
certain kinds of flow analysis [46, 49, 3] are capable of this, flow analysis is fundamentally incompatible

with compositional analysis. However, a workable combination is intersection types which support both



Chapter 1. Introduction 4

first-class polymorphism and compositionality, and records which support object-orientation.

In this dissertation, we pursue object-oriented type inference using a particular kind of record known
as an extensible record [62, 64], and a particular system of intersection types called System E [17]. The
resulting system has been implemented and is demonstrated to successfully infer types for functional,
object-oriented programs that make use of first-class polymorphism, while at the same time performing
type inference in a strictly compositional manner. While the system presented in this dissertation does
not include all features often found in object-oriented programming languages, such as general recursion
and state, it instead aims to provide a foundation for studying object-oriented type inference where
compositionality and first-class polymorphism are built in from the beginning. Such a foundation is
important if type inference is ever to be adopted by mainstream object-oriented languages such as Java
where first-class polymorphism and compositional analysis are expected. By focusing on only the core
elements of object orientation, this work follows in the same vein as Featherweight Java [27] and Abadi
and Cardelli’s Object Calculus [2], which also omit all but a few core constructs that are necessary to
represent objects themselves, simplifying to an extent that allows complex typing issues to be better
understood.

This introduction is organised as follows. Section 1.1 outlines key considerations for object-oriented
type inference and presents motivating examples. Section 1.2 reviews the prior work. Section 1.3 pro-
vides an overview of our new system based on extensible records and System E. Section 1.4 outlines the

chapters of this dissertation. Finally, Section 1.5 provides instructions on how to read this dissertation.

1.1 Key Considerations for Object-Oriented Type Inference

A type inference system that preserves the modelling and engineering benefits of object-orientation

should have the following features:

e Object-orientation
e First-class polymorphism

e Compositionality
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The following subsections will introduce each of these features, argue for the importance of the last
two features with respect to the first, and set out all of the associated problem examples that we intend

to handle in our system.

1.1.1 Object-Orientation

Within object-orientation, many alternative paradigms have been explored, including prototypes [59],
multimethods [33] and aspects [30] to name just a few. In this dissertation we will limit our analysis
to object-oriented concepts that are common to popular, mainstream object-oriented languages such
as C++, Java and C#. Shared by all of these languages are: objects, classes, inheritance, method
overriding and dynamic dispatch. In this section, we introduce these five features using examples in the
Java language.

The fundamental concept in object-oriented programming is that of an object. An object is a
programming abstraction that allows for the modelling of real-world objects. For example, a banking
program might be built from account and customer objects, while a car simulator might contain car,
engine and wheel objects. The key point of object-orientation is that an object encapsulates both data
and associated operations, meaning that a car object, for instance, might contain position, velocity and
direction data, along with operations to control the accelerating, braking and steering of the car.

From the program’s point of view, an object is essentially a record of data fields with associated
functions attached to it, called methods. Each method is aware of, and can refer to, the object to which
it belongs. Most object-oriented languages also classify objects into classes so that all objects belonging
to a class share the same record structure and methods. Programmers will therefore write code for
the classes only and use those classes to spawn like objects. For each class, a special method called a
constructor defines how new objects of the class are created and initialised.

The example below defines a class of Rectangle objects in the Java language, with fields width and

height, a constructor Rectangle, and associated methods area and toString:

class Rectangle

{
double width;
double height;
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Rectangle(double rwidth, double rheight) { this.width = rwidth; this.height = rheight; }
double area() { return this.width * this.height; }
String toString() { this.width + "x" + this.height; }

The underlined expressions are called types and they are used to restrict the set of possible values
that may be assigned to fields, parameters and other sorts of variables, as well as the values that must
be returned by methods. For example, the fields width and height may be assigned only values of type
double, while the method toString must return a value of type String.

The following program illustrates the creation and use of an object from class Rectangle:

Rectangle r = new Rectangle(2,3);

System.out.println(r.width);
System.out.println(r.height);
System.out.println(r.area());
System.out.println(r.toString());

Line 1 shows constructor Rectangle being invoked via operator new. Lines 2-5 illustrate the use of
the dot operator “.” to access both the fields and the methods of the new object r. The resulting 4
values are printed using method println which itself is accessed from the built-in object System.out
via the dot operator.

Since both the fields and methods are accessed via the dot operator, it is intuitively as though the
object r were simply a record of 4 fields, altogether containing 2 data values and 2 functions. However,
what makes objects different from records is that each method can refer to its containing object. In the
Java syntax shown above, this is accomplished via the keyword this. Hence, when the area method
uses the dot operator to access this.width and this.height, it is referring to the width and height
fields of the containing object.

An important reuse feature of class-based object-oriented languages is the ability for a sub-class of
objects to be defined as an extension of a super-class of objects, a feature known as inheritance. Using
this feature, we can define a class of PositionedRectangle objects as an extension of the class of
Rectangle objects. The non-constructor members of the superclass are automatically inherited by the

subclass, and so the subclass needs only to define a new constructor and any additional members:
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class PositionedRectangle extends Rectangle
{
double x;
double y;
PositionedRectangle(double rx, double ry, double rwidth, double rheight)
{
super (rwidth, rheight); // Invoke the superclass’ constructor
this.x = rx;
this.y = ry;
}
double distanceTo(PositionedRectangle rect)
{
return sqrt(sqr(rect.x-this.x)+sqr(rect.y-this.y));
}
String toString()
{
return super.toString() + "(" + this.x + "," + this.y + ")";
}
}

The subclass adds two fields x and y, a new constructor PositionedRectangle, a new method
distanceTo, and also overrides the existing toString method with a new definition. The superclass’
version of toString may still be accessed from the subclass via super, and likewise for the superclass’
constructor. Through this mechanism, the subclass can reuse any code from the superclass that was
not inherited.

Object-oriented languages typically use dynamic dispatch when invoking a method. Given a variable
rect referring to either a Rectangle or a PositionedRectangle where the actual type is not known at
compile time, the invocation rect.toString() will select the appropriate version of the toString()

method based on the runtime value of rect. This is illustrated by the following example:

Rectangle larger(Rectangle rl, Rectangle r2)
{
if (ri1.area() > r2.area()) return ri;
else return r2;

}

String test()
{

Rectangle rl = new Rectangle(2, 2);
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PositionedRectangle r2 = new PositionedRectangle(1, 2, 10, 20);
Rectangle bigRect = larger(rl, r2);
return bigRect.toString();

When method bigRect.toString() is invoked inside method test (), the runtime environment will
identify that bigRect is currently holding the value r2 which is a PositionedRectangle, and therefore

the PositionedRectangle version of toString will be used to produce the string ”10x20(1,2)”.

1.1.2 First-Class Polymorphism

In this section, we introduce the concepts of polymorphism and first-class polymorphism, and discuss
why these are important in the object-oriented programming style. Finally, we illustrate through

examples how first-class polymorphism arises in practice in object-oriented programming.

What is polymorphism?

Polymorphism refers to the ability of a program expression to be reused in different contexts at different
types. This is achieved by assigning that expression a polymorphic type that somehow represents the
set of different types at which the expression can be used. In modern object-oriented languages such as
Java, C++ and C#, polymorphism can arise in three different situations as illustrated by the following

Java example:

void printRect(Rectangle r) { System.out.println(r.toString()); }
<X> X identity(X x) { return x; }

void test() {
Rectangle r = new Rectangle(2,3);
PositionedRectangle pr = new PositionedRectangle(2,3,2,3);

System.out.println(r.area());
System.out.println(pr.area());

printRect (r);
printRect (pr);

Rectangle rl = identity(r);
PositionedRectangle prl = identity(pr);
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In lines 6-7, inheritance polymorphism allows method area to work in both class Rectangle
and its subclass PositionedRectangle without being recoded. In lines 8-9, subtype polymorphism
allows method printRect to work on both objects of type Rectangle and objects of its subtype
PositionedRectangle without being recoded. And in lines 10-11, parametric polymorphism, allows
method identity to be used to take a Rectangle to a Rectangle and a PositionedRectangle to a
PositionedRectangle without being recoded, since method identity is defined (line 2) to take any X

to an X for some type parameter X, universally quantified by <X>.

What is first-class polymorphism?

Objects are treated as first-class citizens in the sense that they can be used in expressions, assigned to
variables and passed through parameters to methods. This is in contrast to classes which are tradition-
ally not first-class citizens and can be used only in specific situations, such as immediately following
the new operator while creating a new object from a class. Similarly, polymorphism in mainstream
object-oriented languages is also first-class in the sense that objects can be given polymorphic types
regardless of whether those objects are used within expressions, assigned to variables or passed through
parameters to methods.

Of the three kinds of polymorphism described above, parametric polymorphism has been histor-
ically difficult to support in type inference in combination with first-class polymorphism. Milner’s
Algorithm W [45] for the Hindley/Milner type system, which is used in the majority of functional
programming languages that have type inference, and local type inference [48] which is used in the
functional/object-oriented language Scala, both sacrifice first-class polymorphism to make type in-
ference possible!. The common realisation in both of these approaches is that it is easy to infer a
parametrically polymorphic type for a local variable, but much harder to infer one for a method or

function parameter. This can be illustrated by the following example:

class Foo {
void poly(b) {
let a = new A();
a.ml(true);
a.ml(42);

1Programming languages based on these systems sometimes permit first-class polymorphism, but the programmer is
required to manually supply type information in such cases.
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b.m2(true);
b.m2(42) ;

In this program, methods a.m1 and b.m2 are each used polymorphically since they each need to deal
with arguments of type boolean and int. In the case of a.m1, there happens to be a convenient way
to infer the complete polymorphic type of a, including its method m1. Because a is initialised locally
to an instance of class A, it is possible to analyse class A to determine the type of a.

In contrast to variable a, we have no such hint about the variable b since its actual value originates
outside the context of method poly. If parametric polymorphism is used, there are various unrelated
possible types for method b.m2 and no clear choice exists. Some possible alternative types include (see

Section 1.1.3 for a discussion on why these types are unrelated):

<X> X m2(X x);

<X> Pair<X,X> m2(X x);

<X> Pair<X,Pair<X,X>> m2(X x);

<X> Pair<X,Pair<X,Pair<X,X>>> m2(X x);

The way to deal with this situation in the widely used Hindley /Milner system is to impose a restricted
form of parametric polymorphism called let-polymorphism in which only variables introduced via let-
declarations, such as variable a, may be polymorphic, while parameters such as variable b may not
be polymorphic. After applying this restriction, the above program is simply ruled out as an invalid
program.

It is not an easy task to design a type inference system that supports first-class polymorphism, and
some of the challenges appear to be inherent in the use of parametric polymorphism itself, suggesting
that alternative approaches to first-class polymorphism should be considered. One of the main difficul-
ties in working with parametric polymorphism is that systems based on it tend to have limited support

for compositional analysis, an issue that will be discussed in Section 1.1.3 and Section 1.2.3.
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First-class polymorphism in practice

In this section, we examine how first-class polymorphism is used in practice in object-oriented program-
ming. There are fundamental differences between the function-oriented and object-oriented program-
ming styles that influence the use of first-class polymorphism in each style. It is these differences that
make the limitations of Hindley /Milner-style type inference, which are relatively more tolerable in the
function-oriented programming style, less tolerable in the object-oriented programming style.

In function-oriented programming, functions are declared separately from data, and are often free
to be declared globally via let-declarations and act on local data in any part of the program. Because
of this, there is a good chance that functions will benefit from let-polymorphism (if they are declared
via a let-declaration) and the type inferencer will be able to infer its polymorphic type automatically.

In object-oriented programming, methods (the object-oriented counterpart to functions) are not
declared globally. Instead, methods and data are bundled together into objects, making methods just
as likely to be accessed from parameters as regular data, and this reduces the opportunity for methods
to benefit from let-polymorphism during type inference.

The following pattern describes a general situation in which first-class polymorphism can arise in

object-oriented programming:

class C

{
A partl;
B partB;

void action(ServiceProvider service)
{
service.operateOn(partA);
service.operateOn(partB) ;

Some class C is composed of two (or more) parts, each of different types. In one of its methods
(here, action), a service provider object is passed in as a parameter, and one of its methods (here,
operateOn) is applied polymorphically to the two parts, partA and partB, which have different types.
This polymorphism is first class since operate0On is accessed via an object that came through a param-

eter.
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One application of this pattern is in computer games designed to run on today’s multicore CPU
architectures. With the increasing prevalence of multicore CPUs on the desktop, it has become increas-
ingly important to consider how best to design games to utilise the parallel processing power available
in these CPUs [21]. In a multithreaded game design, artificial intelligence, audio, physics, graphics, etc.
can all be processed in parallel by different threads with each thread potentially running on a different
CPU core. Thread creation tends to be an expensive operation and so it is useful to share a thread
pool between different parts of the application allowing old threads to be recycled and reused rather
than recreated.

In Java, a game component can use a shared thread pool to execute two tasks in parallel as follows:

class GameComponent {
Callable<Resultl> taskl = ...;
Callable<Result2> task?2 e

void doWork(ExecutorService threadPool) {
Future<Resultl1> futurel = threadPool.submit(taskl);
Future<Result2> future2 = threadPool.submit(task2);

Resultl resultl = futurel.get();
Result2 result2 = future2.get();

process(resultl, result2);

Lines 2 and 3 define the two tasks to be performed in parallel, where taskl produces a result of
type Resultl and task?2 produces a result of type Result2. Here, physics algorithms, audio processing,
or other typical game functions could be substituted for taskl and task2, or indeed, a single game
function could be further decomposed into threads (see [21] for examples).

Method doWork takes a shared threadPool as a parameter and uses it to submit the two tasks to
be executed. The threadPool parameter is an instance of the standard Java class ExecutorService,

and its submit method is polymorphically defined with the following method signature:

<T> Future<T> submit(Callable<T> task)

Here, the type parameter T indicates the type of result produced by a given task, and in our case it is

either Resultl or Result2. Callable represents the generic interface of a task, and Future represents
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a future result that is not immediately ready but will become ready once the thread completes.

Note that the thread pool’s submit method is used polymorphically. On Line 5, taskl is submitted
to be executed, and a Future result of type Resultl is returned. On Line 6, task?2 is submitted and a
Future result of type Result?2 is returned. Since the submit method belongs to a thread pool that was
shared via a parameter, this polymorphism is also first class.

Finally, lines 7-8 block and wait for the two threads to complete, and then obtain the results from
the two futures so that they can be combined and processed on Line 9.

Reflecting on this example, the first-class polymorphism is a direct result of method submit being
bundled together with the data (i.e. the thread pool) that is passed through a parameter, and this
“bundling” is of course a technique that is central to object-oriented programming. In functional
programming, the polymorphic method submit might instead be declared as a global function where it
can benefit from let-polymorphism, and might be defined to take the thread pool data that was once
bundled together with it as an additional parameter. While the first-class polymorphism in the above
example could possibly be avoided by coding in the functional style, the challenge is to build a type
inference system that supports the kinds of polymorphism that arise in the object-oriented programming
style.

Next we consider an example taken from the Java implementation of the type inference algorithm
presented in this dissertation (for complete source code, see [26]). Type inference algorithms often make
use of type substitutions which substitute types for type variables in given expressions, although to sim-
plify matters in the following presentation, we shall consider only the substitution of variables for other
variables. If s is a substitution and e is an expression, we intend to use code of the form s.apply(e)
to apply substitution s to expression e, and this should produce a new expression with all of the vari-
able substitutions applied. A substitution can work on different kinds of expressions. For example, a
substitution could work on a single variable. It could also work on another substitution that contains
variables within it. In the full System E (the rules of which are presented in Chapter 2, Figure 2.3), a
substitution will also work on other kinds of expressions such as types containing variables and expan-
sions containing variables. Because a substitution can work on different types of expressions, the type
of a substitution must be polymorphic. And because substitutions are often passed as parameters to

methods, the example will also employ first-class polymorphism.
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The example consists of 5 classes:

Class Substitution defines a linked list of extended substitutions with an identity substitution

at the root.

e (Class IdentitySub defines an identity substitution which has no effect when applied to an ex-
pression.

e Class ExtendedSub defines one particular link in a list of substitutions of one variable for another
variable.

e (lass Variable defines a named variable.

e Class Expression defines the superclass of all expressions. Substitution and Variable are

subclasses.

First, we have the class of Substitution objects which may be applied to expressions. A substitution

is itself a kind of expression:

abstract class Substitution extends Expression<Substitution> {
abstract <X extends Expression<X>> X apply(X expression);

}

The polymorphic type for method apply states that the method can operate on any type X of
Expression and will produce as its result the same type X of Expression. For example, if applied to
a Variable, the return type will be Variable, and if applied to a Substitution, the return type will
be Substitution.

There are two kinds of substitution which together are used to build linked lists of variable assign-
ments. The first kind of substitution, represented by class IdentitySub, is the identity substitution. It

has no effect when applied to an expression, and it is used as the root of a substitution linked list:

class IdentitySub extends Substitution {
<X extends Expression<X>> X apply(X expression) { return expression; }
ExtendedSub applySubToSelf (ExtendedSub s) { return s; }
String str() { return "{}"; }

For now, we focus on the implementation of method apply which in this case just returns back the

original expression without modification.
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The second kind of substitution is the ExtendedSub which consists of a variable assignment of

variable v to variable x, combined with all of the variable assignments contained in the tail substitution:

class ExtendedSub extends Substitution {
Variable x;
Variable v;
Substitution tail;

ExtendedSub(Variable x, Variable v, Substitution tail) {
this.x = x;
this.v = v;
this.tail = tail;

}

<X extends Expression<X>> X apply(X expression) {
return expression.applySubToSelf (this);
}

Substitution applySubToSelf (ExtendedSub s) {
return new ExtendedSub(this.x, s.apply(this.v), s.apply(this.tail));

}

String str() {
return this.x.str() + "=" + this.v.str() + "," + this.tail.str();

}

Again we shall focus on the implementation of method apply. Unlike an IdentitySub, the way
in which to apply an ExtendedSub to an expression depends upon the type of expression. Hence,
Line 11 uses dynamic dispatch to let each expression decide how to handle the application via method
applySubToSelf. Each kind of expression must provide an implementation of this method to define
how an ExtendedSub should be applied to that expression. Because the expression on Line 11 could
itself be another substitution, even substitutions must define this applySubToSelf method. In Line 14
above, an extendedSub defines this method by applying the given substitution s recursively to each
component of this.

There are two points to make about substitutions. First, method applySubToSelf in class ExtendedSub
uses its parameter s polymorphically, on one occasion to transform the variable this.v into another
variable, and on another occasion to transform the substitution this.tail into another substitution.

Because the parameter is used polymorphically, this method requires first-class polymorphism.
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The second point is that the polymorphic type for method apply in class Substitution is arguably
quite difficult for a programmer to discover, and automated type inference could help to alleviate
this problem. In this case, we have two different mechanisms for polymorphism being used together:
parametric polymorphism on the type parameter X to ensure that the return type is the same as the
parameter type, and subtype polymorphism to allow X to be any subtype of Expression. An added
complication is that class Expression must also be parameterised by a type parameter so that the
related methods in that class can also produce the correct return types.

Next, we have the class of Variable objects. Each Variable has a name, and can be substituted

for other variables:

class Variable extends Expression<Variable> {

String name;

Variable(String name) { this.name = name; }

Variable applySubToSelf (ExtendedSub s) {
if (this.name.equals(s.x.name)) { return s.v; }
else { return s.tail.apply(this); }

}

String str() { return (this.name); }

Method applySubToSelf performs the actual work of variable substitution. If the head of the
substitution matches this variable, then the variable assignment in the head is applied, otherwise the
tail of the substitution is applied.

Finally, we have class Expression of which all other classes are subclasses. Every expression de-
fines an applySubToSelf method, as we have seen, and also a str method for producing a string

representation of the expression:

abstract class Expression<X extends Expression<X>> {
abstract X applySubToSelf (ExtendedSub s);
abstract String str();

Based on the implementation of the str methods, the string {} would represent the identity substitu-
tion, while the string x=a,y=b, {} would represent a substitution that, when applied to any expression,

will replace variable x by a, and variable y by b.
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To show the above classes working together, and to exercise the polymorphism found within them,
the following program creates two substitutions, applies one substitution to the other, and then prints

a string representation of the result:

Variable a = new Variable("a");
Variable b = new Variable("b");
Variable ¢ = new Variable("c");
Variable d = new Variable("d");

IdentitySub id = new IdentitySub();

// Create two substitutions and compose them

Substitution sl = new ExtendedSub(b, a, id);

Substitution s2 = new ExtendedSub(a, b, new ExtendedSub(c, d, id));
Substitution s1s2 = sl.apply(s2);

// Print out the result

System.out.println("sl = " + sil.str());
System.out.println("s2 = " + s2.str());
System.out.println("sl s2 = " + sis2.str());

This produces the following output:

sl = b=a,{}
s2 = a=b,c=d,{}
sl s2 = a=a,c=d,b=a,{}

Reflecting on this example, the key polymorphic code is s.apply(e) which applies a substitution to
an expression. Since there are various types of expression, apply must be polymorphic to support them
all. At the same time, there are different kinds of substitution, which are handled by dynamic dispatch.
It should be noted that if there were only one kind of substitution, it might be tempting to switch the
object and parameter around to read e.apply(s) so that apply need no longer be polymorphic. If the
type inference system of the language did not support first-class polymorphism, then this trick could
be used to avoid the type inference system’s limitation.

However, there are good object-oriented reasons to define apply as a method on substitutions rather
than on expressions. At purely the interface level, apply is conceptually an operation that is associated
with substitution objects and ought to be part of the specification of how a substitution may be used.
Getting the interface right conceptually can also help to make the system future proof so that new

classes introduced in the future would be more likely to fit the interface. As it turns out, when this
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example is extended to the full system given in [26], substitutions will be but one of a more general
class of objects known as expansions that can be applied to any expression, and at this point, the need
for first-class polymorphism cannot be avoided.

Once again, the challenge is to offer type inference that allows programmers to make their usual
object-oriented design choices without letting limitations of the type inference system dictate their

design in any way.

1.1.3 Compositionality

Object-oriented programming encourages a separation of concerns between different software compo-
nents. At the lowest level, a well-designed class should consist of fields and methods that are closely
related and this tends to increase internal dependencies and lower external dependencies. At a higher
level, classes can be grouped into packages, again with an aim to increase internal dependencies and
lower external dependencies. This separation of concerns is good from a software engineering point of
view, especially in large software projects, because it allows different programmers to independently
work on different classes, and different teams of programmers to independently work on different pack-
ages. As long as the boundaries between different software components are clearly defined, it should be
possible for a programmer to recompile the one class being worked on, or for a team of programmers to
recompile the package being worked on, without needing to recompile the entire software project. To
support such separate compilation, any analysis during compilation should be compositional, meaning
that it should be possible to analyse different program subcomponents in isolation.

For many object-oriented languages, separate compilation is supported by constructing a dependency
graph between classes and checking file modification dates to determine whether any dependencies need
to be compiled, and if not, then compiling only the target class. In the case of Java, dependency
information can be indicated at the top of each source file in the form of import statements which
specify other classes that are depended upon?. Also, the compiler must be configured with a class path
specifying the directories where classes to be imported can be found in the file system. The process is

roughly illustrated by the following example:

2This is a simplification. Java actually treats import statements as shorthand for writing fully qualified class names
throughout the body of the class, and analyses the entire class to discover the dependencies
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import packagel.A;
import package2.B;
class C {
void mono(B b) {
A a =new AQ;
a.ml(true);
b.m2(42);

This Java class specifies dependencies on two external classes A and B. Because these dependencies
are explicitly named, the compiler can, while compiling C, efficiently locate definitions for A and B
in the class path under file names corresponding to these class names. Assuming A and B have not
changed since the last compile, the compilation of C can be completed using the already-compiled type
information for A and B.

If we consider type inference, care must be taken to preserve the benefits of separate compilation.
Before omitting the types, we must have a clear understanding of what is a type and what is a class.
In Java, C++, C# and many other object-oriented languages, every class name is a also type name,
and this can lead to some confusion about the difference between the two. In Line 5, the occurrence of
A in “A a” indicates the type of variable a, while the occurrence of A in “new A()” indicates the class
from which a new object is to be created. The conceptual difference between the two is that class A
holds all of the code needed to create a fully functioning object, while type A specifies only what field
and methods an object must have, without specifying any code for the methods.

In a hypothetical version of Java supporting type inference, the above program might be written as
follows, where parameter “B b” is now specified simply as “b”, and local variable declaration “A a” is

now replaced by a let declaration without a type:

import packagel.A;
class C {
mono (b) {
let a = new A(Q);
a.ml(true);
b.m2(42) ;
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Notice that the process of omitting types can lead to some import statements being omitted that
were previously used for efficient compilation. In particular, while there is still a genuine dependency
on class A, which is needed to create the new object a, there is no longer any dependency on class B,
and the inferred type of parameter b could just as well be any alternative type that also provides a
method m2 that accepts an int argument. If the inferred type of b must be a class name (such as “B”),
then the only way to find a matching class would be to search the entire class path for such matching
candidates. Setting aside the potential obstacle posed by the sheer number of classes that would need
to be searched every time a parameter type must be inferred (roughly 7,000 classes in the standard Java

library alone, as of version 1.6), such a whole program analysis will lead to the following problems:

1. In order to make the parameter type as general as possible (so as not to unnecessarily prevent
arguments from being passed into it), the inferred parameter type would need to comprehen-
sively describe all possible candidate classes within the set of 7,000+ classes. Such a type could
potentially become very large.

2. If, at the time of compilation, a complete set of matching classes was found and combined to
produce the inferred parameter type, but then after the initial compilation, a new class B1 was
created that would now also match, a recompilation of class C would now be required to include
B1 as an acceptable parameter type. Thus, class C would need to be regularly recompiled as new
classes are invented, despite class C having no explicit dependency on those classes. The result is

that separate compilation would be problematic.

One way to avoid the problems associated with whole-program analysis when inferring parameter’s
type is to use structural types [4] where, rather than parameter b’s type being a class name, it can
instead be a description of the fields and methods that are required of b. For example, it is possible,

based on the usage of variable b, to infer a structural type such as

{
void ml(boolean);

}

indicating that b must be an object containing a method m1 that takes a parameter of type boolean

and returns a result of type void.
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However, the problem of compositional type inference becomes still more challenging when consid-

ering code reuse. This is illustrated by the example of class Foo introduced in Section 1.1.2:

class Foo {
poly(b) {
let a = new A(Q);
a.ml(true);
a.mi(42);

b.m2(true);
b.m2(42);

Even when structural types are used, it is not a trivial matter to infer a type for parameter b which
is reused at two different types, and the success of any type inference approach depends to a large extent
on the kind of polymorphism that is offered by the language.

For compositional type inference to work, we should try to find a type for parameter b that is general
enough to represent all other possible types for b, or what is commonly referred to as a principal type.
This is necessary because it is not known which other parts of the program will use method poly, and
we need to ensure that no potential caller of this method will be prevented from using it due to the type
of parameter b being unnecessarily narrow. When using parametric polymorphism, it unfortunately
turns out that there exists no principal type for b. We can in fact find at least two valid yet unrelated

types for b (using Java’s interface syntax for describing types):

interface B1<Y> {
<X> Y m2(X x);

}

interface B2 {
<X> X m2(X x);

}

Note that in B1, type variable X is not within scope under the universal quantifier <Y>, and so it is
not possible to instantiate <Y> to X in B1 to yield B2. Even if we were instead to look for a finite set of
types which between them represent all other types for b, such a finite set does not exist either because

we can find an infinite set of unrelated types for b:
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interface B2 { <X> X m2(X x); }

interface B3 { <X> Pair<X,X> m2(X x); }

interface B4 { <X> Pair<X,Pair<X,X>> m2(X x); }
interface B5 { <X> Pair<X,Pair<X,Pair<X,X>>> m2(X x); }
interface B6 ...

The problem can also be viewed from the perspective of the following smaller code fragment:

b.m2(true);
b.m2(42);

Whether or not this code fragment has a type depends very much on the nature of b. For example,
in a context where b has type int, the above code fragment has no type. Whereas in a context where b
has the type described by interface B2, the above code fragment has type void (statements in Java
do not have values and are therefore of type void). The pair of the type and the context in which this
type is assigned is together called a typing. For compositional type inference to work, it is necessary to
find a typing for a given code fragment that is general enough to represent all other possible typings
for that code fragment, which is commonly referred to as a principal typing [67]. Finding a principal
typing means that it is not necessary to know how the term will be used at the moment the term is
analysed because it is certain that a principal typing will be general enough to be instantiated into any
other valid typing as required. However, by similar reasoning as before, there exists no principal typing
for the above code fragment because we can construct an infinite set of unrelated typings, the type of
each being void and the context of each assigning to b one of the types from the set {B1, B2, ...}.

When dealing with compositional type inference, the notion of typings is more useful than the
notion of types, since the goal of compositional type inference is to compute both the type and the
context for a given program fragment. That is, if a type inference algorithm cannot analyse a program
subcomponent without being provided external context as input, then it cannot truly analyse that
program subcomponent in isolation. As identified by Wells [67], the lack of principal typings in various
systems based on parametric polymorphism is the key factor that makes type inference in those systems
challenging. Even the Hindley /Milner type system, which restricts polymorphism to rank 1, lacks the
principal typings property. It instead has the weaker principal types property which asserts that if

the required context is supplied as input, then the type inference algorithm can find a principal type
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for a given program fragment. This allows type inference to be partially compositional, albeit at the
cost of first-class polymorphism. For example, in functional languages such as Haskell, the application
term t1 t2 of function t1 to argument t2 (which in Java syntax corresponds to a method invocation
t1(t2)) can be analysed compositionally by analysing the components t1 and t2, in any order, and
then combining the results. However, the let-term let x = t1 in t2 (which corresponds to the Java
syntax T x = t1; t2; where T is the required type annotation for the variable x, and t2 is any Java
expression that may refer to the value of variable x) must be analysed non-compositionally by first
analysing t1 and then using the result as context information about x while analysing t2.

Another indicator of the difficulty of performing type inference for systems based parametric poly-
morphism is the fact many such systems are now known to have undecidable type inference, meaning that
any type inference algorithm is forced to be either incomplete or non-terminating. Such systems with
undecidable type inference include System F [66], System F+n [65], System F< [47], System F,, [60],
as well as all rank k restrictions (k > 2) of System F [35] where rank [42] refers to the depth to which
polymorphism is allowed on parameters. Specifically, rank 1 refers to a system where a parameter
cannot be polymorphic, rank 2 allows a parameter to be polymorphic, rank 3 allows a parameter itself
to have a parameter that is polymorphic, and so on.

The difficulties described here suggest a problem inherent in parametric polymorphism itself, and
they motivate a consideration of alternative approaches to compositional type inference and first-class

polymorphism. Such alternatives will be considered in Section 1.2.3.

1.2 Prior Work

Until now, there has been no type inference system that simultaneously supports object-orientation,
first-class polymorphism and compositionality. However, there are systems that can support two out of

the three items. This section reviews the prior work for each pair of items.

1.2.1 Object-Orientation & First-Class Polymorphism

Type inference for object-oriented languages with first-class polymorphism has been studied without

compositional analysis.



Chapter 1. Introduction 24

The first and most actively researched approach initiated by Palsberg and Schwartzbach [46] is
based on flow analysis. In this approach, types are sets of classes, and subtyping is set inclusion. The
analysis begins by tracing method calls throughout the entire program, and generating constraints from
these methods calls and also from uses of expressions within each method. Parametric polymorphism
is supported by effectively splitting the flow graph for each different call of a method so that a method
can be re-analysed with different types for different calls. The generated set of constraints is then
solved using a fixed-point computation, and the program is considered typable if this constraint set is
solvable. This approach was extended by Plevyak and Chien [49] to support more precise polymorphism
in programs that contain deep polymorphic call chains by iteratively splitting the flow graph. A further
improvement on Plevyak and Chien’s algorithm was the Agesen’s Cartesian Product Algorithm [3]
which increases efficiency by replacing the iterative splitting procedure with an immediate case analysis
of all of the combinations of types that are possible for each call site. All of the above variations,
however, require the use of a whole-program analysis, and cannot support separate compilation.

A more recent and quite different approach is Plumicke’s type inference system for Java [52, 51].
This system supports first-class parametric polymorphism and also makes use of intersection types
in order to compute a principal type for any method. In this approach, the type for a polymorphic
parameter is inferred by performing a whole-program search for a set of classes that, after having each
been analysed themselves, are found to be compatible with the usage of the parameter. Thus, despite
having the principal types property, the type inference procedure is prevented from being compositional

due to the required whole-program search.

1.2.2 Object-Orientation & Compositionality

Type inference for object-orientation with a limited form of compositional analysis has been studied
using variations of Algorithm W for the Hindley/Milner type system. With the exception of let-terms,
Algorithm W is compositional. The most general type of a function Ax.t taking parameter x and
returning the value of its body t can be analysed by first analysing its body t in isolation. The most
general type of a function application s t can be analysed by first analysing the function s and the

argument t in isolation. The Hindley/Milner type system uses parametric polymorphism so that if the
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most general types of the function s and the argument t contain type parameters, a type unification
algorithm can be applied to make necessary substitutions for these type parameters so that the type
of the parameter of s matches the type of the argument t. The only kind of term that Algorithm W
does not analyse compositionally is the let-term let x = s in t. To infer the type of x from its usage
within t alone would be equivalent to the problem of inferring the type of a parameter x from its usage
within the function body. As we saw in the previous section, it is especially difficult in parametrically
polymorphic type systems to infer the type of such a variable x if x is used polymorphically. It is for
this reason that Algorithm W analyses let-terms non-compositionally and uses a prior analysis of the
term s to provide a hint as to the polymorphic nature of the variable x. Despite its non-compositional
analysis of let-terms, Algorithm WV is compositional to an extent and that is why it is included in this
section.

Algorithm W has been extended to support objects in various ways. Wand produced a variant
of Algorithm W using his extensible records [62, 64] which elegantly encode objects and inheritance
by allowing the extension of existing records with additional fields. Wand’s original type inference
algorithm was incomplete, but complete versions were developed by Jategaonkar and Mitchell [28], and
also by Remy [55]. More recently, Boudol developed a type inference system for extensible records that
addresses safety issues with integrating recursion and state [9]. Variations of extensible records have
also been developed to include first-class record labels [22, 58] which allow the expression of functions
that abstract over labels.

A variation on the extensible record idea also explored by Wand [63] and others [25, 54, 44] is record
concatenation in which two records, each with multiple fields, can be joined to form a new record.
Record concatenation has been studied as a way to encode multiple inheritance, whereby fields and
methods from multiple superclasses can be inherited by a single subclass. An interesting result from
Remy [54] demonstrates that any language with record extension possesses record concatenation for free
by a translation from the latter into the former. Makholm and Wells [44] proved that type inference
for record concatenation is NP-complete, and also presented a restricted form of record concatenation
with O(n?) complexity, or O(n) if bounded in the number of field labels. The simply typed variation of

their system has principal typings, and can be extended with let-polymorphism having principal types.
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1.2.3 First-Class Polymorphism & Compositionality

The desire to have first-class polymorphism is often discussed in relation to the Hindley/Milner system
where first-class polymorphism has been restricted to ease type inference. Although the Hindley/Milner
system uses parametric polymorphism, the desire to regain first-class polymorphism should not neces-
sarily be tied to parametric polymorphism. Rather, any form of polymorphism that can support the
same kinds of code reuse as parametric polymorphism can be considered as a possible means to this
end. In this section, we consider both parametric polymorphism and intersection type polymorphism,

and investigate the extent to which they support first-class polymorphism and compositional analysis.

Parametric polymorphism

In Section 1.1.2 and Section 1.1.3, we saw that type inference systems based on parametric polymorphism
tend to have difficulty dealing with first-class polymorphism and compositional analysis. Consequently,
the prior work in this section can only describe systems that support first-class polymorphism and
compositionality partially.

We may consider Algorithm W to be compositional to an “extent” since it does generally analyse
programs from the bottom up, with only the exception of let-terms. To work around the difficulties
with first-class polymorphism, there have been efforts to extend Algorithm W to create “partial” type
inference algorithms [39, 41, 31] that will infer types for all terms contained within the Hindley /Milner
system, but will fall back on programmer-supplied type annotations when first-class polymorphism is
needed.

Currently, the most powerful type inference systems using parametric polymorphism are based on
the rank 2 fragment of System F, which contains the typing power of the Hindley/Milner system.
However, these type inference systems are not compositional due to the lack of a principal typings
property. The first such algorithm was developed by Kfoury and Wells [35] which reduces the type
inference problem to an acyclic semi-unification problem. The second such algorithm was developed
by Lushman [43] which improves efficiency by instead translating into the R-acyclic semi-unification
problem. In an attempt to address the lack of principal typings in System F, Lushman’s algorithm also

introduces an extended type syntax that can generalise over more types than raw System F types can.
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However, the system is not complete and may sometimes infer a type that is not general. In such cases,
the programmer may use an annotation to express the desired type.
Beyond rank 2, System F is undecidable, both for unrestricted rank [66] and also for all rank &

restrictions for k > 2 [35], and no known type inference algorithm exists for these systems.

Intersection type polymorphism

A promising alternative to parametric polymorphism that is able to handle at least the same kinds
of code reuse is intersection type polymorphism, which was first developed by Coppo and Dezani [19],
and at around the same time by Pottinger [53]. In contrast to parametrically polymorphic types, an
intersection type does not use type parameters to generalise the set of all possible instances. Instead, an
intersection type explicitly enumerates the instance types that are intended to be used within a given
program. For example, if a polymorphic function is intended to be used at three different types T3, T»
and T3, then the intersection type to express this polymorphism is 77 M 75 M T5.

The typing power of these two kinds of polymorphism can be compared by considering the set of
terms of the A-calculus that can be typed in each case. Systems based solely on parametric polymor-
phism type at most the set of strongly normalising A-terms [24], but cannot type all such terms [60].
On the other hand, certain intersection type systems will type exactly the set of strongly normalising
A-terms (see [23] for a discussion). By this comparison, intersection type polymorphism allows strictly
more programs to be typed than parametric polymorphism.

Regarding first-class polymorphism, type inference is still undecidable for systems with unrestricted
intersection types [53]. However, more promising is that type inference has been found decidable for
all finite-rank restrictions of some systems of intersection types including System I [36, 37] as well
as Boudol and Zimmer’s system based on the Klop calculus [10]. This makes it possible to create an
always-terminating type inference algorithm by setting a maximum height on the rank of polymorphism.

However, it is not yet clear how such decidable forms of type inference would be used in practice
since someone must still decide on a particular rank limit. For example, if the programmer decides to
run the analysis with a maximum rank of 10 and type inference fails at that rank limit, it is not clear
whether the programmer should accept that the program cannot be typed at this chosen rank limit, or

should instead try the analysis again at a higher rank limit. Exploiting the power of intersection types
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may in practice require a shift in thinking where the programmer is expected to make the decision on
what level of precision is required for the analysis. Carlier and Wells [16] suggest a view along these
lines when the write: “In fact, there is no reason why one must use the full power of intersection types;
for example, one can choose to use principal typings of the rank-k restriction. In the long run, if one
wants to use intersection types, it seems best to view them as a flexible framework for typing with a
choice of a wide variety of different levels of precision.”

The main relevance of intersection type systems to this thesis is that such systems tend to have the
principal typings property, which makes these systems suitable for compositional analysis. A number

of different type inference algorithms have been developed to find these principal typings:

e The earliest algorithms by Coppo and Dezani [20] and Ronchi della Rocca and Venneri [56]
involved first computing a normal form for a term and then constructing a principal typing for
the normal form. An instance is derived from a principal typing via a set of transformation
operations that includes the usual substitution of types for type variables, as well as an operation
called ezpansion which is unique to intersection type polymorphism, which expands a type T into
an intersection of type instances 71 MT'2. One problem with this approach is that if given a non-
terminating program, the normalisation procedure will also be non-terminating, and there is no
simple way to define a subset of the system for which the algorithm always terminates. Another
issue is that by deriving an instance from a principal typing via a set of different operations rather
than a single operation (commonly, a substitution alone), it becomes more difficult to make this
operation composable, and to reason about in formal proofs. One more problem is that, without
any markers in the type syntax, it is difficult to identify which parts of a type may be subject to
the expansion operation (see Chapter 2, Section 2.3.1 for a more detailed review of this original
approach to expansions).

e Ronchi della Rocca developed the first approach based on type unification [57]. In this approach,
a program is analysed to produce a set of type constraints such that each time a function is applied
to an argument, the type of the argument must match the type of the function parameter. Finally,
the unification algorithm is invoked to solve this set of constraints. Since the constraint solving is

done purely at the type level, this opens the possibility to create an always terminating algorithm
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by specifying a maximum rank on polymorphic types. Like the previous approach, however, this
approach still uses multiple operations to derive instance typings from principal typings, and uses
a complicated expansion operation.

Kfoury introduced a new unification-based approach to type inference called S-unification [34].
It introduces expansion wvariables whereby the traditional expansion operation now becomes a
case of substituting an expansion for an expansion variable in the same way that a type can
be substituted for a type variable. Expansion variables make reasoning about expansions easier,
and also allow the different operations of type substitution and expansion to be treated in a
more uniform way. Kfoury and Wells developed this approach further in System I [36, 37] and
showed that every finite-rank restriction of System I has both principal typings and decidable
type inference. The type machinery for expansions and expansion variables was later greatly
simplified and refined by Carlier, Polakow, Wells and Kfoury in System E [17], which allowed
further progress to be made in the design of new type inference algorithms. The first System E
type inference algorithm [15] aimed to show that the process of S-unification for a given program
has a one-to-one correspondence with S-reduction of the same program. The second System E
type inference algorithm [6] makes this correspondence much clearer, and is also parameterised by
a choice of evaluation strategy between call-by-value and call-by-need (See Chapter 3, Section 2.4.1
for a more detailed review of this approach).

Boudol and Zimmer also developed a type inference procedure that finds principal typings using
a modified Klop calculus [10]. They present a result similar to that of System I in that their
procedure corresponds step for step to reduction in the calculus. The expansion operation is
performed by keeping track of the set of type variables that need to be duplicated whenever an
argument is used by a function at an intersection of multiple types. However, this set of type
variables is not embedded in the type and must be found by analysing the program, which means
that the expansion operation cannot work in the realm of types alone. Also, intersection types
are permitted to occur only to the left of an arrow. This simplification meets the needs of the -
calculus and Klop-calculus, but may present difficulties when extending the system with additional
term forms (for example, our treatment of extensible records will require the introduction of

intersection types to the right of an arrow).
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Comparing the approaches to type inference based on parametric polymorphism and intersection
types, intersection types clearly have an advantage in relation to compositional analysis due to the
principal typings property. Intersection type systems are also beginning to show promise in support-
ing decidable type inference beyond rank 2 using rank-stratified type systems (System I and Boudol
and Zimmer’s system). While it may not yet be clear how programmers ought best to exploit these
rank-stratified type systems, the overall benefits of intersection type polymorphism over parametric

polymorphism suggest that intersection types are a more promising avenue for future research.

1.3 Extensible Records in the System E Framework

This dissertation introduces a new approach to object-oriented type inference that results from integrat-
ing extensible records into the System E framework. In the resulting system, objects are represented
by extensible records, while first-class polymorphism and compositional type inference are provided by
System E.

The fact that this approach to object-oriented type inference supports both first-class polymorphism
and compositional type inference is significant because previous type inference systems, both for exten-
sible records in particular, and also for object-orientation in general, have supported only one or the
other of these two important features, but never both of them simultaneously. Our system also makes
a significant contribution to the work on System E, since it extends System E for the first time beyond
the terms of the pure A-calculus, in this case, to work with extensible record data structures.

This section will give a brief overview of extensible records, System E and the system that results

from combining them, called System EV°'.

1.3.1 Extensible Records

A record is an unordered collection of labelled values called fields where access to individual fields is
provided by a field selection operator, often indicated by a dot, “.”. For example, if we let john denote
the record { name="John Smith", age=31 }, then the field selection john.age evaluates to 31 while
the field selection john.name evaluates to "John Smith". Records are a useful construct in a calculus

of objects, since an object can be represented simply as a record, where both the methods and fields of
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the object can be represented by fields of the record.

An extensible record is essentially a special kind of record that can be defined as an extension of
an existing record. For example, given some record r, then the extensible record { name = "John", r
} is an extension of 7, containing all of the fields of r plus the additional field labelled name of value
"John", with the additional field potentially overriding any existing field in r with the same name. A
record of multiple fields is built from successive record extensions starting with the empty record {}.

For example, we may define a record john as the following extension:

let john = { name="John Smith", { age=31, {} } }

Field selection is performed by scanning the fields from left to right until the first field with the
desired label is found, which is also the mechanism by which field overriding words. For example,
selecting the field age in the extensible record { age=41, john } will result in 41 and not 31, since the
field age=41 will be encountered first in the left-to-right scanning order. The ability to define one record
as an extension of another record while potentially overriding some of its fields is of particular interest
to object-orientation since it allows for an elegant encoding of object-oriented inheritance whereby one
class of objects may be defined as an extension of another class of objects, potentially overriding some
of its methods.

When an extensible record has the empty record {} at its base, it is no more expressive than an
ordinary record. The real power of extensible records comes from the ability to define a record with a
variable at its base. For example, the following function takes a parameter z representing an unknown

record, and returns an extension of x with an additional field labelled id:

Ax. { id=3, z }

This is the basic mechanism by which object-oriented inheritance can be encoded into an extensible
record calculus. Here, variable x could represent an instance of a superclass that is being extended,
in which case variable x would essentially serve the same purpose as Java’s super keyword. Various

encodings of OO into an extensible record calculus will be presented in Section 5.4.2 in Chapter 5.
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Typing with row variables

When an extensible record has the empty record {} at its base, it is typed by enumerating the types of
the record’s fields. For example, the extensible record {a=3, {b=true,{}}} has type {a:Int,b:Bool}.

However, when an extensible record has a term variable at its base, some means is needed to
indicate the types of the unknown fields represented by the term variable. This typing challenge has
been traditionally solved using row wariables. Using this approach, the example function given in the

previous section can be typed

(1) Ax. { id=3, z }:{p} — {id:Int,p}

where the type {p} — {id:Int,p} can be read as describing a function that takes as its parameter a
record of type {p} and returns a record of type {id:Int, p}. Here, p is a row variable representing the
types of the unknown fields of the parameter z, and so the resulting record has a type containing at
least the fields specified by p, plus the additional field id of type Int.

A row variable is similar to a type variable except that rather than being subject to type substi-
tutions, it is subject to row substitutions where a row is a set of pairs of field labels and types that
may appear within a record type. An important restriction on row variables is that they may not be
used to introduce duplicate field types into a record type. In the above function, p may not be used
to introduce another id field into the record type, but is free to introduce any number of other fields
besides id.

There have been various treatments of row variables in the literature, and each takes a different

approach to example (1) above:

e In Wand’s original system, the row variable p in example (1) does not itself restrict what field
labels may be introduced, and multiple occurrences of a field label may be introduced into a
record type. However, when duplicate labels are present, only the leftmost occurrence of a label
is effective and all others are ignored. When considering only the effective fields of a record type,
this approach prevents effective duplicate fields from being introduced, as desired, although it

fails to yield principal types, and it also leads to poor efficiency in the type inference algorithm.
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e Jategaonkar and Mitchell [28] defined the substitution operation on record types as a partial
function, succeeding only when the set of labels already in the record are disjoint from the set
of labels being substituted for the row variable. That is, a substitution ¢ applied to the type of
example (1) is defined only if op does not contain any field labelled id. A consequence of this

approach is that any substitution for p must be aware of the entire record type in which p appears.

e Rémy [55] proposed encoding record types in a way that reflects both positive and negative
information about which fields are present and which are absent. For example, the equivalent of
type { name:String, age:Int } in Rémy’s system is II(name : pre(String),age : pre(Int),a :
abs,b : abs,...) where ab,...represent every other possible field label from the complete set of
field labels, excluding name and age. This is abbreviated to just abs, and so the record type can be
expressed as: II(name : pre(String), age : pre(Int), abs). In this system, the function in example
(1) above can be given type II(id : abs, p) — II(id : pre(Int), p) where any type substituted for
p must have id : abs. However, it is interesting to note that although Rémy’s system does keep
track of positive and negative information on record types, the negative information of id : abs is
not directly associated with the variable p itself. Therefore, any substitution for p must still be
aware of all of the fields in the entire record type, as in the approach of Jategaonkar and Mitchell,

in order to prevent the instantiation of ambiguous types with multiple fields labelled id.

e Cardelli and Mitchell [12] developed a type system in which types again express both positive
and negative information about present and absent fields, but where a subtype relation is also
provided such that a type with more positive and negative information is considered a subtype of
a type with less positive and negative information. For example, the record type {} is the type of
all records, while the subtype {a : Int}\b is the type of all records which contain a field labelled
a of type Int and also lack any field labelled b. In this system, the function in example (1) above
can be assigned the type V(p <: {}\id).p — {p|id : Int} which asserts that, given any p that
is a subtype of the type of all records lacking label id, the function will take a record of type p
and return a record of type p modified with the addition of a field labelled id of type Int. Since
negative information is associated directly with the parameter type p, any substitution for p can

be performed on p alone and without any knowledge of the record type in which p is contained.
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This is in contrast to Jategaonkar and Mitchell’s solution and also Rémy solution in which a
substitution cannot be performed on a row variable without being aware of the entire record type

in which the row variable is contained.

e In an approach developed by Harper and Pierce [25], and later refined by Gaster and Jones [22],
the idea of constrained quantification of row variables is used whereby negative information is
associated directly with row variables in the form of a predicate rather than with a subtype
relation. For example, the predicate T'\id asserts that record type T lacks any field labelled id.
Using such a predicate, the function in example (1) above can be assigned the type V(p\id).{p} —
{id:Int, p} which asserts that for any row p that lacks a field labelled id, the function will take a
record of type {p} and return a record of type {id:Int, p}. Like Cardelli and Mitchell’s solution,
negative information is associated directly with the row variable p, any substitution for p can be

performed on p alone without any knowledge of the record type in which p is contained.

It is interesting to note that extensible records and row variables were originally developed by Wand
in the context of object-oriented type inference. Ironically, however, Wand’s original type inference
system, as well as all subsequent type inference systems for extensible records, were developed in the
Hindley /Milner style, severely hindering their applicability to object-orientation, a limitation discussed
at length in Section 1.1. It is for this reason that we wish to revisit extensible records within a more
modern type-theoretical framework that will preserve the modelling and engineering benefits of object-

orientation.

1.3.2 System E

This section will give a brief overview of System E, leaving a more detailed review for the next chapter.
System E is a type system for the A-calulus that supports first-class polymorphism via intersection
types and type inference via expansion wvariables. In many ways, System E is a typical intersection
type system. For example, if the identity function is to be used within a program on both integers and
strings, it may be given a polymorphic intersection type such as Int — Int M String — String.
What distinguishes System E from other intersection type systems, however, is that it uses expansion

variables as a means to express principal typings more clearly and more explicitly than has been done
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in previous systems. In System E, the identity function has e (o« — «) as a principal type, where «
is a type variable and e is an expansion variable. When it is discovered how the identity function is
used by the program during type inference, a so-called expansion may be substituted for e which may
then act upon (o — «) to give, for example, the intersection type Int — Int M String — String. An
expansion can introduce any number of intersection components corresponding to the various ways in
which the function is used, with potentially different types substituted for « in each case. This is true
even if the function is used zero times, and thus it is also possible to substitute for e an expansion that
results in an intersection of zero types. In System E, the intersection of zero types (the nullary case of
M) is written w.

Current type inference algorithms for System E follow a procedure that has a one-to-one correspon-
dence with the evaluation of the program being analysed, a consequence being that the type inference
algorithm will terminate exactly whenever evaluation of the analysed program will terminate. For ex-
ample, such algorithms will run forever if analysing a program whose evaluation would run forever. This
behaviour is different from System E’s predecessor, System I, which is able to guarantee termination
by restricting polymorphism to some specified finite rank. However, it is stated as ongoing future work
in the papers on System E type inference [15, 6] to develop type inference algorithms that perform
any specified amount of partial evaluation followed by traditional monovariant analysis. Then, in the
case of programs whose evaluation exceeds this specified amount, the type inference algorithm would
terminate with a type of less precision. Since that is stated as ongoing future work in those papers, we

do not pursue the idea in this dissertation.

1.3.3 System EY°*

This dissertation contributes a new type system, called System EV', that results from integrating
extensible records with System E. Combining these two technologies results in a system capable of si-
multaneously supporting object-orientation, first-class polymorphism and compositional analysis, where
previous type inference systems have succeeded only in supporting two out of these three features. This
is of particular significance to object-oriented type inference since first-class polymorphism and compo-

sitional analysis are crucial to preserving the modelling and engineering benefits of object-orientation.
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In this section, we give a brief overview of System EY'.

One of the biggest challenges to integrating extensible records into the System E framework is that
much of the type machinery of System E was designed around a calculus of functions. It is not obvious,
for instance, how expansion variables make sense in the context of extensible records. In System EY<',
this issue is sidestepped by treating extensible records as functions from labels to values, and by treating
field selection as the application of an extensible record to a label. To highlight the functional nature of
extensible records in our system, extensible records are defined using syntax resembling that of pattern
matching functions where labels are the only patterns. The — symbol is used to map a particular
record label to a particular value, and the M symbol (here used as term operator rather than a type
operator) is used to join each case of the function. For example, we may define an extensible record as

follows:

let john = occupation — "Student" M name — "John" M age — 37

Then, the application john name evaluates to "John" while the application john age evaluates to
37. By treating extensible records as functions, it is possible to reuse all of System E’s function-oriented
type machinery, almost as is. In particular, it is possible to represent record types as intersections of
function types in the manner of Kopylov [38], such that the extensible record john can be typed as

follows:

Record: occupation — "Student" M name — "John" Mage — 37

Type: occupation — String Mname — String age — Int

Using the intersection type constructor M, the above type asserts that this record has type occupation —
String and type name — String and type age — Int. Each of these component types is a function
type taking a particular field label to a particular type of result. For example, the function type
occupation — String asserts that the given record, when applied to the label occupation, will return

a String.
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Since the above intersection type asserts that the record has all three function types, it is also

possible to derive a number of different intersection types for the same record:

(1) occupation — String M name — StringMage — Int
(2) occupation — String M name — String

(3) occupation — String

This results from recombining the component function types in different ways, and achieves very
much the same goal as subtype polymorphism where an object of a certain type can also be considered
an object of a type with strictly fewer fields. As long as these intersection types are automatically
inferred for the programmer, we argue that intersection type polymorphism can effectively serve the
purpose of subtype polymorphism and that we need not complicate the system by adding more kinds of
polymorphism. Similarly, intersection types can serve the purpose of parametric polymorphism because
they can type strictly more terms than are typable using parametric polymorphism (see Section 1.2.3).
Finally, intersection types can also serve the purpose of inheritance polymorphism which, as observed
in [29], can really be viewed as a special case of parametric polymorphism. It is a strength of our
system that only a single brand of polymorphism is required to support 3 different styles of polymorphic
programming.

With record types expressed as intersections of function types, the application of expansion variables
becomes straightforward. Just as expansion variables were applicable to function types in the original
System E, so too are they applicable to function types as they appear in record types in System EY',

as shown below:

e1 (occupation — String) Mey (name — String) Mes (age — Int)

During type inference, if it is discovered that the record john is used only for its name and age
fields, an expansion may be substituted for e; to reflect that it is used zero times, and expansions may

be substituted for es and es to reflect that they are each used once, resulting in the type:
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name — String age — Int

One peculiar consequence of using ordinary function types to describe records is that the type syntax
is flexible enough to describe even impossible records, such as name — String M name — Int. Since no
record can be defined in our language whose name field is simultaneously of type String and Int, this
would merely be treated as an empty type, and our typing derivation rules (Definition 3.24) will not
permit any record to be assigned this type. Not even the extensible record name — "Joe" M name — 42
could be assigned this type, since name — "Joe" should be treated as an extension of name — 42, and
the former field will override the latter field (see Section 1.3.1).

In traditional type systems for extensible records, the most complicated typing issue is that of
typing records that are extensions of unknown records. Given the extensible record (in traditional
syntax) of { occupation = "Student", r } where r is a variable representing an unknown record,
Wand proposed the use of a row variable p to describe the type of r so that the entire record might be
given the type { occupation : String, p }. As discussed in Section 1.3.1, any substitution for the
row variable p must be careful not to introduce an additional field called occupation into the record
type, otherwise the resulting record type would have two fields with the same name.

System EY" does not have row variables, but instead introduces a novel, more fine-grained primitive
called a constrained simple type variable. From this together with other primitives, it is possible in
System EY°' to construct a type that serves the same purpose as row variable. For example, the same

extensible record can be expressed and typed in System EV' as follows:

Record: occupation — "Student" Mr

Type: e1 (occupation — String)  Mes (afoccupation] — e3 )

Here, the type variable afoccupation] is constrained such that only labels not equal to occupation
may be substituted for it. Then, e5 (a[occupation] — ez ) effectively acts as a row variable because it

can be expanded, via es, into an intersection of field types whose labels must not be equal to occupation.
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Type inference itself is performed by an algorithm called Z. This algorithm departs from previous
type inference algorithms for System E in that it does not aim to have a direct correspondence with
program evaluation. Rather, it follows the compositional style of Algorithm W, analysing each program
subterm before working its way outward to the root term of the program. Algorithm 7 is parameterised
by the choice of a unification algorithm that is tasked with solving type constraints generated by Z.
However, since Z does not try to simulate program evaluation, the standard S-unification algorithm used
in previous type inference algorithms for System E cannot be used here. In particular, S-unification
assumes that all functions in the program being analysed are A-abstractions of the A-calculus, and
this assumption breaks down when we introduce extensible records posing as functions. Instead, Z
is designed with covering unification in mind, which is particular kind of unification approach that
attempts to find a most general solution (or set of solutions) to the constraints given to it, and is
exemplified by the opus unification algorithm [7]. At a cost to efficiency, opus is able to find solutions
to arbitrary type constraints based solely on the types alone and making no assumptions about the
term language or semantics of the underlying calculus. However, opus’ loss of efficiency is not minor
(see Section 3.6 and Section 5.5) and the algorithm is too inefficient to be used in practice. The loss
of efficiency comes from the fact that, since unification in the presence of expansion variables often
does not have a single most-general solution, in order to find the most general set of solutions for a
given constraint, opus must branch the search path at potentially each step of unification leading to a
combinatorial explosion of alternative solutions.

As an efficient alternative to opus, we also present the new unification algorithm opusg which derives
from opus, but sacrifices the property of covering unifier sets for a gain in efficiency by borrowing ideas
from S-unification. Algorithm Z and opusf have been implemented and are demonstrated successfully

on the object-oriented examples presented in this introduction.

1.4 Outline of the Dissertation

The following chapters introduce our system incrementally. An overview of each chapter is given below.

e Chapter 2 reviews System E and the fundamental concepts of intersection types and expansion

variables, and explains how they are used in type inference and type unification.
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e Chapter 3 formally defines our initial calculus called System EY containing only the terms of the
pure A-calculus. System EY differs from System E by the introduction of a value restriction which

is necessary to support the typesafe integration of constants and extensible records.

e Chapter 4 defines an extension of System EY called System EY¢ that adds the new syntactic
category of constants. In this category, data values (e.g. integers), operations (e.g. +, -) and im-
portantly record labels can be included. System EV¢ depends on the value restriction of System EY

to ensure type safety.

e Chapter 5 defines an extension of System EY® called System EV°* that adds extensible records.
System EV" depends on the value restriction of System EV to ensure type safety, and depends on

the constants of System EY¢ to provide record labels.
e Chapter 6 presents conclusions and future work.

e Appendix A contains additional proofs related to our type system and type inference algorithm

that were not included in the main body of the dissertation.

e Appendix B shows the output of our implementation on all examples from the System E Inference

Report [13].

e Appendix C includes the original opus algorithm [7].

1.5 How to read this dissertation

To help the reader understand the range of typing issues presented in this dissertation, System EY°"
will be presented incrementally with each increment presented in its own chapter: the first increment
System EV presented in Chapter 3 will focus on the pure A-calculus and also lay the groundwork for
studying extended term sets; the second increment System EY¢ presented in Chapter 4 will extend
System EY to support constants; and the third increment System EV" presented in Chapter 5 will
extend System EY¢ to support extensible records with record labels represented by constants.
Although this incremental presentation approach has the benefit of brevity and allows the material

to be organised by topic, it may also potentially pose some challenges for the reader since each new
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increment will present only new or amended definitions, and the entire system will therefore be spread
across three chapters. To help guide the reader through this dissertation, this section will outline the

conventions used for incremental presentation. For each increment:

e If a definition is amended, the definition will be restated in full with the amended parts underlined.
e If a lemma is needs to be reproved due to amended definitions, the lemma will be restated.
e Theorems will always be restated.

e Proofs of restated lemmas and theorems will often be brief focusing on new cases.

As an example of an incremental definition, this dissertation will present three increments of the

definition of term syntax across three chapters with the following labels:

e In Chapter 3: Definition 3.1 (Terms for EY)
e In Chapter 4: Amendment to Definition 3.1 (Terms for E¥¢)
e In Chapter 5: Amendment to Definition 3.1 (Terms for EV")

Note that the title of each increment of the definition has a suffix such as “- for EV*"” which allows the
three increments of the definition to be referenced distinctly in discussions that compare one increment
to another. When the context is clear, however, the short form reference “Definition 3.1” may also
commonly be used to refer to the “current” increment of the definition, particularly in the body of
proofs. This is important given that proofs of lemmas and theorems in one increment often carry across
to the next increment unchanged, and in such cases, any references made to Definition 3.1 should be
interpreted in the context of the current increment. Different increments of a lemma or theorem follow
similar naming and referencing conventions except that the prefix “Restatement of -” is used instead of
“Amendment to -”. For example, “Restatement of Theorem 3.30 (Subject reduction for EV¢)”.

Since each increment focuses only on what is new, it is sometimes important to know how to
find definitions, lemmas and theorems from previous increments. This can be done via the index of
definitions and theorems, located immediately after the table of contents, which lists the page numbers
of all definitions, lemmas, theorems and their amendments or restatements by increment and by number.
However, this index is often not needed since each amended definition will restate in full the original

definition with amended parts underlined, while each proof of a restated lemma or theorem that focuses
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only on new cases will make an in-text reference to the page number of the lemma or theorem from the
previous increment whose proof is being extended.

To give an example of how to read such a proof, consider Theorem 3.30 (Subject reduction for EV)
whose page number can be found in index of definitions and theorems (after the table of contents). The
proof of this theorem can be read without reference to any previous increment because it is the first
increment. However, this theorem must be reproved for System EV¢ to take into account new terms and
reduction rules related to constants, and so in Chapter 4, this result is restated and reproved under the
label “Restatement of Theorem 3.30 (Subject reduction for E¥¢)” (which can also be found in the index
of definitions and theorems). When reading the proof of the restated theorem for System E¥¢, only one
additional case for reducing applications of constants is shown, and the cases for all other reduction
rules are stated as remaining unchanged. In this case, if the reader wishes to review the other cases,
a page number reference is given in the text to the original Theorem 3.30 (Subject reduction for EV)
where a proof of all other cases can be found.

As a slightly more complicated example, when reading the proof of “Restatement of Theorem 3.30
(Subject reduction for EVe)”  only the two additional cases for reducing applications of extensible
records are shown, and all other cases are stated as remaining unchanged. In this case, if the reader
wishes to review the other cases, the reader is given the page reference to “Restatement of Theorem 3.30
(Subject reduction for E¥¢)” which shows the proof for the cases relating to constants, and from there
a page reference is given to “Theorem 3.30 (Subject reduction for EV)” which shows the proof for all of
the remaining cases related to pure A-terms.

While this is perhaps an unfortunate consequence of presenting the work incrementally, readers who
are interested only in the new cases of the proofs for each chapter will be able to read those cases
without referring back to already established cases presented in previous chapters, and it is hoped that
this style of presentation will allow the reader to more easily take in a set of complex topics by focusing

on one topic at a time.



Chapter 2

Review of System E

System E is a type system for the A-calculus that provides polymorphism via intersection types and
type inference via expansion variables. This chapter reviews the key concepts and ideas of System E
that will be used to formulate our own system starting from the next chapter.

Several formulations of System E exist. The original formulation [17] is parameterised on its sub-
typing relation, and defines special proof terms called skeletons which are concise encodings of typing
derivations. Since System E permits a reflexive subtyping relation, in which case no typing power is
added, and since skeletons do not add typing power, both of these features have sometimes been omit-
ted from some other formulations of System E. For example, all existing type inference algorithms for
System E exclude subtyping from analysis by choosing a reflexive subtyping rule [15, 6], while some
other formulations of System E have been presented without skeletons [7, 8]. Fortunately, none of these
features is necessary to support object-orientation, first-class polymorphism or compositional analysis,
and so the formulation of System E presented in this chapter will be simplified accordingly.

This chapter is organised as follows. Section 2.1 introduces the the A-calculus on which System E
is built. Section 2.2 introduces the type language and typing rules of the type system. Section 2.3
defines the expansion and substitution operations of System E which are necessary for performing type
inference. Section 2.4 discusses the different approaches to type inference and type unification within

System E. Finally, Section 2.5 summarises the main topics of this chapter.

43
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2.1 )-Calculus

The A-calculus [18] is a model of computation frequently used to study typing issues in programming
languages. The A-calculus is Turing-complete, yet is remarkably small, and maps closely to concepts
found in real programming languages. Programs expressed in the A-calculus are constructed from terms,
sometimes called A-terms, of which there are only three kinds. These terms are defined by the following

grammar:

sst,un=x | Azt | st

Metavariables s, ¢ and u range over terms. Metavariables z, y and z range over some countably
infinite set of term variables, Ax.t is called a A-abstraction which is a function taking a parameter  and
returning the result ¢, and s t is an application of the function s to the argument t.

Within a given term, each occurrence of a term variable can be considered as either bound or free.
A term variable z is bound if it occurs under a Az, and otherwise it is free. For example, in the term
Ay.x (Az.x), the first occurrence of x is free while the second occurrence of x is bound by Az. Based
on these notions, the A-calculus defines the operation of term substitution by which it is possible to
substitute some term s for all free occurrences of some term variable z within another term ¢. For
example, given the term Ay.z (Az.x), substituting s for  results in Ay.s (Ax.z) because only the first
occurrence of x is free, while the second occurrence of x is bound by Ax.

In the A-calculus, the equivalent of executing a program is evaluating a A-term. The evaluation of a
A-term is performed by a sequence of steps called reductions. There is only one needed reduction rule in
the A-calculus, called S-reduction, which works as follows: an application (Az.t) s, reduces to the term
t with s substituted for each free occurrence of = in ¢t. For example, the application (\x.z =) (A\y.y)
reduces to (Ay.y) (Ay.y) which in turn reduces to Ay.y. The term Ay.y cannot be reduced any further,
and is called a value.

A M-term can be evaluated using a number of different strategies including call-by-value [50], call-
by-name [18] and call-by-need [5]. Each evaluation strategy is distinguished by performing sequences of
[B-reductions in particular orders. Call-by-value reduces a function argument to a value before applying

the function. Call-by-name reduces a function argument after applying the function, each time the
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argument is used. Call-by-need reduces a function argument after applying the function, but only the
first time the argument is used, with subsequent uses automatically reusing the result of the first time
the argument was reduced.

In this dissertation, we will focus on the call-by-value semantics which is commonly used in object-

oriented programming languages such as Java, C++ and C#.

2.2 Type System

The two most important features of System E are intersection types and expansion variables.
Intersection types are used rather than parametrically polymorphic types to provide polymorphism
in System E. The primary difference between these two kinds of polymorphism is that a parametrically
polymorphic type represents a possibly infinite set of type instances, while an intersection type repre-
sents a finite set of type instances. Recall from Section 1.1.2 of Chapter 1 that the identity function in

Java can be defined with a parametrically polymorphic type as follows:

<X> X identity(X x) { return x; }

That is, the identity function can take any X to an X for some type parameter X, universally quan-
tified by <X>. In the A-calculus, the identity function can be expressed as Az.x and the equivalent
parametrically polymorphic type can be expressed in conventional notation as Va.a — o where a = «
represents the type of a function taking an « to an «, and where Vo universally quantifies the type
parameter . This polymorphic type represents an infinite set of instance types, each resulting from
substituting a different type for the type parameter a.

In contrast, an intersection type can represent only a finite set of instance types, and is notated
by explicitly enumerating the instance types. For example, the identity function may be given the
intersection type int — int M bool — bool which represents a set of exactly two instances, delimited
by M. Intersection types may appear less powerful than parametrically polymorphic types, but they in
fact type strictly more A-terms than parametrically polymorphic types (see Section 1.2.3 of Chapter 1).
The reason that finitary polymorphism suffices is that programs themselves are finite and a function

such as the identity function will be used within a program in only a finite number of different contexts.
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The second important feature of System E is expansion variables, or E-variables, which are used
to express principal typings and thereby support compositional type inference. A principal type for
the identity function is e (o« — «) where e is an expansion variable that marks a position where an
expansion operation can be performed. During type inference, a finite number of expansions can be
inserted at the position of e as the finite number of uses of the identity function are encountered. For
example, if the identity function is used on both integers and booleans, then this principal type can,
during the type inference process, be expanded to int — int M bool — bool.

Note that while the System E type e (¢« — «) looks similar in structure to the parametrically
polymorphic type Va.ao — «, they are very different in nature. e (o« — «) is in fact a monomorphic
type, with the expansion variables and type variables serving only as placeholders during type inference
to construct true polymorphic types such as int — int M bool — bool. That is to say, there is no
typing derivation rule that says that a function of type e (¢ — «) can be applied to both integers
and booleans, whereas there is such a rule for a function of type int — int M bool — bool. Thus,
the most direct counterpart to the infinitary polymorphism in Ya.ao — « in System E is the finitary
polymorphism introduced by intersection types such as int — int M bool — bool.

In the remainder of this section, we introduce the type syntax and the typing rules that form the
type system of System E. It is important to note that as far as the typing rules alone are concerned,
expansion variables have virtually no semantic value. When inserted into types, they act merely as
decorations and do not add to the typing power of the type system in any way. Their purpose is solely
for use in type inference where substitutions for expansion variables are used to derive more specific
types from more general types. Hence, while expansion variables will be introduced now as part of the
type syntax, a discussion of their actual use will be postponed until Section 2.3 where the operations
of expansion and substitution will be described in detail.

The types of System E are defined by the following grammar:

SST.U=w|SAT |eT|a|S—>T

w is the omega type which can be assigned to unused terms. ST is an intersection type which can

be assigned to a term that is to be used at both type S and type T'. e T is an E-variable application
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SNT)YAU=SA(TnNU) M-associativity
SAT=TnMRS M-commutativity
T'Nw=T M-unit

e(SAT)=eSMneT e distributes over M
ew=w e distributes over w

Figure 2.1: System E type equalities

type which decorates type T with an F-variable e, where metavariables e, f, g range over some countably
infinite set of E-variables. Metavariables o, § and ~ indicate type variables which represent unknown
types. And finally, S — T is a function type from parameter type S to result type 7.

Intersection types in System E are designed to be used linearly. That is, SMT M U is the type of
a term that is to be used 3 times, once at type S, once at type T and once at type U. w should be
viewed as the nullary case of M, and so w is the type of a term that is used zero times.

System E imposes a set of equalities on types, given in Figure 2.1. With w as the nullary case of
M, an E-variable e distributes over w in conceptually the same way that it distributes over M. Notice
that while M is associative and commutative, it is not also idempotent, meaning that 7'M T is not, in
general, equal to T'. This is due to System E’s linear typing model since T M T is the type of a term
that is to be used twice at type T', which is distinct from T, the type of a term that is to be used once
at type T.

A term context (metavariable T') is a total function from term variables to types, mapping ounly a
finite number of term variables to non-w types. A term context is written 1 : 11, ..., %y : T, wWith y : w
assumed for each variable y not explicitly mentioned. The term context that maps all term variables
to w is denoted I',.

A typing judgement t : T < T" asserts that term ¢ has type T in the term context I', or alternatively,
that term ¢ has typing T < T". For example, the judgement x y : a < x : 8 — «,y : B asserts that in a
context where x has type 8 — a and y has type 3, the term x y has type a.

The rules for deriving typing judgements in System E are presented in Figure 2.2. These rules
enforce System E’s linear typing model, which is illustrated by the following two examples.

The first example is a typing derivation for the term Ax.x x in which the variable x is used twice:
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(var) r:T<x:T (omega) t:w<ly,
t:T<lx: S . t: Sl t: Tl

(abs) (int)
Az.t: S—>T T t:SNT <l ATy
t:S=>T <y s:5<xTl% t: Tl

(app) : (evar) ——————

ts:T<aIl't1NTy t:eT el

where: (It A2)(z) =T1(z) AT2(z) and (e I')(z) = e I'(x)

Figure 2.2: System E typing rules

(var)

(app)

r:f—a<dzr:f—a«a (var) r:f<x:p

zx:adz: (fo>a)np b
Ar.x x: ((—a)Pp) = ad (abs)

Rule (var) permits only « to be mentioned in the term context, and Rule (app) forces both uses of
x to be mentioned, and nothing more. Since the individual typing for each x mentions = only once in
the term context, Rule (app) must merge the term contexts to reflect both uses of z in the application
x x. When abstracting over x, we obtain a function whose parameter type indicates that the parameter
is used twice and at what types the parameter will be used.

The second example is a typing derivation for the term Az.(\y.y) in which the variable z is not used:

(var)

yrady:« (abs)

Y.y a— a<
Az.(Ay.y) w = (@ = a)<

(abs)

In the first two judgements, x is not mentioned and so it is forced to have type w in the term context.
When abstracting over x in the final judgement, we obtain a function whose parameter type indicates
that the parameter is not used.

Intersection types are introduced into parameter types and argument types in different ways. If a
parameter is used multiple times by a function thereby requiring an intersection type, it is Rule (app)

that is responsible for introducing an intersection type into the term context, and Rule (abs) that
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transfers the intersection type to the parameter type. However, these rules can ultimately introduce
intersection types only to the types of parameters. To introduce an intersection type to the type of an
argument that is to be passed into that parameter, Rule (var) can be used if the argument is a variable,
or Rule (int) can be used for anything else. The following example illustrates the application of Az.x x
to the argument Ay.y. Rule (app) and Rule (abs) are used to derive that the parameter type of \x.x =
is an intersection type, while Rule (int) is used to give argument Az.z the required intersection type

(where T' abbreviates o — «):

z:T>T<x: T—>T (var) x:TQx:TE;?);)) y:TQy:T(Zag)) y:a<1y:agvzr))
zx:T<x:(T-T)NT Ayy T—-T< ans Ay.y: T< B
(abs) (int)

ex z: (T-T)NT)—=T<
Az.x z) (\yy) : T<

MAyy: (T=T)RT<

(app)

2.3 Expansions and Expansion Variables

The expansion operation of intersection type systems was introduced by Coppo, Dezani and Venneri [20]
to achieve principal typings, and as such, it is an operation that is crucial to supporting compositional
type inference (see Section 1.1.3 for a discussion relating principal typings and compositional analysis).
A typing for some term t is said to be principal if all other possible typings for ¢ can be derived from it
via some specified operation or set of operations. In intersection type systems, this set usually includes
the expansion operation along with the standard substitution operation which substitutes types for
type variables. The main innovation of System I and its successor System E was to introduce ezpansion
variables, or “FE-variables’, allowing both normal type substitution and expansion to be done using a
single, unified substitution operation. It has been established that System I has the principal typings
property for all finite-rank restrictions of the system [37]. System E improves on the work of System I
by offering a much more simply defined expansion operation that is also “composable”, allowing type
inference procedures to be broken into solution steps which can be composed together into a single
solution (see Section 2.3.2). A similar principal typings result as the one for System I has not yet been

established for System E, although it has been established that the second type inference algorithm for
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System E [6] infers typings that are principal with respect to a subset of System E typings that have a
correspondence with either call-by-name or call-by-value evaluation.

Before we introduce System E’s unified substitution operation based on expansion variables, we
will discuss how the separate type substitution and expansion operations originally worked in earlier

intersection type systems.

2.3.1 The Traditional Approach

This section reviews the traditional approach to type substitutions and expansions in which they are
treated as separate operations.

Let us first review type substitutions. If we already know that the judgement Az.\y.x y : (o« — 8) —
(o = B)<d can be derived, then it stands to reason that the judgement Ax.Ay.zy: (S = T) = (S = T)<
can also be derived, for any types S and T. This is justified because if we take the typing derivation of
the first judgement and substitute type S for every occurrence of the type variable o and type T for

every occurrence of the type variable 3, we get a valid typing derivation for the second judgement:

Original derivation After substituting o := 5,8 :=T
x:a%ﬂﬂx:a%ﬂ(var) mg&mr)) x:S—>T<]x:S’—>T(Var) y:SQy:SE;/ar))
zy:fdx:a— Ly« (abs) PP zy:T<x:S—=Ty:S (abs) PP
AMxy:a—=pfdra— (abs) zy:S—>T<x:5—->T (abs)
Az Ady.zy: (a— B) = (a— B)d Axdyxy: (S—=T)—=(S—>T)<

Because type variables represent unknown types sitting at the leaves of the type tree, type substi-
tution has the corresponding effect of replacing applications of Rule (var) at the leaves of the typing
derivation tree. At least in the absence of intersection types, this allows for the expression of principal
typings for terms, from which all other typings can be derived via a type substitution.

However, when considering intersection types, type substitution alone is insufficient to derive all

other possible typings, and so the expansion operation was introduced alongside the type substitution
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operation to obtain the principal typings property in intersection type systems [20]. In contrast to type
substitution which has the effect of replacing leaves in the typing derivation tree, expansion has the
effect of replacing nested nodes in the typing derivation tree, specifically introducing applications of
Rule (int). In its original conception, the expansion operation is applied to typings by first selecting a
nucleus consisting of the segments of the typing to which an expansion operation may be applied. In

the following example, a possible nucleus has been underlined:

Az dyzy:(a— B)— (a— B)d

A nucleus must be selected in such a way that the marked segments correspond to a node in the
typing derivation tree where it would be permissible to insert an application of Rule (int). Since the
marked segments are not explicitly part of the type syntax, the notion of a nucleus is implicit in nature,
and the selection of a valid nucleus is governed by a set of rules which are not all straightforward to
understand (see [16] for a discussion). This was one of the motivations for using expansion variables in
System I and System E which make nuclei explicit in the type syntax. This explicit treatment of nuclei
will be discussed in Section 2.3.2.

Next, once the nucleus has been selected, the expansion operation replaces the marked segments of

the nucleus with an intersection of copies of the original segment with type variables renamed:

Az Ay.x y: (a1 = f1) A (ae = B2)) = ((an = 1) A (e — B2))<

This expansion is sound because it corresponds to the insertion of an application of Rule (int) into

the derivation of the original typing at the following point:

Original derivation After expansion

: Ay.x oy alﬁﬂ.l dz:iai—f1 Ay.xy: agﬁﬂ'g <z ag— e
Ay.zy:a—=B<r:a—f Ay.z y: (ag—P1) M (ag—F2) <zt (a1 —51) M (ae—P2)
Az \y.xz y: (a—=08)—(a—=p)< Az y.x y: ((a1—F1) M (ae—52))— (@1 —P1) N (ae—F2))<

+ (int)
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Like type substitution, expansion allows more specific typings to be derived from more general ones,

and together these operations allow the expression of principal typings.

2.3.2 The System E Approach

We now turn to the System E approach which combines both type substitution and expansion into
a single substitution operation. The key is to introduce expansion variables which are used to mark
positions within a typing where expansions may be applied. Now, the substitution operation can be
used to substitute not only types for type variables but also expansions for expansion variables.
Normal type substitutions work as before, so this section will focus on expansion substitutions.

First, expansion variables are introduced into typings via Rule (evar) as demonstrated below:

rT:a—B<dr:a—B y:ady:a
zy:f<xr:a— By«
Mxy:a—=>p<lr:a—pf

Mzy:e(la—pf)<z:e(a—P)

Az yzy:e(a—B)—=e(a—f)d

+ (evar)

Rule (evar) is applied at the point in the derivation where we may wish to insert an expansion,
and the E-variable e marks the affected segments of the final typing in much the same way that the
underlined nucleus marked the affected segments in the traditional approach. Expansion variables
effectively replace the implicit rules for defining nuclei, and also combine with type variables to support
a unified substitution operator, and thereby make it easier to compute principal typings. During type
inference, an important process is to insert E-variables at appropriate points to give rise to principal
typings, and hence support compositional analysis. This will be discussed in Section 2.4.

Expansions themselves are defined more broadly in System E than in traditional systems. Whereas
traditional expansions modify typings in a way that corresponds to the introduction of Rule (int) into
a typing derivation, System E expansions modify typings in a way that corresponds to the introduction
of any of the following 3 rules into a typing derivation: Rule (int), Rule (omega) and Rule (evar).

Formally, the expansions form a new syntactic category consisting of
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E,F,G:=w|ENF|eE|o expansions

cu=0|oa:=T|0e:=F substitutions

with associated application rules defined in Figure 2.3. Each expansion can be applied to entities
which collectively refer to both types and expansions, the latter making expansions composable. w
is the omega-expansion and transforms any entity into w (either the type or the expansion depending
on context). E M F is an intersection expansion and transforms an entity into an intersection of two
copies of the original entity with E recursively applied to the left copy and F recursively applied to
the right copy. e F is an E-variable application expansion and transforms an entity into an E-variable
application by recursively applying E to the original entity and applying the E-variable e to the result. o
is a substitution, inductively defined as either the identity substitution &, or the extension of an existing
substitution with a type assignment o := T or an expansion assignment e := E. A substitution o is
applied to an entity K by traversing the tree structure of K from its root to its leaves, and replacing
variables in the tree according to matching assignments in o, but without descending into entities nested
within E-variable applications. For example, applying the substitution (&, := S, :=T) to the type
a — e B results in S — e §. In order to also substitute for the g variable under e, we can instead use
the substitution (&, := S,e:= f (&, :=T)) which results in S — f T.

To understand how expansion application works in practice, we will consider the following term and

typing:

(J1) Az dy.x y:e (a—pf)—e (a—F)<

Let E be the intersection expansion (H,« := a1, := 51) A (B, := a9, := B2). Substituting

[, e := FE results in the following typing:
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w K =w ow =w
(EMF) K =EKNnFK o (K1 NK>) =0 KiMNo K»
(e B) K =e (E K) o (e K) =(ce) K
M e =e o (Th — T>) =Ty —o0Ts
O« =« o™ =0
(0, X =K) X =K o (¢',X :=K) =00, X =0 K
(0, X :=K) X' =0 X'if X #£X'

where: X i=a|e entity variables

K:=T|E entities

Figure 2.3: System E expansion application rules

(J2) Az y.x y: ((c1—P1) M (ag—PF2))—=((c1—P1) M (ag—F2))< (applying [, e := E)

The expansion F introduces an intersection of two copies of the original type under e. In order to
allow each branch of the new intersection to be subject to independent substitutions, the expansion
E explicitly renames the type variables a and (8 in each branch. However, explicitly renaming type
variables can be a lot of work, particularly when many type variables are involved. Fortunately, an
interesting property of expansion variables gives rise to a better alternative. The idea is that rather
than substituting the expansion E for e, we can instead substitute a simpler expansion E’' = f @ MgQ,

giving

(J3) Arxyzy: (f (a=pB) Mg (a=p))=(f (a—=pf) Mg (a—p))<  (applying O, e := E' to .Jy)

Due to the way substitution application is defined, the E-variables f and g essentially create separate
namespaces, allowing each branch of the intersection to be subject to independent substitutions. For
example, to apply substitution o3 = (&, « := S1, 8 := Ti) to the left branch and substitution oy =

(B, a := Sa, 8 := Tv) to the right branch, we may use the substitution o = (&, f := 01,9 := 02) on J3
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resulting in

(J1) Az \y.z y: ((S1—=T1) M (S2—=Th))—((S1—=T1) M (Se—T))< (applying o to J3)

Expansion application is defined in such a way that expansions are composable. That is, it is a
property of System E expansions that an expansion F' F has the same effect on a given entity as would
result from successively applying F and then F to that entity. More precisely, it holds in System E
that (F F) K = F (E K), and in the specific case of substitutions, that (o2 1) K = 02 (01 K). This
property is useful in type unification algorithms where a solution to a unification constraint is found
by applying a succession of expansions (or substitutions) to reach a solved state, and then composing
those expansions (or substitutions) to produce a single unifier.

E-variables make it possible to express principal typings. However, there are two choices in how

principal typings can be defined:

1. A principal typing can be defined as one from which all other typings can be derived via a

substitution operation. In this case, f (e (a—f)—e (a—))< is a principal typing for Ax.\y.z y.

2. A principal typing can be defined as one from which all other typings can be derived via an expan-
sion operation, because expansions generalise substitutions. In this case, e (a—8)—e (a— )< is
a principal typing for Az.A\y.z y. The outer E-variable f is no longer needed since an expansion
operation can always apply at the outer level without the assistance of an expansion variable to

target a more specific location.

Both definitions have been used in practice: the first type inference algorithm [15] for System E
used the expansion operation to define principal typings, while the second type inference algorithm [6]

for System E used the substitution operation.
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2.4 Type Inference

Type inference in System E is often referred to as typing inference because the process requires only the
term as input and returns a typing as output. This is in contrast to the Hindley/Milner approach to
type inference which requires both a term and a term context as input, and returns a type as output.

The difference can be illustrated by the problematic example of “self application” in which a term
variable is applied to itself. This is represented in the A-calculus by the term z x. In the Hindley /Milner
approach, type inference cannot succeed for this term without being given some “hint” about the variable
2 in the form of a term context. If the entire program were (let x = A\y.y in « x), the Hindley /Milner
approach would be to first infer a polymorphic type for x based on an analysis of Ay.y, in this case
Va.a — «a. Only after determining that polymorphic type, the type for x x can be found by instantiating
that polymorphic type twice and setting up and solving a simple first-order unification problem between
the type of the second x and the parameter type of the first x. However, if  were a parameter rather
than a let-bound variable, as in the abstraction Az.x x, then the same type inference approach would
fail since no such hint could be obtained about the polymorphic nature of . The dependency on such
a hint means that this approach is not strictly compositional because it cannot analyse the term = x
from just its components.

System E, on the other hand, does not require a term context as input, and in fact computes the
term context along with the type. The term x x can be analysed compositionally by first inferring
typings for each z, say a <z : o and 8 <z : 8. Next, it is necessary to solve the constraint that « (the
type of the function) be equal to 8 — v (a function that takes x : 3 as input), for some arbitrary ~.
The solution to this constraint is the substitution [, a := 8 — . After applying this substitution, the
typings for the two occurrences of x are refined to 8 — v <tz : 8 — v and g <« : . The substitution
that solved our constraint has essentially transformed the typings for the function xz and the argument
x so that the type of the argument matches the parameter type of the function, and this means that

the inference of a typing for the entire application x = immediately follows by Rule (app):

z:f—=y<z:f =y x:f<x:p
zx:y<Lz:(B—ov)NG

(app)
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In the process of applying Rule (app), the two distinct types for the two occurrences of x are inter-
sected together, and thus the following context information is inferred about z: it has the polymorphic
type (8 — 7) M 3, being used once at type 8 — v and once more at type 8. Note that any other typing
for z x can be derived via an expansion of this typing. If we desire all other typings to be derivable via

a substitution, we also need to wrap this typing in an E-variable by Rule (evar), giving:

xx:ev<1x:é((6—>7)mﬁ) (evar)

It is a strength of intersection types that it is possible to infer a principal typing for such terms
without requiring any external context. Given the same term in System F or the Hindley /Milner type
system, a type inference procedure cannot compute a single context for x that would lead to a principal
typing for this application. For example, both VX.X—X and VX.X—T are possible types for x but
are unrelated to each other.

While the type inference process itself is straightforward in System E, the real work is actually
performed by the unification algorithm which is invoked to solve the constraints introduced by applica-
tions. Given a constraint that type S be the same as type T, the goal of the unification algorithm is
to compute a unifier which is a substitution o that satisfies 0.5 = ¢7'. Since types in System E may
contain both type variables and expansion variables, a unifier may need to substitute not only types
for type variables but also expansions for expansion variables.

There are two main approaches to performing type unification with E-variables, called S-unification
(reviewed in Section 1.2.3 of Chapter 1) and covering unification [7]. These two approaches are reviewed

and compared in the following sections.

2.4.1 p-Unification

[B-unification solves constraints generated from a program in a way that exactly corresponds to (-
reduction of the same program. A result of this correspondence is that the type inference procedure
will terminate on exactly the set of normalising terms, relative to a particular evaluation strategy.

Strictly speaking, a type unification algorithm operates at the level of types, and so it would seem that
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[B-unification could not possibly make any guarantee of a correspondence with S-reduction of terms. To
make this guarantee, S-unification must assume that the set of constraints has been generated in just
the right way, and that E-variables have been inserted in just the right places. If this is the case, then
the unification of those constraints will correspond to S-reduction of the original program.

Constraints are of the form S < T, and an expansion E solves — or “unifies” — such a constraint if
E S=FT. A key aspect of S-unification is its use of asymmetric constraints whereby the unification
algorithm assumes that, when unifying the type of a function parameter with the type of an argument,
the argument type is always on the left side of a constraint and the parameter type is always on the right.
Care must be taken when recursively unifying two function types as in constraint S; — Sy <11 — Ts.
This constraint is solved by recursively solving the the constraints 77 < S7 and Sy < T3, where the
parameter types are reversed due to the contravariance of parameter types in function subtyping.

A pre-step for S-unification is to generate for a given term an initial “unsolved” typing and an
initial set of constraints, the solution of which would transform the initial unsolved typing into a
valid typing for the term. Depending on the placement of the E-variables during this pre-step, the
same [S-unification can be made to simulate either call-by-name or call-by-value [6]. The procedure
for constructing the initial typing and constraints was defined in [6] using the notion of skeletons, but
is equivalently restated below directly in terms of typings and constraints. We also present only the
simpler of the two procedures, which is call-by-name. The function initial takes a A-term and returns a

pair (A;7) of a set of constraints A and an initial typing 7.

frech initial(t) = (A; T <,z 2 S)
initial(z) = (D;a<z:a) o initial(\.t) = (A; S — T <)

initial(t) = (A; T <T'1) e initial(s) = (A2; S < I'2)
initial(t s) = (A1UA2UT <5 - asa <1 AT:)

e, fresh

The initial typing for a term variable corresponds to an application of Rule (var), and this is also a
valid typing without any constraint required. The initial typing for an abstraction is defined in a way
that corresponds to an application of Rule (abs), and it introduces no new constraints. The initial typing
for an application is defined in a way that corresponds to an application of Rule (app), except that

the type of the function ¢’s parameter may not yet match the type of the argument s. The unification
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constraint 7' < S — « is introduced to make these match, with « used as a fresh variable to indicate
the return type of the function, and also the result type of the application. Note that argument types
are always equipped with an E-variable allowing them to be ezpanded to match the required shape of
the parameter type to which they are passed.

Once the initial typing and set of constraints have been generated, S-unification begins. Due to
the way in which constraints are generated, constraints of the form U — T < e S — « correspond
to p-redexes of the form (Az.t) s where U corresponds to the type of the parameter x, T' corresponds
to the type of the body ¢, S corresponds to the type of the argument s with an E-variable wrapped
around it so that it can be expanded to match the required parameter type, and a corresponds to the
type of the application result. Solving one constraint of this form corresponds to performing one step
of B-reduction on the A\-term.

The correspondence of S-unification to S-reduction can be understood by considering the example
of the non-terminating application (Az.z ) (Az.z z) which results in an equivalently non-terminating

sequence of S-unification steps. First, the initial typing and set of constraints are generated as follows:

initial(z) = (D; 1 <z :aq  initial(z) = (D1 <z : o

initial(z z) = (o1 < erae—az;a3 <z : a1 Merae) :
initial(Az.z ) = (o < erae—as; (a1 Neraz)—asz <ITy)  initial(Az.z ) = (81 < e2f2—P3; (1 Mexf2)—Ps < Tw)

a1 < ejag—as,
initial(Ar.z 2) (Ar.z 2)) = (| e381 < es(eaBa—Bs), ;7 <Tw)

(a1 Meraz)—asz < e3((B1 Mezf2)—P3)—y

The initial typing is therefore v </ T',, and the constraints that must be solved to make this typing

correct are:

1. ) < e1 g — Qs Corresponds to the 15¢ x x application

IA

2. es f1 < ez (ea B2 — B3) Corresponds to the 2" 2 x application

3. (a1Mey ag) > ag <e3 ((B1Mea B2) = B3) = Corresponds to (Az.x ) (A\z.x x)
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Each constraint corresponds to an application in the program, although only the third constraint
corresponds to a S-redex. Since both sides of the constraint take the form of a function type, the con-
straint is recursively solved by generating the following constraints, taking care to reverse the parameter

types due to the contravariance of parameter types:

3a. ez ((B1Meg B2) = PB3) < arMer a

3b. az <7y

In (3a), the left type es ((81 Me2 B2) — P3) now represents the type of the argument, and the right
type a; Me; ag represents the type of the parameter. The strategy to unify these two types is to make
the type of the argument expand, via es, to match the required type of the parameter. The expansion

process on this constraint can be visualised as follows.

IA

a1 Mer as

es ((B1Meq B2) — Bs)

€3 R

% N
m/ \ﬁg
61/ \62

Ba

By substituting the expansion [ M e [ for es, it is possible to transform the left type to match
the structure required by the right type. To avoid any potential variable name clashes, the type
and expansion variables should also be freshly renamed in each branch, and so we use the following

substitution where the renaming substitutions are underlined:

g1= €3 := E‘v (E‘vﬂl = /31562 = 6/2 E‘vﬂ3 = /Bé) M €1 (E‘vﬂl = /81/762 = 6/2/ E‘vﬂ3 = é/)
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After applying this substitution, the constraint now looks as follows:

((BrMey Ba) = Bz) Mer ((BY Mey B2) = B)

N N
SN
ﬂi/ \ m/ \ /
/N

Ba

IA

a1 Mer as

Pa

After expansion has matched as much of the tree as possible, the remainder of the unification is
performed with plain substitutions for the type variables a; and «g at the leaves of the tree. This is

achieved using the following substitution:

or= 1=, (B Mey B) = 3,61 = ex (a2 := (BY Mey fa) — B5)

Note that since oz exists under e; and ey acts as a namespace (see Section 2.3.2), we cannot directly
substitute for ay using as := . ... Instead we substitute for e; an expansion that re-inserts e; and then
applies a substitution for ap underneath e;. This is achieved by the fragment e; := e; (g :=...). This

results in the following unified type tree:
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((Bi M ey B2) — Bz) Mex ((BY Mey B2) — By) < ((B1Mey B2) — Bz) Mex ((BY Mes Ba) — By)
A A
) / \el ) / \el
/ N\ / N\
g B4 — A Bh —
/ N\ / N\ / N\ /N
] e A 4 A € g
/ N\ / N\
B2 ! ey B2 ! ey
65 B2

Finally, constraint (3b) is easily solved by the following substitution which results in a complete

solution for constraint (3):

o3= U,a3:=7y

Since expansions and substitutions in System E are composable, the substitution o3o207 has the
combined effect of performing all of the above steps. The work accomplished so far by o30901 now
needs to be applied to the initial typing (which remains as v </ T, since none of the above substitutions
decided on a type for ), and also needs to be applied to the two remaining constraints that are in the
process of being solved, namely, (1) and (2). After applying the work of o3oq07, constraints (1) and

(2) become (4) and (5) respectively:

A

4. (Bimeyfy) — B3 < er (B Megfa) = B5) =
5. Prmer B < (e B2 — B3) Mer (e B2 — B3)
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This now completes one step of S-unification, and this also corresponds to one step of S-reduction
on the original term. The correspondence to S-reduction is as follows: given a term ¢ for which initial(¢)
computes an initial typing of 7 and an initial constraint set of A, if one step of S-unification produces the
substitution o, there exists a corresponding step of S-reduction resulting in the term ¢’ where initial(¢’)
gives the initial typing o7 and the initial constraint set cA. In the above example, this can easily be
verified because the term after one step of reduction is identical to the original term. We note that the
resulting typing v < T, after one step of S-unification is identical to the original typing, that constraint
(4) is isomorphic to the original constraint (3), and also that once constraint (5) is factored into its

parts (5a) and (5b) below, those are also isomorphic to the original constraints (1) and (2):

Sa. Pr < ey P — By

5b. e1 By < e1 (€3 B2 — f5)

To understand the correspondence in more detail, constraint (3) corresponds to the application of
(Az.x x) to (Az.z z). One step of B-reduction has the effect of creating two copies of the argument
Az.x x and substituting them into the two occurrences of x in the body of the left function resulting
in (Ax.z ) — (Az.x ). This corresponds to the unification of constraint (3) where the expansion
variable e3 is wrapped around the argument type allowing it to expand to match the required type of
the parameter. In the process, e3 is expanded into an intersection type thus creating two copies of the
argument type.

The substitution produced by this step of S-unification is then applied to constraint (1) which
corresponds to the first = x occurring as the body of the left function. Just as the body x x is transformed
into (Az.z z) (Az.z z) by term substitution, the corresponding constraint (1) is transformed into the
constraint (4) which is isomorphic to the initial constraint for (Az.x z) (Az.x z).

If the evaluation of a term terminates, then the g-unification procedure will also terminate with a

unifier that, when applied to the initial typing, produces a correct (and principal) typing for the term.
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2.4.2 Covering Unification

This section reviews the main ideas of covering unification, and presents a walk-through example. A
covering unification procedure attempts to compute a solution to a given constraint that is in some
sense “most general”. Rather than being guided by S-reduction, a covering unification procedure finds
unifiers purely by analysing type structure. Each constraint S = T is now symmetric since there is no
assumption that one side corresponds to a function argument and the other a function parameter.
Ideally, the sort of most general solution to be computed would be a most general unifier; that is,
a unifier o such that any other unifier o’ factors through o by some substitution ¢” (i.e. ¢’ = ¢”0).
Unfortunately, constraints in System E do not always have most general unifiers. An example given

in [7] is the constraint e & = o — o which has the following unifiers:

o1 is the obvious candidate for a most general unifier, although it does not qualify: o (e 8n3) = SRS
while o9 (e M B) = B M a, and hence there is no substitution ¢” such that oo = ¢”’07. The issue
is that o1 merges the namespace under e with the top-level namespace so that there is no longer any
distinction between the g under e and the g at the top level. To fix this, it would be necessary for o;
to rename all variables while eliminating e, however the substitution to achieve this would need to have
an infinite support.

This problem has led to the notion of a principal unifier [7] which is a unifier o such that for any other
unifier o’ there exists a substitution ¢” such that ¢’V = ¢”cV for some finite set of variables V that at
least includes all of the variables in the constraint being solved, and any other variables of consideration
(e.g. those appearing in other constraints being solved alongside this one, or type/expansion variables
appearing in the term context of an initial typing from which the constraint was generated). Letting
V be the set {e, a, 8}, it is now possible to construct o3, a replacement for o; that renames all of the

variables in V while eliminating e:
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o3=(e:=(a:=a—a,B:=0,e:=¢ @)

Now, the effect of o is obtained by composing o3 and (8’ := 8, ¢’ := e [1), while the effect of o9 is
obtained by composing o3 and (5 := §,¢' := @, := a).

A second issue is that single principal unifiers often do not exist [7]. For example, any solution to
the constraint e (¢« = ) M f (« = @) = a = a must choose between substituting e := w or f := w and
so there can be no single principal unifier. In general, therefore, the kind of “most general solution”
that can be computed is a set of unifiers called a covering unifier set ¥ such that for any unifier o/,
there exists a o € ¥ and a ¢” such that ¢’V = 0”0V where V includes at least all of the variables in
the constraint being solved.

The problem of computing covering unifier sets in System E has not been as actively researched
as [-unification, however there has been some preliminary work with an algorithm called opus [7].
We can illustrate the main ideas of the opus algorithm by considering the application of the function
Myy: (fvy—= B8)nfv) — B< to the argument A\z.z : e (¢ — «a)<d. This gives the constraint
e (a = a)=(fv— B)N [~ between the argument type and the parameter type, where no special
role is assumed of either the left or the right types.

At each step of unification, the search path may be branched if multiple but unrelated ways to
construct a unifier are found. Not all of these branches may lead to a unifier, and only those that
do will eventually be added to the covering set. At the very outset, our example constraint can be

interpreted in 3 different ways due to System E’s type equalities:

1. ela—=a)=(fy—=08)Nf~y
2. wRe(la—=a)=(fy—=0)Nfy
3. e(la—=a)Rw=(fy—=0)N[fy

The second interpretation will not lead to a unifier since no substitution will make w equal to a

function type or vice versa. However, the third interpretation will lead to a unifier. Since each step of
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unification is potentially a branching step, there will of course be too many branches to illustrate all of
them, and so we will illustrate only the first branch at each branch point.

Continuing, opus identifies two possible ways to construct a unifier for e (o« — o) = (f v —= 8)A f v

1. o = d'=(fyv—=pB)Nf~ (Using substitution e := (a := o))

2. eg(a—=a)fe (a—=a)=(fyv—=pP)Nf~ (Using substitution e := (e; EMez [))

Note that S-unification never branches the search path and will in the above case always expand e
into an intersection type, choosing path (2). opus, aiming to find a most general representation of all
possible unifiers, must search both paths. In this walkthrough, we will again follow the first branch.
After taking this branch, we find once more that it is necessary to consider different interpretations of

the constraint under the type equality rules:

1. o 2d=(fy=0)Nfy
2. wh(d = a)=(fr—=B)Nfy
3. (o =d)Pnw=(fy—=08Nf~y

The first interpretation leads to a dead end because a function type cannot be unified with an
intersection type. The second interpretation also leads to a dead end because w cannot be unified with
the function type f v — . But the third interpretation can be unified, and we will follow this branch.

The left component of the intersection can be unified as follows:

(fy=>frPw=(f~v—fv)Afv (Using substitution o/ := f ~v,5:= f v)
The right component of the intersection can, however, be unified in two different ways:

1. (w=wNw=w-—>w)Rw (Using substitution f := w)

2. (w—ow)Pw=(w—w)Pw (Using substitution f := (v :=w))

Note that despite resulting in the same typings, neither of the two unifiers is more general than the
other, and so both are added to the covering set, along with all of the other paths that we skipped

(excluding, of course, those paths that would lead to dead ends). opus is not perfect, and may potentially
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add redundant unifiers to the covering set. However, even if minimal covering unifier sets were produced,
it is questionable whether all of the additional unifiers found (such as the two above that produced the
exact same result) would be useful in practice. Furthermore, it should be clear that the amount of
branching required to search all the necessary paths makes this approach extremely inefficient (see

Section 3.6 and Section 5.5).

2.4.3 Comparison of -Unification and Covering Unification

When we consider only the pure A-terms, type inference based on S-unification is preferable because it
is hardwired to use knowledge of S-reduction to choose a single path of reduction leading to a single
unifier, and this has clear efficiency benefits. In comparison, covering unification—lacking any such
hint from S-reduction—must explore all possible alternative paths leading to a covering set of unifiers,
a process that is far less efficient.

However, when we extend the set of terms beyond those of the pure A-calculus and extend the reduc-
tion rules beyond simple S-reduction, there appears to be more incentive to study covering unification.
In the case of System EV' presented in Chapter 5, we add support for extensible records by adding new
term syntax, new term reduction rules and new typing rules, but using largely the same type syntax.
The advantage of designing System EV" in this way is that we can use a covering unification algorithm
such as opus largely without modification. This is possible because covering unification supports all
type constraint forms, regardless of the term language used by the underlying calculus.

The same cannot be said about S-unification because it is hardwired to deal only with the sorts
of constraints that are generated by programs in the A-calculus. In particular, constraints of the form
e (S = T) < U are supported in S-unification, because the type e (S — T') matches its expectation of
what a function type looks like, assuming that all functions are A-abstractions. But if some functions
are actually extensible records, as may be the case in System EY", then the unification algorithm needs
to expect that function types may also be in the form of intersections of function types, leading to
constraints of the form e; (S1 — S2) Mey (T1 — T2) < U. Such constraints are not supported by -
unification, but are supported by covering unification for the simple reason that everything is supported

by covering unification. If a covering unification algorithm is used, each time a new feature is added to
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the term language that can be typed within the existing type language, no changes should be required
for the covering unification algorithm itself.

It is therefore attractive to consider an algorithm like opus when scaling System E to support
additional term forms and reduction rules. The issue remains, however, that opus is presently too
inefficient to be useful in practice (see Section 3.6 and Section 5.5). According to [7], opus “provides a
fairly simple starting point for investigating how to produce finite representations of all unifiers for an
arbitrary constraint set” but in relation to developing efficient variants suggests “there is a lack of clear
motivation for this strand [...] until a wider range of practical instances of S-unification problems are
identified”. Our efforts to scale System E to support additional term forms has broadened the potential
application of unification with expansion variables, and this motivates a further look at the kind of
unification approach used in opus.

For the type inference system presented this dissertation, we pursue a hybrid unification approach
called opusf3 which is, for the most part, based on the opus algorithm, but which also borrows efficiency
ideas from [-unification. Like opus, our algorithm handles all constraint forms, not only those that
arise when constraints are generated from pure A-terms, which means that it can unify function types
regardless of whether they describe A-abstractions, or in our case, extensible records. On the other
hand, like S-unification, our algorithm prunes the search path by using asymmetric constraints and
assuming that the left and right types represent function arguments and parameters respectively. The
resulting algorithm lacks the generality of opus, but on the other hand, provides us with a practical
algorithm that can be used in our implementation to demonstrate the examples of interest presented

in the introduction.

2.5 Summary

This chapter presented a formulation of System E containing only the features that will be used in
the remainder of this dissertation. We discussed the two key technologies of intersection types and
expansion variables. Intersection types provide polymorphism by listing the finite set of instance types
at which a term is to be used. Expansion variables support compositional type inference by enabling

the expression of principal typings, and provide a simpler way to reason about the expansion operation
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than the historical nucleus-based expansion operation. Finally, we discussed type inference and type
unification, and presented two existing approaches to type unification with expansion variables: (-
unification and covering unification. In the next chapter, we will build on these foundations as we begin

to present the new system proposed by this dissertation.



Chapter 3

System EY: The Value Restriction

System EV is the first of three increments which together make up our final system, called E*“". The
main purpose of System EV is to lay the groundwork to support constants, which are added in Chapter 4,
and extensible records, which are added in Chapter 5.

To prepare for the safe integration of constants and extensible records, System EY augments System E
with a value restriction. The idea of a value restriction was first introduced in the functional language
ML to rule out unsafe applications in the presence of references [68], and is adapted in our system
to rule out unsafe applications in the presence of constants and extensible records. System EV also
makes several simplifications to the definitions of System E in order to simplify the proofs and the
implementation, and we establish that these simplifications do not in themselves restrict the set of
typable terms. However, the value restriction itself does restrict the set of typable terms. For example,
the divergent application (A\z.z z) (Az.x x) is typable in System E but due to our value restriction is
not typable in System EY (see Section 3.1 for a discussion).

This chapter is organised as follows. Section 3.1 gives an overview of our value restriction. Sec-
tion 3.2 discusses the simplifications that have been made in System EY. Section 3.3 presents System E
and establishes that it is typesafe. Section 3.4 presents the type inference algorithm and establishes
properties in relation to termination, correctness and principal typings. Section 3.5 demonstrates our

implementation of System EY’s type inference algorithm on a set of examples and compares the inferred
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typings to the original type inference algorithm for System E. Section 3.6 compares the efficiency of

opusf and opus. Finally, Section 3.7 summarises the contributions of this chapter.

3.1 The Value Restriction

If constants and extensible records are introduced into the term language, it becomes possible to express
certain applications that are not reducible, and it is the job of the type system to rule out these
applications. For example, the constant application 3 false should be rejected since 3 is not a function
over booleans. Also, the field selection (a — 3Mb — false) c should be rejected since the field ¢ is not
present in the record (a — 3 M b — false). However, both of these applications would be typable by
Rule (omega) if System E were naively extended to support these terms, and therefore such a system
would not be typesafe.

Another problem occurs when typing the selection of an unknown field represented by a variable x
in an extensible record, such as (a — 3Mb — false) z. Now, there are two unrelated assumptions that
we could make about the term variable x: either z is the field labeled a and so the application has type
Int, or x is the field labeled b and so the application has type Bool. By Rule (int), we could conclude
that if = is both a and b, then the application has both type Int and Bool. This typing gives x an
empty type that has no permissible values. That is, there is no value that could ever be substituted for
x that would be equal to both the label a and the label b, making the typing a meaningless one.

System EV addresses both issues by restricting uses of the expansion typing rules to non-application
terms, which we call values. This “value restriction” is similar to the value restriction for ML proposed by
Wright [68] to maintain type safety in the presence of application terms that manipulate state. Wright’s
value restriction, also known as value polymorphism, applies specifically to the typing derivation rule
associated with polymorphism (the “let” rule), while our value restriction applies more generally to the
family of rules associated with expansion, namely, rules (omega), (int) and (evar). It is the restriction
to Rule (omega) that addresses the first problem of unsafe typings, and the restricton to Rule (int) that
addresses the second problem of empty types. The restriction must also apply to Rule (evar) in order
for the family of expansion operations to work correctly together. Although this dissertation does not

cover state, our value restriction could theoretically be used as a foundation for studying state with
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expansion variables, since it also restricts polymorphism to values.

The value restriction results in fewer terms being typable compared with System E. For example, in
systems that lack Rule (omega), divergent terms with infinite reduction paths, such as (\x.z z) (Az.z x),
are not typable [23]. Since System EV does not allow Rule (omega) to be used with applications, then
divergent applications are not typable in System EV. In contrast, System E makes all terms typable via

Rule (omega).

3.2 Simplifications

This section provides an overview of the simplifications that have been made in System EY in order to
simplify the proofs and the implementation. None of these simplifications in themselves restrict the set

of typable terms.

3.2.1 Type Equivalences

In System E, the set of types is initially defined by a BNF grammar and is subsequently modified
by imposing type equality rules so that, for example, the M operator is associative and commutative
with w as its unit. When examining the grammar without any type equality rules imposed, T" M w
may be considered as a distinct type from 7', whereas after imposing the type equality rules, these are
considered to be one and the same type. However, this complicates certain proofs since it means that
it is not possible to perform induction directly on the structure of a type.

In System EV, the set of types is instead defined by a grammar without any type equality rules, and
we define separately from this equivalence classes of types which correspond to System E’s types. We
use types in almost all parts of System EY except for term contexts where we explicitly use equivalence
classes instead. It turns out that this is sufficient to completely preserve the power of System E’s type
equalities, as we will show in Lemma 3.27 (Equivalent types). One benefit of this change is that proofs
by induction on the structure of types are now straightforward.

A study of the types of System E without type equalities was first done by Kfoury and Bakewell [7]
while investigating the problem of unification with E-variables, although this was done independently

of any type system. System EV is the first type system based on System E without type equalities for
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which subject reduction is also proved.

3.2.2 Restrictions to Simple Types

In System EY, we categorise types into two groups. Types of the form « and S — T are called
simple types while the remaining types of the form w, S M T and e T are called expansion types.
System E offers redundant rules for introducing expansion types, both via typing derivations and via
substitutions. Eliminating this redundancy can make it easier to reason about the type system, and
some of this redundancy can be eliminated by restricting certain typing rules, and substitutions of type
variables, to simple types.

In the case of typing rules, System E offers two ways to assign, for example, an intersection type to

a term variable:

z:S<zx:8 z:T<z:T
by (var) by (int)
z:SAT<x:5AT z:8SAT<z:5AT

In System EY, we restrict Rule (var) to simple types so that only the second derivation is possible.
By Lemma 3.26 (Variable types), no typing power is lost by this restriction since it is always possible
to construct a derivation that assigns an arbitrary type to a variable by combining Rule (var) with uses
of rules (omega), (int) and (evar).

In the case of substitutions, System E offers two ways to construct a substitution that transforms

e a into, for example, an intersection type S M T

op= e:=(a:=8nT)

oa= e:=(a:=5)N(a:=1T)

This redundancy is eliminated in System EY by restricting type variables to represent only simple

types. Assuch, « is now called a simple type variable rather than a type variable. After this modification,
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only o4 is a valid substitution. By Corollary 3.18 (Type substitution), no expressiveness is lost by this
restriction since the full power of System E type variables can still be emulated in System EY by
wrapping each simple type variable in an E-variable. Simple type variables stem from the idea of
restricted substitutions[7] which were proposed as a way to simplify constraint unification by reducing
the number of non-isomorphic solutions to constraints. For example, the constraint e o = S AT has
both o1 and oy as solutions in the full System E, but if restricted substitutions are used, then oy is

permitted as a solution while o7 is not.

3.2.3 Unique Derivations

In System E, typing judgements do not, in general, have unique derivations. For example, since there is
no value restriction, we cannot assume applications are always typed using Rule (app). The judgement

st: SMT <T, may in fact have been derived in either of the following ways:

s:U—=(SAnT)<l, t:U<T, st:S<l, st:T<T, .
by (app) by (int)
st:SAT Ty, st:SAT Ty,

System E’s type equality rules also make it impossible to tell from the syntax of a type which typing
rule was used. For example the judgement Ax.t : (S — T) Mw <1 T, may have been derived in either of

the following ways

t:T<x:S At (S—=T)Rw<al, Azt:w<aly,
by (abs) by (int)
Axt:(S—=>T)Rw<aly, Axt:(S—>T)Rw<aly,

since the equality S — T = (S — T') Mw holds. Finally, System E’s Rule (var) allows the assignment of
any arbitrary type to a term variable, overlapping with a number of other typing rules. For example,

the previous section showed that the judgement 2 : SAMT <z : S AT can be derived in either of the
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following two ways:

z:S<zx:8 z:T<z:T
by (var) by (int)
z:SAT<z:5SnT z:8SAT<z:5AT

System EV, on the other hand, has a unique derivation for each derivable judgement. In the first
example above, we know that Rule (app) was used and not Rule (int) because the value restriction
prevents Rule (int) from being used on applications. In the second example above, we know that
Rule (int) was used and not Rule (abs) since (S — T') Mw is an intersection type which is never equal
to the function type S — T (although the equivalence (S — T)Mw =S — T does hold). And in the
third example above, we know that Rule (int) was used and not Rule (var) since Rule (var) is restricted
to simple types and may not be used to directly assign an intersection type.

This property can be exploited in proofs since it is often useful to infer the form of the premises
based on the derived judgement. For an example of this, the reader is referred to propositions (7) to

(9) in the (app) case of the proof of Lemma 3.29 (Term substitution).

3.3 Type System

System EY will now be defined formally, beginning with the term language, then the type language and

finally the typing derivation rules.

3.3.1 Terms and Reductions

This section defines the term language and reduction rules of System EV.

Definition 3.1 (Terms for EV). Let metavariables x, y and z range over the countably infinite set

of term variables (also called variables). The syntax for terms and their metavariable conventions are
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given below.

s,¢tbun=wv|st terms

vi=a | Axt values

A term is either a value v or an application s t of some function term s to some argument term ¢. A

value is either a term variable x or an abstraction A\z.t which is a function with parameter x and body t.

Definition 3.2 (Free variables for EV). The free variables fu(t) of a term ¢ are defined as follows:

fv(z) = {=}
f(a.t) = fu(t)\{z}

fv(s t) = fv(s) Ufv(t)

d

Definition 3.3 (Term substitution for EV). A term substitution t[x := v] of value v for z in ¢ is defined

by the following rules:

ylr =] = y#a

Ay t)[x == v] = Aztly = z][x := 1] y#x,z ¢ fv(v)U{z}

Note that a term substitution may substitute only values for variables, and not arbitrary terms.
This definition is sufficient for the call-by-value semantics that we use, but it will also be required to

support the extended definition of term substitution introduced in Chapter 5 for extensible records.
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Definition 3.4 (a-conversion for EV). We consider Az.t and Ay.t[r := y] to be the same under a-

conversion if y ¢ fv(t). O
The reduction rules follow a call-by-value evaluation strategy.

Definition 3.5 (Reduction for EV). The reduction rules are defined as follows:

(Az.t) v > tlx == v
ts>t's if ¢ > ¢/

vt>ovt ift >¢

3.3.2 Types and Expansions
This section defines the types, expansions and associated operations.

Definition 3.6 (Syntax for EV). Let metavariables e, f,g range over the countably infinite set of
E-variables and let metavariables «, 3,7 range over the countably infinite set of simple type variables.

The syntactic categories and their metavariable conventions are given below.

S,T,U=:=T|T types
ST, U:=al|S—T simple types
SST,Uu=w | SAT |eT expansion types
E,FG:=w|ENF|eE|o expansions
ocu=0|o,a:=T|oe=E substitutions
Xu=ale variables
K:=T|FE entities
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A type is either a simple type or an expansion type. A simple type is either a simple type variable
a or a function type S — T. An expansion type is either the omega type w, an intersection type S AT
or an E-variable application type e T. An expansion is either the omega expansion w, an intersection
expansion EAF, an E-variable application expansion e E or a substitution o. A substitution is either the
identity substitution [, a substitution extended with an assignment a := T of simple type T to simple
type variable «, or a substitution extended an assignment e := E of expansion F to the E-variable e. A
variable X refers to either a simple type variable or an E-variable. An entity K refers to either a type
or an expansion.

Note that a simple type may still contain intersection types, E-variable application types and w in
nested positions, but not at the top level. For example, (SN T) — w is a simple type, while ST and

w are themselves not simple types.

Definition 3.7 (Type equivalence for E¥). For two types S and T, the proposition S = T asserts that
S and T are equivalent types. The equivalence class (T') is the set of all types that are equivalent to T'.

The type equivalence relation = is defined by the following rules:

Axioms

(SAT)AU=SA(TAU)

SAT=TNS
TAw=T
ew=w

e(SAT)=eSMneT

Structural congruence

S—T=8 =T ifS=S5 and T =T
SAT=8nT ifS=S5 and T =T
eT=eT ifT=T
Equivalence
T=T
T=T ifT' =T
T=T" fT=T and T' =T"
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In Definition 3.7, the 5 axioms correspond to the type equality rules of System E (see Figure 2.1),
The structural congruence rules extend the rules to nested types, while the equivalence rules define

reflexivity, symmetry and transitivity, giving the required properties for an equivalence relation.

Definition 3.8 (Intersection components for EV). For any simple type S and type T', the proposition

S @ T asserts that S is an intersection component of T, and is defined by the following rules:

ScS

ScTynTy ifScTior ScTh

S ¢ T asserts that S is not an intersection component of T'. O

With the exception of function types, for any given simple types S and T to be equivalent, they

must be one and the same type. This is established by Lemma 3.9 and Corollary 3.10 below.

Lemma 3.9 (Intersection components for EV).  Given any S, T, S and T, if S is not a function type

and ScS and S=T, then Sc T.
Proof. The proof is by induction on the structure of the derivation of S =T.

case: S= (1 NT)NT3 =Ty N (TaT3) =T. Then S © S implies S © Ty or S © T, or S @ T3 which
implies S € T.

case: S=T1NTo=ToNT, =T. Then S © S implies S € T} or S & T, which implies S € T A T3.

case: S=T1Nw=T,=T. Then Sc S implies ScT)orScuw. By the definition of ¢, it is the case
that S ¢ w, therefore S @ Tj.

case: S =cw=w="T. This case does not occur since S ¢ S by the definition of .

case: S =ec (T M Ty) =e T; Me Ty. This case does not occur since S ¢ S by the definition of <.

case: S =51 > So =Ty - 1T, =T,if S; =T, and So = Ty. This case does not occur since the

assumption is that S is not a function type.
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case: S=81 NS =T NTif S; =T and So =Ts. If S© S, then S © S; or S & Sy which by ind.hyp.
implies S @ T} or S @ T, which by the definition of @ implies S € T} M T5.

case: S=c¢T =e T if T =T’ This case does not occur since S ¢ S by the definition of .

case: S =T, =T, =T. Immediate.

case: S=T; =Ty =T if T, =T;. Consider the mirrors of the asymmetric rules:

case: S=T1 M (ToNT3) = (1" Ty) A T3 =T. Then S © S implies S Ty or S € Ty or S @ Ty
which implies S @ 7.

case: S=T =T Nw=T. If §c T then S T} Mw by the definition .

case: S =w=e w =T. This case does not occur since S ¢ S by the definition of .

case: S=eTi1MNeTy =e (T1 NTs). Then Scs implies SceT or S e Ty, neither of which can

be true by the definition of € and so this case does not occur.

case: S=T1 =T =TifThN =T, and Th=T;. If S T1, then by the induction hypothesis, Sc T,
and then by the induction hypothesis, S  Ts.

O

Corollary 3.10 (Simple type equivalence for EV). Given any S and T, if S is not a function type and

S=T then S=T1T.

Proof. By Lemma 3.9, since S is not a function type and S © S and S = T, then S € T, which by
Definition 3.8 implies that S = T. O

Expansion application is defined in System EY by exactly the same rules as those for System E

presented in the previous chapter, except that each « should be interpreted as a simple type variable

rather than a type variable.

Definition 3.11 (Expansion application for EV). The rules for applying expansions to expansions,

types and E-variables are as follows:
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w K =w ow =w

(EAF) K —EKAFK o (K1 A K>) =0 K10 K»
(e B) K =e (E K) o (e K) =(ce) K

O e =el o (S—=1T) =0S—oT
O« =« o[ =0

(o, X =K) X =K o (0, X :=K) =00, X =0 K
(0, X :=K) X' =0 X'if X #X'

O

Lemma 3.12 (Expansion application preserves syntactic categories for EV). Given any E, F, e, o1,
02, 0 and T, then (1) E F is an expansion, (2) E e is an expansion, (3) E T is a type, (4) 01 02 is a

substitution, and (5) o T is a simple type.

Proof. Trivial, by induction on the structure of E then E; in (1), by induction on the structure of E
in (2) and (3), by induction on the structure of oy then o3 in (4), and by induction on the structure of

o then T in (5), with the cases proceeding according rules given in Definition 3.11. O

Lemma 3.13 ([ acts as the identity for EV). Given any K, then 0 K = K.

Proof. Trivial by induction on the structure of K. O

Lemma 3.14 (Expansion composition for EV). Given any E, F and K, E (F K)=(E F) K.

Proof. The proof is similar to the one in [17], except that since we do not impose equalities on types,
induction is directly possible on the structure of K, and there is no need to define a size function and

prove an induction principle. A full proof is given in Appendix A. O

Expansion composition is useful in constructing single substitutions that carry out the same work
as a sequence of substitutions. For example, the substitution 4030207 has the same effect as applying

the individual substitutions o1, 03, 03, 04 in sequence.
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The following table illustrates the application of several different expansions to the type e a« — e a:

Expansion Resulting type
fle:=(a:=1)) f (T —T)
ei=f(a=T) FT—fT
(e:=(a:=8)) A (e:=(c:=T)) (S = 8)A(T > T)
(e:=(c:=T)) A w (T —T)Aw

The last example can be derived using the following steps:

((e1:=(c:=T)) Nw) (e1a — e1a) = (e1:=(a:=T)) (e1ax = e1a) N w (e1ax = 1)

= (e1:=(a:=T)) (e1a0 = e10) A w

= ((e1:=(a:=T)) (e100) = (e1:=(c:=T)) (e1)) Nw

= (((e1:=(a:=T)) €1) @ = ((e1:=(a:=T)) e1) @) Nw

=(:=T) a— (a::T) o) Nw

The following two lemmas show that expansion applications preserve type equivalence.

Lemma 3.15 (Expansion distribution equivalence for E¥).  Given any E, S and T, then E (SAT) =
ESnET.

Proof. The proof is by induction on the structure of E.

case: F =w.

LHS = w (Tl M TQ)
=w def 3.11
=wRNw def 3.7

:le M w TQ def 3.11
= RHS
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case: = FE; M Es.
LHS = (E1MEy) (T1 ATy

= El (Tl ﬁTQ) M EQ T ﬁTQ) def 3.11

)

(
(El T1 M E1 T2 (E T1 M E2 TQ) 1ndh‘yp, def 3.7
(Ex

D D

)"
(El T1 M E2 Tl) T2 Q) E2 TQ) def 3.7
A (

= (E1MEp) Ty M (B A Ep) T def 3.11

= RHS
case: ' =¢ Fj.
LHS = (6 El) (T1 ng)

— e (B (T1 N TY)) def 3.11
=e(F1 ThNEL T) ind.hyp., def 3.7
=e(EyTh)Me (B Ty) def 3.7
—(eE))TiM(e By) Ty def 3.11

= RHS
case: F =o.
LHS =0 (ThNTy)

:JTlmO'TQ def 3.11
= RHS

d

Lemma 3.16 (Expansion preserves type equivalence for EV).  Given any T, T' and E, if T =T, then
ET=FET'.

Proof. The proof is by induction on the structure of the derivation of T'= T”, and then the structure of

E, enumerating first over the cases of £ and when E = o, then enumerating over the cases of T'= T".

case: F =w.

LHS =wT
=w def 3.11
=wT" def3.11
= RHS

case: = FE; " Es.
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LHS = (EyMEy)T

=FETAE, T  def3.11

=F T"MNEy; T ind.hyp. (E; smaller), ind.hyp. (Es smaller), def 3.7

= (El M Eg) T/ def 3.11

= RHS
case: ' =¢ Fj.

LHS = (e E) T
=e(E; T)
=c (B T
= (e Ey) T
= RHS

def 3.11
ind.hyp. (E; smaller), def 3.7
def 3.11

case: F = 0. We now consider the cases for the derivation of T'= T". Here, the cases are straightforward

applications of Definition 3.11 and the induction hypotheses. The only tricky case is the one for

a substitution applied to an E-variable application:

case: If T} =T}, then e
LHS =o(eTh

leeTl’.
)

=(ce)Ty def3.11

= (o e) T] indhyp. (71 = T7 smaller), def 3.7

In this case, we d
derivation of T} =

on the structure o

) def 3.11

o not know that o e is smaller than o, but we rely on the fact that the
T7 is smaller than the derivation of e 77 = e T7, and perform induction first

f the derivation of this type equivalence and then second on the structure

of the expansion F.

A full proof of the other cases is included in Appendix A.

O

The final lemma and corollary in this section establish that, although only simple types may be

substituted for simple type variables, the full power of System E type variables can be emulated by

wrapping each simple type in an E-variable.
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Lemma 3.17 (Type variables for EV).  Given T and «, there exists an expansion E such that E o =T

Proof. The proof is by induction on the structure of 7T'.

case: T'=w. Then E = w.

case: T =Ty M T,. Then (1) 3E;. E; a =T; by ind.hyp. (71 smaller) and (2) 3FE;. FE; a = Tb by
ind.hyp. (7% smaller). Then E = Ey M E; since (Ey M Ey) a = E; aM By « by def 3.11 which
equals 71 M T, by (1) and (2).

case: T = e Ty. Then (1) 3Ey. E; o = Ti by ind.hyp. (71 smaller). Therefore E = e E; since
(e B1) o = e (Fy ) by def 3.11 which equals e T} by (1)

case: T =T. Then E = (a:=T). O

Corollary 3.18 (Type substitution for EV). Given any T, e and «, there exists a substitution o such

that o (e @) =T.

Proof. Let E be the expansion from Lemma 3.17 such that E « =T. Then o = (e := E). O

3.3.3 Typing Derivations

This section defines the typing derivations of System EY. These definitions very closely match with
their counterparts in System E presented in the previous chapter and so little further explanation will
be required, except in relation to the introduction of simple types and the value restriction, and also the
replacement of System E’s type equalities by explicit type equivalences. In particular, the last change

means that the following definitions will make explicit use of type equivalences where needed.

Definition 3.19 (Term contexts for EY). A term context T is a total function from term variables to
equivalence classes of types, mapping only a finite number of term variables to equivalence classes other
than (w). The notation x1 : (T1),...,x, : (T},) is used to represent a term context where each term
variable not explicitly given is assumed to be mapped to (w). We use T, to denote the term context in

which all term variables are mapped to (w). O

A key point about the above modified definition of term contexts is that explicit uses of type

equivalence classes are needed to give the same meaning as System E.



Chapter 3. System EY: The Value Restriction 86

Definition 3.20 (Operations on term contexts for EY). Intersection introduction, E-variable applica-

tion and expansion application are extended to term contexts as follows:

(Fl M Fg)(w) = 1"1(30) Q) Fg(l‘)
(e T)(x) = ¢ T(a)

(E T)(x) = B I(x)

Observe that the type equivalences from Definition 3.7 also imply corresponding equalities on term

contexts:

(T1ATy) T3 =T1 A (T2 ATs)
I'iAly=TynTYy

rmr,=r

€ (Flﬂrg) :eflﬂe FQ
Definition 3.21 (Typings for EY). A typing T < T (metavariable 7) is a pair of a type T' and term
context I'. O

Definition 3.22 (Operations on typings for EV). Intersection introduction, E-variable application

and expansion application are extended to typings as follows:
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(T1<]F1)Q(T2<]F2):T1FWT2<]F1FWF2
e T<T)=eT<el

E(T<T)=ET<ET

d

Definition 3.23 (Typing judgements for EY). A typing judgement t : T << T (metavariable J) asserts

that term ¢ has typing T < T, or equivalently that term t has type T in term context I'. O

Definition 3.24 (Typing derivations for EV). A typing derivation (metavariable D) is a proof tree of

a typing judgement. The rules for deriving valid typing judgements are as follows:

var) ————— omega) ————
(var) z:T<z:(T) ( ) viw<ly,
t:T<al,z: (S ViTL VT
(abs) (5) (int) ———— 2
Azt S—=T <l VTN T2
t:S—>T <y s:S<ls VT
(app) (evar)
ts: T<al'1 T, vieT

O

These rules differ from System E’s rules in three ways.

1. The value restriction is implemented for the rules associated with expansion. These rules are
(omega), (int) and (evar).

2. Rule (var) is restricted to simple types. This forces all typings of the form SMT <T to be derived
by Rule (int), all typings of the form e T' <1 T' to be derived by Rule (evar) and all typings of the
form w < T to be derived by Rule (omega).

3. Equivalence classes of types are used explicitly within term contexts. This usage recovers expres-
siveness that would otherwise be lost as a consequence of removing System E’s type equalities.

As an example, the judgement z : TS <z : S AT, which is derivable in System E, would no
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longer be derivable without the type equality S M T =T M S. In System EY, the corresponding
judgement z : TN S < x: (SAT) is derivable because of the explicit use of the equivalence class

(SAT) in the term context.

Together, these changes give rise to the property that each typing judgement has a unique derivation.

Lemma 3.25 (Typing derivations for EV). FEach typing judgement can be the conclusion of at most

one typing rule.

Proof. Consider any application of a typing rule that concludes with the typing judgement J denoting
t: T <T. In each case, the typing rule used to derive J can be determined by examining the syntax
of the term ¢ and type T alone, and without examining the term context I' (whose syntax cannot be

examined anyway, due to its use of type equivalence classes).

case: If t is a value,

case: If T' = w, then J was derived by (omega).
case: If T =T) M Ty, then J was derived by (int).
case: If T = e Ty, then J was derived by (evar).
case: If T =T, then

case: If t = z, then J was derived by (var).

case: If t = \x.t1, then J was derived by (abs).

case: If ¢t is an application, then J was derived by (app).

O

With regards to the second difference listed above, the following lemma establishes that « : T<1x : (T")

still holds for any x and T', and therefore no expressiveness is lost by this restriction.
Lemma 3.26 (Variable types for EY). Given any x and T, then x : T <z : (T).

Proof. The proof is by induction on the structure of T

case: T = w. True by Rule (omega).
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case: T =T M T5. By the induction hypothesis, z : Ty <z : (T1) and x : T <z : (T2). By Rule (int),
z:-TinTy<x: (Th NT3).
case: T = e T;. By the induction hypothesis, z : Ty <z : (I1). By Rule (evar), z : e T1 <z : (e T3).

case: T = Tj. True by Rule (var).

O

With regards to the third difference listed above, the following lemma establishes that our explicit

use of equivalence classes preserves the power of System E’s type equalities.

Lemma 3.27 (Equivalent types for EY). Given any t, T, T and T, if t : T QT and T = T’, then
t:T' <«T.

Proof. Let D be the derivation of ¢ : T'<t1T". The proof is by induction on the structure of D. The cases
proceed first by term form and then by the possible rules that may have been used to conclude T' = T".

We show some of the more interesting cases below, while a full proof is included in Appendix A.

case: tis v. We now consider the cases for the rule used to conclude T'= T". These cases fall into three
groups: axioms, structural congruence rules and equivalence rules.
case: Axiom (Th NTe) T3 =T, A (T2 A T3).
Due to Lemma 3.25 (Typing derivations), we know that D ends with
2)v:T1 <y B)v:Te <y

v:TINTy <l AT, (Dwv:T5<Tg
’UZ(TlmTQ)ngﬂ(Flmrg)mrg

Then, (4) v:ToNT3<AT3 N3 (int) with (3) and (1)

v:T1 M (T2 M T3) I/ (1—‘2 Q) F3) (mt) with (2) and (4)
The cases for the other axioms are similar, using the unique derivations property to discover

the premises in D.
W Dy=T1T] 2Th=T,

case: Structural congruence rule
T — 1Ty = Tll — TQ/
By Lemma 3.25, there are 2 possible cases for D.
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case: D is the following application of Rule (var): x : Th — To <z : (Th — T3)
Then, (3) z:T] = Ty<xz:{(T] - Tj) (var)
x: T - Ty <x:(Ty —Tp) def. 3.7 with (3),(1),(2)
Bty : T <Dz (Th)
case: D ends with the following application of Rule (abs): Az.t; : Ty —» T <l
Then, (4) ¢ :Ty<T,z:(Th) ind.hyp with (3) and (2)

(5) t1:Ty<aT,z:(T]) def. 3.7 with (4)
Axty :T] = T5<aT (abs) with (5)
The cases for the other structural congruence rules are straightforward cases of induction on
the structure of D, using the unique derivations property to discover the premises in D.

case: Equivalence rule T'=T'. Done.

=T
case: Equivalence rule
T=T
For the symmetric rules that have the same meaning when reflected from left to right, the

proofs are identical to existing cases. For the non-symmetric rules, the proofs are very similar

to their existing reverse cases.

T=T7" T'=T'
case: . Follows from the transitivity of = in the statement of the lemma.
T=T

case: tis t1 ta. Then D ends with

(1)t12T1—>T<]F1 (2)f2:T1<]F2
t1ta: T <1 ATy (app)

Then, (3) T =1' Assumption
4 Ty >T=T > T def. 3.7 with (3)
(5) t1:Th—>T <l ind.hyp. with (1) and (4)
t1te: 7' <1 ATy (app) with (5) and (2)

It is normally expected in systems with type substitutions that if ¢ has typing 7, then by a type
substitution lemma, ¢ also has type o7 for any substitution . This is also true in System EV, however

this does not hold true for expansions in general. Due to the value restriction, it is safe for an expansion
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to be applied to typing judgement only if the term being judged is a value, unless of course that
expansion is a substitution, in which case it can always apply. For example, if ¢ = (Azx.z) (Azx.z) and
t:ea — ea<Ty, then it does not follow by any expansion lemma that ¢ : e« = eaNea — ea < T, via
the use of expansion [ M [0 because ¢ is not a value.

However, this is generally not a problem if more E-variables are inserted into the original type. In

this case, the following typing can be derived for ¢:

———— (var)
T eo — e <l ea — eq (Varzevar) % (evar() b
x: f (ea —ea) A f (ea — eq) (abs) Az.x:ea —ea<dl, a(eS\)far)
Ar.x: f (ea = ea) = f (ea = ea) T, M.z f (ea = ea) T, (app)
app

t:f (ea = ea) T,

The extra E-variable f at the top level effectively allows an expansion to be applied at the top level
via a substitution, and so now it can follow from a substitution lemma that ¢ : eae = eaMea — ea <1,
via the substitution f := &, (B M @).

The following substitution/expansion lemma establishes the applicability of substitutions and ex-
pansions to typing judgements, and is a crucial lemma for establishing principal typings for our type

inference algorithm.

Lemma 3.28 (Expansion for EV). Given anyt, T, T and E, ift : T <T and if t is a value or E is a

substitution, thent : E T 1 FE T.
Proof. Let D be the derivation of ¢t : T' <t I'. The proof is by induction on the structure of D then E.

case: F is w, and so t is v.
(1) v:w<Ty, (omega)

v:wT<QwI def 3.11 with (1)
case: F is E1 M Fy, and so t is v.

(1) v:T<T Assumption

(2) v:E1T<ET ind.hyp. on (1) with F; smaller
(3) v:E2T<QEST ind.hyp. on (1) with E5 smaller
4) v:E1TAE;,T<IE; TME,T (int) on (2) and (3)

vi(EiMEy) T<9(EyME) T def. 3.11 with (4)
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case: Fise Fy1, and so t is v.
(1) v:T<«T Assumption
(2) v:E1T<ELT ind.hyp. on (1)
(3) v:e(E1T)<e (E1T) (evar)on (2)
v:(e BEy) T<(e E1) T def. 3.11 with (3)

case: F is 0. Now, t can be any term, and we consider the possibilities for D.

case: D is the following application of Rule (var):

z:Tz:(T)

Then,
(1) z:06T<z:{(cT) lem 3.26

x:0T <o (x:(T)) def 3.20 with (1)
case: D ends with an application of Rule (abs) of the form

(1) t1: 15 <]F,.I’ : <T1>
)\$.t1:T1*>T2<]F

Then,
(2) ti:o0Te<oTl,z:{(cTy) indhyp. on (1)
(3) Xety:0Tyh 5 o0Ta<to ' (abs) with (2)

Azt o (T = Ta) <o T def. 3.11 with (3)
case: D ends with an application of Rule (app) of the form

(1)t1254)T<]F1 (2)t2:S<1F2
tito: T’y My

Then,
(3) t1:08 =0T <0l ind.hyp. on (1)
(4) te:0S <0l ind.hyp. on (2)

(5) tita:oT <ol1Mole.  (app) with (3) and (4)

. tity:ol' <o (Fl ﬂFQ) def 3.11 with (5)
case: D is the following application of Rule (omega):
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DHov:waly,

Then,

v:ow<oly, def3.11 with (1)

case: D ends with an application of Rule (int) of the form

Dov:T1 <y 2Qu:Te<ly
v:Ti Ty a1 ATy

Then,
(3) wv:oTy <ol ind.hyp. with (1)
(4) v:oTy<ols ind.hyp. with (2)

(5) wv:oTiMoTy <ol Mol (int) with (3) and (4)
vio (TiNTy) <o (T1ATy) def 3.11 with (5)

case: D ends with an application of Rule (evar) of the form

(2)’UZT1<]F1
Dwv:eTy<ely

We now consider the cases for o.

case: ¢ = [0. True by Lemma 3.13.

case: 0 =o',e:= Fy.
3) v:E1Ty1<E T4 ind.hyp. with (2) and E;

(4) wv:(oce)Ti<(oce)1 def. 3.11 with (3)
v:o(eTy) <o (eT1) def. 3.11 with (4)

case: 0 = ¢, X := K, where X # e.

(3) wv:o' (eTh)<o’ (eTy) indhyp. with (1) and o’
vio(eTy) <o (elq)  def. 3.11 with (3)

O

Type safety is established by the combination of progress and subject reduction. Our progress

theorem asserts that a typable closed application (with no free variables) can always be reduced by one
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step. Our subject reduction theorem asserts that the reduced term after one step will have the same
typing as the original application. Together, these two theorems establish that evaluation of typable
closed application will never become stuck.

The following lemma is crucial for establishing subject reduction and asserts that typings for terms

are stable under term substitution.

Lemma 3.29 (Term substitution for EV). Given any v, t, , S, T, T'1 and T's, if v : S < Ty and

fZT<]F1,£E : <S>, thent[x Z:’U] Tl s,
Proof. Let D be the derivation of t : T <aT'y,z : {S). The proof is by induction on the structure of D.

case: D ends with an application of Rule (var).

case: ¢ is . Then the application of Rule (var) is of the form

1) z:T<x:(S)

where (2) Ty =T, and (3) T = S.

(4) v:5<Ty Assumption
(5) v:T <Dy (3),(4)
(6) v:T < Fl M Fg (5) with (2)

[z :=v]: T ATy (6) with def. 3.3

case: t is y where (1) y # . Then the application of Rule (var) is of the form

(2)y:T<y:(T)

where (3) 'y =y : (T) and (4) S = w.

(5) v:S<Ty Assumption

(6) v:w<Ty lem. 3.27 with (5) and (4)
(7) Ty=T, (omega) with (6)

(8) y:T<ly (2) with (3)
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yle:=v]: T<T1 ATy  def. 3.3 with (9) and (1)

case: D ends with an application of Rule (abs) of the form

case:

(1) to: Ty <1y, <S>,IL‘1 : <T1>

Ax1.dto Ty — Ty S <S>

where t = Ax1.tp and T'=T7 — T5.

(2) = #a

(3) 1 ¢ fo(v)

(4)  Ta(z1) = (w)

(5) tafe =] : To <t (Ty, 1 ¢ (T1)) AT
(6) tolw = v]: Ty <t (Ty ATs), a1 : (Th)
(1) Awrdolw =] : Ty — Th 9Ty AT

()\.Z‘l.tg)[m = ’U] T =Ty <l Ty

a-conversion

”

7

ind.hyp. with (1)

(5) with (4)

(abs) with (6)

def. 3.3 with (7), (2), (3)

D ends with an application of Rule (app) of the form

(1) t1:T2*>T<]FI1,

x: (S (2)te:Ta<Tf,z:(S")

tq t2:T<]F1,J]Z<S>

where t =1 t2, (3) Ty =17 A7 and (4) S=5"nS".

(5) wv:S<Ty
(6) v:8MS" <l
ary, 'y such that

(7)) wv:8 <7}
8) wv:8"<«arly
9) Ty=T,ATY

(10) tyfz:=v]:Ta =T <) AT
(11) tofz:=v]: To <Y ATY

Assumption
lem 3.27 with (4) and (5)
(int) with (6)

ind.hyp with (1) and (7)
ind.hyp with (2) and (8)
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tifz =] e[z :=0v]: T (TyATH AT ATY) (app) with (10) and (11)

(t1 to)[z = v] : T < (T} ATS) A (T ATY)

(t1 to)[x :=v] : T<T1 ATy

def. 3.3 with (12)
(13) with (3) and (9)

case: D ends with an application of Rule (omega) of the form

v w<aly,

where t =v1, T =w, (1) Ty =T, and (2) S =w.

v:S Ty
v:iw<dIy

I'y =T,

v1[z :=v] is a value

vz :=v]:w<aly,

vz :=v]:w<al1 ATy

Assumption

lem. 3.27 with (3) and (2)

(omega) with (4)

Observation of def 3.3

(omega) with (6)
(7) with (1) and (5)

case: D ends with an application of Rule (int) of the form

(D) v : Ty <,z (S

(2) v : Ta T 2 2 (S)

vy : i NTa 1Ty, 2 (S)

where t = vy, T=T1 N1, (3) S=5"MS" and (4) ' =T} ATY.

v:S <l
v:85'MNS" Ty
ar,, T') such that

v: S8 <T

v:S" Ty

[y =T,ATY

vifz =] : Ty QT AT

’Ul[.TZZ ’U]:T2<1F11/ml—‘/2l

Assumption
lem. 3.27 with (5) and (3)
(int) with (6)

ind.hyp. with (1) and (7)
ind.hyp. with (2) and (8)
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(12) wvz:=v]: ATy < (T ATY) ATy ATY)  (int) with (10) and (11)
vifz:=v]:ThNT, <1 ATy (12) with (4) and (9)
case: D ends with an application of Rule (evar) of the form

(D) vy : TV <, 2 (5)
viteT' el z: (e S

wheret =v1, (2) T =eT1’,(3) S=e S and (4) T'1 = e IY.

(5) w:S<Ty Assumption
(6) wv:eS Ty lem. 3.27 with (5) and (3)
T, such that (evar) with (6)

(7) v:8 <l ”
(8) Ty=el) »

9) wz=v:T a2l AT} ind.hyp. with (1) and (7)
(10) wvijxz:=v]:eT'<eljmel%, (evar)and def 3.11 with (9)
vifz:=v]:eT' <T1 ATy (10) with (4), (8)
O

Theorem 3.30 (Subject reduction for EV). Ift: T <T and ¢t >, thent' : T <T.

Proof. The proof is by induction on the structure of the reduction ¢ > t'.

case: (Ax.t1) v > t1]z = ).
The derivation of (Ax.t1) v: T < T ends with
(2) tq : T<]F1,.T : <S>

At : S =TTy (Dv:85<Ty
()\.”L’.tl) v:T a1 T,

where I = Fl M FQ.
Then ty[z :=v] : T < Ty ATy by Lemma 3.29 with (1) and (2).
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case: ty to > t) ta if (1) t1 > t].

The derivation of ¢ t2 : T < I' ends with

(2)t1:S%T<]F1 (3)t2:S<1F2
tl t2:T<F10F2

where I' =11 M T's.
4) t):S->T<ly ind.hyp. with (1),(2)

t) ta: Ty ATy  (app) with (4) and (3)
case: vy ta > vy thif (1) t2 > th.

The derivation of v1 t9 : T < I' ends with

(2)U13$4)T<]F1 (3)t2:S<]F2
vt T <l ATy

where I = Fl M FQ.
(4) th:S<Ty ind.hyp with (1),(3)
v th: T<1T1 T2 (app) with (2) and (4)

O

Theorem 3.31 (Progress for EV). Ift s:T <T,, then there exists a term t' such that s t > t'.

Proof. The proof is by induction on the structure of ¢ s.

The derivation of t s : T' <1 ', ends with

Ht:S—>T<«Tl, s:5«T,
ts: T <l

case: tis v;.

case: S is vs.
case: vy is . This case cannot occur since, by (var) with (1), T'y(x) = (S — T, which is a
contradiction.
case: vy is Az.t. Then (A\x.t) vy > t[r = va].
case: s is 81 so. By the induction hypothesis, there exists an s’ such that s; so > s’. Therefore,

vy (81 82) > 1 §.
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case: tis t1 to. By the induction hypothesis, there exists a t’ such that ¢; to > t'. Therefore, (t1 t2) s >

t's. O

3.4 Type Inference

This section defines a type inference algorithm for System EY called Algorithm Z. Algorithm 7 is
parameterised by the choice of type unification algorithm /. Z will terminate whenever the chosen U
terminates, will produce correct results whenever the chosen U produces correct results, and will find
principal typing sets whenever the chosen U finds covering unifier sets. While these three properties
could be combined, we establish them independently so that a different subset of properties might be
established for each unification algorithm that is used with Algorithm Z.

Our type inference algorithm departs from the previous algorithms for System E based on (-
unification [15, 6] in two respects. First, despite E-variables supporting compositional type inference,
[B-unification itself is a form of whole-program analysis since it solves constraints in a way that corre-
sponds to evaluation of the whole program. Our type inference algorithm instead analyses programs
strictly compositionally by analysing each subterm in isolation before analysing the parent terms con-
taining those subterms. Second, S-unification’s correspondence to S-reduction means that adding new
terms and reduction rules may require corresponding changes to the type unification algorithm. Our
type inference algorithm is instead designed to work with unification algorithms that solve type con-
straints independently of the underlying term language from which those constraints were generated.
This means that if new terms are introduced that require no changes to the type syntax, no changes
will be needed to the unification algorithm.

Currently, two unification algorithms are suitable for use with Algorithm Z in this respect. The first
is the existing algorithm opus [7] which terminates when a solution exists, produces correct results and
finds covering unifier sets. The entire opus algorithm is included in Appendix C for reference, along with
notes on how it can be adapted to our system. The second is our new algorithm, called opusf, which
derives from opus, but sacrifices the property of covering unifier sets to gain efficiency by borrowing
ideas from S-unification. opusf is established only to produce correct results, and thus its properties are

weaker than those of the original opus. However, a result of sacrificing the property of finding covering
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unifier sets is that opusf is more efficient than opus, which will be shown in Section 3.6.
This section is structured as follows. Section 3.4.1 defines what classifies as a type unification
algorithm and defines the property of covering unification. Section 3.4.2 presents the opusf unification

algorithm. Finally, Section 3.4.3 presents our type inference algorithm called Z.

3.4.1 Preliminary Definitions

Definition 3.32 (Distinct sequences for EV). A distinct sequence is a sequence of distinct elements.
Informally, we will sometimes treat a distinct sequence as a set where the order of elements after
applying the N and U operations is left unspecified. For any metavariable, the superscript s indicates a

distinct sequence of that sort of item. O

As examples of our metavariable convention for distinct sequences, 7° ranges over distinct sequences

of typings while o° ranges over distinct sequences of substitutions.

Definition 3.33 (Unification constraints for EY). A unification constraint S <T (metavariable ¢) is
a pair of types. The meta-constructor = is defined such that S = T matches unification constraints

S<Tand T < S. A unification constraint set (metavariable A) is a set of unification constraints. O

Definition 3.34 (Operations on unification constraints for EV). E-variable application and expansion

application are extended to unification constraints and unification constraint sets as follows:

e(S<T)=eS<eT
E(S<T)=ES<ET
eA={ed|de A}

EA={E§|5eA}

The equivalence relation is extended to unification constraints as follows:

(S<T)=(5<T) ifS=9and T =T
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a

Definition 3.35 (Solved unification constraints and constraint sets for EV). A unification constraint

or constraint set is defined to be solved by the following rules:

solved(S < T) itS=T

solved(A) iff § € A = solved(9)

d

Definition 3.36 (Unifiers for EV). A unifier for unification constraint set A is a substitution o such

that solved(cA).O

Definition 3.37 (Unification algorithm for EY). A unification algorithm U is an algorithm that takes

a unification constraint set A and computes a distinct sequence of unifiers for A. O

Definition 3.38 (Covering unifier sets for EV). A covering unifier set for unification constraint set A
is a distinct sequence of unifiers o for A such that for any unifier o for A, there exists a unifier ¢’ € o*

and a substitution ¢” such that cA = ¢"0’A. O

Definition 3.39 (Covering unification algorithm for EV). covering(lf) asserts that U is a covering
unification algorithm in the sense that for any given A, if U(A) terminates with the result o®, then o*

is a covering unifier set for A. O

3.4.2 Algorithm opusg

This section defines our new unification algorithm, called opus3. This algorithm is derived from the
original opus algorithm and retains the ability to recognise all of the constraint forms necessary to
eventually handle extensible records. However, like S-unification, opusf assumes that the left type of
a constraint is an argument type while the right type is a parameter type. This assumption allows
opusf to choose a single search path to what is likely to be the most useful unifier rather than taking

all possible search paths in parallel. Consider, for example, the opus constraint e; 77 = ey T5. In order
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to solve this constraint, opus must try substituting an expansion for e; to make the left type the same
shape as the right type, and then also try substituting an expansion for e; to make the right type the
same shape as the left type, thus branching the search path. Based on ideas from S-unification, opusf
assumes that the left type represents an argument type and tries to substitute an expansion only for ey
to make the argument expand to match the required type of the parameter. This improves the efficiency
of opusf3 over opus, although the resulting algorithm is therefore not a covering unification algorithm.
The opusf algorithm consists of three main relations: rfac—torg , which factors initial constraints, m ,
which applies one reduction step of the constraint solving process, and =7, which performs a sequence

of alternating rfactors and spuss steps until a solution is found.

Definition 3.40 (rfactorg for EV). The rfactorg relation on constraints and constraint sets factors out

common structure and is defined non-deterministically by the following rules:

A racory [ J{A [ 6€A,8 acor A'}
§ rhactory  Aifd=(S1—S < Ti—Ts) and {T1 < S1, 8, < To}  rhactors A
§ ractory A if 5= (S1AS2<TiAT:) and {S1<Ty, So<Ts} rfactory A and (S ZwASaZw)V(Ty ZwATaEw)
§ thacor; Aifd=(eS<eT)and A={ed | (S<T) rhaciory A6 €A}
) rfacTrg {6} if no other rule applies
O

Lemma 3.41 (Correctness of rfactorg for EV).  For any E, A and any unification constraint or unifi-

cation constraint set' Y, if Y tfactorg A then solved(E A) = solved(E Y).

Proof. The proof is by induction on the structure of the derivation of Y rfactorg A.

case: A4 rfacTrg AfA=J{A"|deAy,0 m A’}
By the induction hypothesis, for each § and A’ such that § € A; and & rfacTrB> A’ solved(E A') =
solved(E ¢§). Therefore, by Definition 3.35 and Definition 3.34, solved(E A) = solved(E A;).
case: 0 n‘acTrg Aif 6 = (S1=82 < T1—Ts) and {11 < 51, 52 < To} rfacTré A.
If solved(E A), then:
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(1) solved{E Ty <E S1,E Sy < ETy}) ind.hyp.

(2) E T1 =F Sl and F SQ =F T2 def 3.35
(3) ESl*}ESQEETl‘)ETQ def 3.7
soIved(E (Sl — Sy < T, — Tg)) def 3.35

case: 0 nfacTrg> Aif§=(S1MnSa<TiNTy) and {S1 < T, Se < Ta} nfacTrg> A and (ST ZwASy #
W)V (T Zw ATy £ w).
Similar to the previous case.
case: § racor; Aifd=(eS<eT)and A={ed | (S<T) racory A6 €A}
If solved(E A), then for each e ¢ in A:
solved(E e ¢') def 3.35

solved((E e 1) ¢') def 3.11
Therefore, solved((E e @) §’) for each ¢’ € A’; and so by Definition 3.35 solved((E e @) A’). By

the induction hypothesis solved((E e @) (S < T')). By Definition 3.11, solved(E (e S <e T)).

case: 0 rfactorg {0} if no other rule applies . True by Definition 3.35.

rfactorg is based largely on rfactor from the original opus algorithm (see Appendix C). The main
difference from the original algorithm is that constraints are now asymmetric rather than symmetric,
with the left type representing the type of an argument and the right type representing the type of a

parameter. Each rule works as follows:

e The first rule factors a constraint set by recursively factoring each constraint within the set.

e The second rule factors a constraint between types that are equivalent to function types. The
original constraint is factored into two constraints; the first is between the function parameter
types (with the order reversed to preserve the roles of the left and right types of a constraint) and

the second is between the function return types.

e The third rule factors a constraint between types that are equivalent to intersection types by
generating a constraint between the pair of left intersection components and another constraint

between the pair of right intersection components. The side condition ensures that this rule applies
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only when at least one of the two intersection types is a “true” intersection type, by which we
mean that neither its left nor right component is w. This rule makes it possible, for example, to
attempt to unify an intersection type e (S1 — S2) M f (Th — T») with a function type Uy — Us.
Non-deterministically, the constraint can be factored in two ways. The first is by interpreting the
constraint as e (S1 — S2) M f (11 — Tz) < (U; — Us) Mw and the second is by interpreting the

constraint as e (S1 = S2) A f (T1 = Ts) <w M (Up — Us).

e The fourth rule factors a constraint between types that are equivalent to E-variable applications.
This is done by recursively applying rfactorg to the constraint nested within e and wrapping the

result of this recursive call back into e.
e The fifth rule applies as the default case and simply returns the original constraint as is.

Another point of difference with the original opus algorithm is the manner in which type equivalences
are handled. The original algorithm made use of a limited equivalence relation "2 that has only the
one rule: T is equivalent to 7'M w. Since System EV defines a more complete equivalence relation =
that corresponds to the full set of type equalities present in System E (see Figure 2.1 in Chapter 2),
in rm) we replace une by =. A consequence of this change being that some of the rules of the cm
relation can be simplified (see the discussion following Definition 3.46 (cpusj relation)).

Note that an implementation of rfacTrB> should not expand out every possible type equivalence for each
use of = because there can be infinitely many. For example, given the constraint (51 — S2)Pw<Ty — Ts,
it suffices to consider only the equivalent constraint S; — Sy <17 — T5 so that it matches the second
rule of rfacTré . It is not necessary to also consider constraints of the form S — Sy < T} — T5 for each
S1 = 51, because all of these would be handled in the same way by the same rule of rfacTrg .

Our implementation of nfacTrg> [26] uses the following strategy to enumerate equivalent constraints.
First, all occurrences of wMT and T'Mw within the constraint § are rewritten to 7', forming a simplified
constraint ¢’ which is clearly equivalent to §. Then, only the equivalences listed in Figure 3.1 are

considered.

Definition 3.42 (Variable structures for EV). A wvariable structure (metavariable V) is a partial func-
tion from variables to variable structures, with ) denoting the variable structure with an empty domain.

For any variable structure V and variable X, we define V/X as



Chapter 3. System EV: The Value Restriction 105

8 =(51M8S<T) =(S1NS2<TNw) where T is a simple type or w
§=(51M8S<T) =S1NS2<wnT) where T is a simple type or w
where S is a simple type or w

where S is a simple type or w

Figure 3.1: Equivalences considered by the implementation of rfactorg

V(X) if V(X) is defined
V/X =

0 otherwise

For example, if V is the variable structure {e — {f — {a — 0},9 — {a > 0}}}, then V/e is the
variable structure {f — {a+ 0},g— {a— 0}}, and V/e/ [ is the variable structure {a +— 0}.

Variable structures are used to describe the structural relationships between E-variables and type
variables within a type or a collection of types, and the following definition gives a function that derives

a variable structure for any given type, unification constraint or unification constraint set.

Definition 3.43 (varstruct for EV). The total function varstruct takes any type, unification constraint

or unification constraint set and returns a variable structure. It is defined by the following rules:
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varstruct(a) =a—0

varstruct(w) =0

varstruct(S — T') = varstruct(S M T') = varstruct(.S) U varstruct(7T')
varstruct(e T') = e > varstruct(T")

varstruct(S < T') = varstruct(.S) U varstruct(7T')

varstruct(A) = Ll{varstruct(é) | 6 € A}

where V; UVo = {e— (V1/e) U (Va/e) | e € Dom(V1) UDom(V2)}

O

To better understand the relationship between types and variable structures, some examples are

shown below of types and the corresponding variable structures that would be computed by varstruct.

Type Variable structure

e(fa—fa) {e{f = {a—0}}}

e(fa—ga) {em {f={am0}gm {am0}1}}
fleamguw)—=f(eB—ga) {feden{a=0,8-0} g {a— 0}}}

The last example can be read, “under f, there are two variables, e and g. Under e there are two

variables, @ and 8. Under g there is one variable, a.”

Definition 3.44 (ovars for EY). The set of outer variables of a type T, written ovars(T), is given by:

ovars(T') = Dom(varstruct(T'))

The outer variables of a type are the variables at the top level of the variable structure of that type.
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For example, for the type f (e « = g w) = f (e f — g «), the only outer variable is f since all other
variables are beneath f in the variable structure. The outer variables of a type are those variables that

can be directly addressed by a substitution.

Definition 3.45 (Fresh renamings for EV). A fresh renaming for some finite set of variables X* is
a substitution (&, X; = Ki,...X, = K,) where {X; := K;,...X,, = K,} ={e:=¢ @ |ec€
X5, e freshtU{a:=a' | a € X5, fresh}. O

Definition 3.46 (opusg relation for EV). The opusj relation performs one step of unification on a

factored constraint and is defined by the following rules:

(a=T,V) opusy  (a:=T) if o ¢ ovars(T) (T-unify)

(eT<T,V) opus;  (e:=ren(V,e)) (EA-unify)

(eS<TnNU,Y) opusp  (e:=e1 BMex @) (EI-unify)

(eS<eT,V) opusp  (e:=e o) if (S<T,V/e) opusj o (E-unify)
(e:=ew) otherwise

(eS<fTV) opus; (e:=fg @) if Sisaor T is T, g fresh (EE-unify)
(f=eg@) otherwise, g fresh

where ren(V, e) is a fresh renaming of the variables in Dom(V/e). O

opush is based largely on opus from the original opus algorithm (see Appendix C). Each rule of spusj

can be understood as follows.

e Rule (T-unify) unifies a simple type variable with a simple type and performs an occurs check.
This rule matches when the simple type variable appears on either the left or right side of a
constraint, since the meta-constructor = is used. While the corresponding rule of the original
opus algorithm could handle constraints of the form o = T} M5, this is not possible in System EY
since a simple type variable can only be unified with a simple type. However, it is still possible
in System EY to unify e o with T3 M T via Rule (EI-unify).

e Rule (EA-unify) unifies an E-variable application with a simple type by eliminating the E-variable

and renaming the variables beneath it to avoid capture. This rule is the same as the corresponding



Chapter 3. System EV: The Value Restriction 108

rule in the original algorithm except that it has now been generalised to support not just function
types but any simple type (including yet-to-be-defined type constants).

e Rule (EI-unify) unifies an E-variable application type with an intersection type. Following the
strategy of S-unification, Rule (EI-unify) assumes that the argument type on the left should
expand to match the shape of the parameter type on the right. Another path of unification that
could have been tried is to eliminate e by a substitution, although this could potentially fail if
S is is a simple type or w. This additional path is searched in the original algorithm to obtain
a covering unifier set, while in our algorithm this rule has been made deterministic and chooses
only one search path. For example, unifying e (e; Int Mey Str) and Int M Str will now lead only
to e:=((e1:=M@,e2 :=w) M (e := w,e9 := [)) and not also e := (ey := [, eg := [).

e Rule (E-unify) recursively solves one step of the nested constraint under e, taking care to also
descend one level deeper into the given variable structure (see below for a more detailed discussion).

e Rule (EE-unify) unifies two E-variable application types choosing either for the left type to expand
to match the shape of the right type, or vice versa. If S is a simple type variable or if T is
an expansion type, then e S expands to shape of f T. The rationale for this rule is that, by
Corollary 3.18 (Type substitution), a type of the form e « has the power of a System E type
variable and is therefore always capable of transforming via substitution to type f 7. Hence, if
S is a simple type variable, then e S can expand to the exact shape of the right type. Otherwise,
if T is an “expansion” type, then we assume that e .S should expand to match its shape. That
is, in this case, we assume e S is an argument type and f T is a parameter type. If neither of
these conditions hold, then the assumption is reversed and f T is assumed to be the argument
type while e S is assumed to be the parameter type. This rule essentially uses a heuristic to guess
which search path will lead to the most useful solution, and this allows the rule to be deterministic.
By comparison, the original algorithm opus will unify e S and f T by symmetrically trying to
expand e S to match the shape of T and also trying to expand f T to match the shape of S, thus

branching the search path.

When examining these rules, the main difference from the original opus algorithm is that each rule

has been made deterministic, resulting in increased efficiency. Another way in which efficiency has
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been increased is the use of variable structures to generate renamings. All rules now take a variable
structure as a parameter which is assumed to be a variable structure for the constraint set being solved.
Rule (E-unify) plays an important part since, while recursively solving one step of the nested constraint,
it also passes the nested variable structure corresponding to that nested constraint. Rule (EA-unify)
then renames only the E-variables directly visible at the current level of nesting. This is in contrast to
the original rules of opué which blindly rename all E-variables involved in the constraint. Our renamings
are therefore smaller and more efficient to deal with, especially when many substitutions are composed
together in sequence.

Another important difference is that in the original opus algorithm, constraints of the form e T'<w are
handled by a special rule called (C EO-unify) which substitutes w for e, However, in our own algorithm,
this rule is no longer needed. This is because nfacTrg> will first factor this constraint to e (T'<w) due to the

uni

full equivalence relation = replacing the more limited relation * After factorisation, this constraint
will now be handled by Rule (E-unify) of spusp which, since the inner constraint 7' < w is unsolvable,
will substitute e w for e.

o

The main relation, =9, is now defined which performs a sequence of alternating rfactorj and spus}

steps until a solution is found. This relation is then used to construct the final Algorithm opusg.

Definition 3.47 (opusg reduction for EV). The relation =7 is defined by: (A,V) =7 (Ag,0V) if
A m} Ay and § € Ay and not solved(d) and (8,V) spusp o and oAy rfac—torg Asy. The relation =7 is
defined by (A,V) =2 (A, V) and (Ag, V1) =729 (A, V3) if (A1, V1) = (Ag, V) and (Ag, Va) =72
(As,V3). O

The following lemma is key to establishing the correctness of the opusg algorithm.
Lemma 3.48 (Correctness of =9 for EV). If (A, V) =9 (A", V') and solved(A’) then solved(cA).

Proof. The proof is by induction on the structure of the reduction of (A, V) =7 (A’, V).

case: (A,V) =0 (AV). Immediate.
case: (A,V) =227 (A V') if (A, V) = (A1, V1) and (A1, V1) =22 (A,V).

(1) solved(o2Aq) ind.hyp.
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(2) 3A5,6. A faciorp Ay def. 3.47 with (A, V) =71 (A, V)
(3) de Ay K
(4) not solved(d) K
(5) (0, V) opusp o1 K
(6) o1 Ay factory Ay 7
(7) Vi =01V "
(8) solved(os (0142)) lem 3.41 with (6),(1)
(9) solved((c201) A3)) lem 3.14
solved((o201) A)) lem 3.41 with (2),(9)

O

Definition 3.49 (Algorithm opusf for EV). Algorithm opusf is defined by:

opusB(A) = {o | (A,varstruct(A)) =7 (A, V), solved(A’)}

O

Theorem 3.50 (Correctness of opusf for EV). Given any A and o, then o € opusf(A) —
solved(cA).

Proof. Follows immediately from Lemma 3.48. O

3.4.3 Algorithm 7

This section will now present Algorithm Z, a compositional type inference algorithm for System EV.
Algorithm 7 analyses terms strictly compositionally by analysing each subterm in isolation before

analysing the parent terms containing those subterms.

Definition 3.51 (estrip for EV). estrip is a total function from typings to typings, defined as follows:

estrip(t1) ifr=emn
estrip(7) =

T otherwise
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O

estrip has the effect of stripping any E-variables applied to a typing. For example, estrip(e; es e3 7)

returns the typing 7.
Lemma 3.52 (Correctness of estrip for EV).  Given any t and 7, if t : T then t : estrip(7).

Proof. The proof is by induction on the structure of 7.

case: T is e 1.

let o = (e :=id)

(1) t:7 assumption

(2) t:oT lem 3.28 with (1)

3) t:m def 3.11 with (2)

(4) t:estrip(m) ind.hyp. with (3)
t : estrip(7) def 3.51 with (4)

case: T isnot e 7.

(1) t:7 assumption
(2) estrip(t) =7 def 3.51

t : estrip(T) (1),(2)

During type inference, estrip is used to remove superfluous E-variables from typings before re-
wrapping them in fresh E-variables. To show that 7 satisfies the principal typings property, the following

lemma will be used to show that the original typing can be recovered from a stripped typing.

Lemma 3.53 (estrip reversion for EY). For any typing T there exists an expansion E such that

E estrip(7)=7.
Proof. The proof is by induction on the structure of 7.

case: Tise 7.
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(1) 3E;. Eestrip(rn) =7 ind.hyp.
(2) (e Ey) estrip(e 11)

= (e Ey) estrip(r1) def 3.51

= e (B estrip(71)) def 3.11

=eT (1)
E=ekE; (2)

case: T isnot e 7.

(1) estrip(t) =7 def 3.51
E=n lem 3.13 with (1)

O

Definition 3.54 (isect for EV). isect is a total function from distinct sequence of typings to typings,

defined by the following rules:

isect(() = wal,
isect(7%) if estrip(7) = (w < Ty)
isect(7,7°) = { estrip(r) otherwise if V7'.7" € 7° = estrip(7’) = (w < T)

ey estrip(T) Mey isect(T®) otherwise, where eq, es fresh

O

Effectively, isect takes a distinct sequence of typings and intersects them together into a single
typing with superfluous w <1 I, typings omitted and with fresh E-variables wrapped around different

intersection components. The case of a single typing is handled when 75 = ().

Lemma 3.55 (Correctness of isect for EV). Given any v, 7 and 75, if 7 € 7° = v : 7, then

v :isect(7®).
Proof. The proof is by induction on the size of 7%.

case: 7° = ().
(1) v:w<Dy, (omega)
v :isect(P)  def 3.54 with (1)
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case: 7° =71, 7{ where estrip(11) = w < T,.
(1) v :isect(rs) ind.hyp.
v :isect(ry,77) def 3.54 with (1)
case: 7° = 71,77 where estrip(11) # w < T, and V7'.7/ € 77 = estrip(7’) = (w < Ty,).
(1) v:m assumption
(2)  w:estrip(my) lem 3.52 with (1)
v :isect(ry,77) def 3.54 with (2)
case: 7° = 71,75 where estrip(11) # w < T, and 37/ € 75.estrip(7’) # (w < Ty)

(1) ey, eq. isect(my,77) = ey estrip(11) Meq isect(r5)  def 3.54

(2) v:m assumption

(3) v :estrip(my) lem 3.52 with (2)

(4) v :eq estrip(t1) (evar) with (3)

(5) v :isect(ry) ind.hyp.

(6) v :eqisect(r]) (evar) with (5)

(7) v :eq estrip(m) Mey isect(7]) (int) with (4),(6)
v :isect(Ty, 1) (7),(1)

O

During type inference, isect is used to intersect multiple possible typings for a value into a single
typing. To show that 7 satisfies the principal typings property, the following lemma will be used to

show that any of the original typings given to isect can be recovered from the result of isect.

Lemma 3.56 (isect reversion for EV).  Given any 7, 7° and e, if 7 € 7%, then there exists an expansion

E such that T = E (isect(7%)).

Proof. The proof is by induction on the size of 7°.

case: 7° = (). The premise T € ) is false, and therefore the implication is true.

case: 7° =11, 7{ where (1) estrip(m1) =w < T,

case: T = Ty.
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JE'.r =F (w<aly) lem 3.53 with (1)
= F' (w isect(ry,77)) def 3.11
= (E' w) (isect(ry, 7)) def 3.11
o E=Fw
case: T € Ty.
JE.r = E isect(ry) ind.hyp.
= Eisect(m1,77) def 3.54

O =0

case: 7° = 71,77 where estrip(1) # w < Ty, and (1) V7'.7/ € 77 = estrip(7’) = (w < T,).

case: T = Ty.

JE'.my = E’' estrip(m1) lem 3.53
= E' isect(ry,77)) def 3.54

E=F
case: T € Ty.

JE'r =FE (w<Tly) lem 3.53 with (1)
= F' (wisect(ry,77)) def 3.11
= (E' w) isect(ry,77) def 3.11
E=F w

case: 7° = 71,75 where estrip(11) # w < T, and 37’ € 75.estrip(7’) # (w < Ty)

case: T = Ty.

(1) isect(T1, 7{) = e estrip(71) M ez isect(77) def 3.54

(2) where e # es 7

3E'.71 = FE’ estrip(n1) lem 3.53
= F’ estrip(11) N (w<Ty,) def 3.7
= E' estrip(m1) Mw isect(75) def 3.11

= (e1 := E',e3 := w) (e; estrip(71) Meq isect(77)) def 3.11, (2)
= (e1 := F',eq := w) isect(r1,77) (1)

E=(e;:=F' ey :=w)
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case: T € Ty.

(1) isect(71,7) = ey estrip(m1) M ey isect(77) def 3.54

(2)  where e; # e K

JE'.T = FE isect(ry) ind.hyp.
= (eq := E’) (eq isect(7])) def 3.11
= (eg := F',e1 := w) (eq isect(77])) (2)
= (w<aTy,) N (e :=E' ey :=w) (eq isect(17)) def 3.7
= w estrip(m1) M (e2 := E',e1 := w) (e isect(77)) def 3.11

= (eg:= F',e1 :=w) (e estrip(1)) M (e2 := E', €1 := w) (eq isect(77)) def 3.11
= (e2 := E', ey := w) (ey estrip(71) M eq isect(75)) def 3.11
= (e2 := E', €1 := w) isect(m, 7%) (1)

E=(ex:=F' e :=w)

O

Definition 3.57 (Algorithm Z for EV). The type inference algorithm Z takes a unification algorithm

and a term and returns a distinct sequence of typings. It is defined by the following rules:

Terms
IU,v) = {e Z,U,v)} e fresh (Z.val)
ZU,t s) = {o (ea<T1NT2) (Z.app)
| (T'<T1) € Z(U,t),(S<T2) € Z(U, s)
ceU{T <S—ealU{U<U|xz:UecTiMI2}),e o fresh}
Values
Z,(U,z) = a<z: () « fresh (Z.var)
Zo(U, Ax.t) = isect({(S—T <) | (T<T,z:(S)) € Z(U,t)}) (Z.abs)

Algorithm Z has only two rules at the top level: (Z.val) for values and (Z.app) for applications.

Typings for values are wrapped in an E-variable, while typings for applications are not due to the value
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restriction. Applications of the form t s are handled by recursively inferring typings for ¢t and s and
then for each typing T'<1I'; for ¢t and S <1’y for s, a unification constraint T'< .S — e « is generated and
solved via U to make the type of argument s match the parameter type of function ¢. If it is intended
for Z to produce a principal typing for ¢ s, it is necessary for the result of & to be most general with
respect to all of the variables that appear within the typings for s and ¢ (see Definition 3.38). To achieve
this, the additional dummy constraints U < U are introduced into the set of constraints solved by U.
While these constraints are trivially satisfied, their presence does have an effect on how U performs
variable renamings, and if U is a covering unification algorithm, these dummy constraints will force the
result of U to be most general with respect to all of the relevant variables. This procedure is repeated
for each of the different typings for s and ¢. After unification is applied in each case, each return type
of t is counted as an inferred type for ¢ s. These results are not intersected together due to the value
restriction.

The specific cases for values are handled by Z,. (Z.var) assigns a simple type variable, which is then
wrapped in an E-variable by (Z.val). (Z.abs) recursively infers typings for the function body and then
constructs a function type in a way that corresponds to an application of Rule (abs). All typings found
are intersected together, and then wrapped in an E-variable by (Z.val).

Algorithm 7 satisfies the following properties.

Theorem 3.58 (Termination of Z for EY). Given any U and t, if each use of U by Algorithm T in

the course of computing Z(U,t) terminates, then Z(U,t) terminates.
Proof. Straightforward by induction on the structure of ¢t. O
Theorem 3.59 (Correctness of Z for EV). Given anyU, 7 and t, if T € Z(U,t), thent: T.

Proof. The proof is by induction on the structure of ¢.

case: t=1.

(1) Fe,a. ZTU,z)={eZ,U,z)} ={ea<z:{ea)} (Z.val)/(Z.var)

(2) z:a<z:{a) var)
3) z:ea<dz:{ea) evar) with (2)

(
(
(
(1),(3)

if reZ(U,x), then x : 7



Chapter 3. System EV: The Value Restriction 117

case: t = A\x.ty.

let 72 = {S=>T T | (T<T,x:(S)) € Z(U,t1)}
(1) Ze. ZU, M x.t1) ={e T,(U, xt1)} = {eisect(r®)} (Z.val)/(Z.abs)

(2) VS, T.T.
(S=>T<T)er?
= (T<al,z:(S)) eZ(U,ty) (1)
= t1: T<lz:(S) ind.hyp.
= At : S=T <D (abs)
3) Vi ers = a7 = transitivity with (2)
(4)  Az.ty :isect(7®) lem 3.55 with (3)
(5)  Awx.ty : e isect(r®) (evar) with (4)
if T € Z(U, \x.ty), then A\x.ty : 7 (1),(5)

case: t =1t to.

(1) IMU,t1t2) ={o (e a) <o (T1AT2) | (Z.app)

(2) (Ty <) € Z(U, t1), K

(3) (To < Tg) € Z(U, t2), K

(4) cceU({Th <Th—ea}U{U<U |z:UeT1NTs}), e afresh} 7

(6) Foreach (o (e o) <o (T'1NT2)) € Z(U, 1 t2),

(6a) ocTi=0cTy— o0 (eaq) def 3.37 with (4)
(6b) 1 : Ty Ty ind.hyp. with (2)
(6c) t1:0Ty <ol lem 3.28 with (6b)
(6d) t1:0T5 =0 (e a)<doly lem 3.27 with (6c¢),(6a)
(6e) to:Tp<aTy ind.hyp. with (3)
(6f) to:0Ty<1ols lem 3.28 with (6e)
(6g) tita:o (e a)<doliMoly (app) with (6d),(6f)
(6h) tite:0 (ea)<o (I ATy) lem 3.15 with (6g)

if 7 € I(Z/l, t1 tg), then t1 to : 7 (6)_(6}1)
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O

Theorem 3.60 (Principality of Z for EV). Given any U, t and 7', if covering(Ud) and t : 7" and Z(U,t)

terminates, then there exists a substitution o and a typing T € Z(U,t) such that T/ = oT.

Proof. Let D be the derivation of ¢ : 7/. The proof is by induction on the structure of D.

case: D is the following application of Rule (var):

(2) Fe,a. IU,z)={eZ,U,x)} ={ea<z:{ea)} (Z.val)/(Z.var)
let o1 = (e := (a:=1T))
3) oi(lea<z:{ea)) =1 def 3.11

o is o1 (3),(2)
case: D ends with the following application of Rule (abs):

(2) ty : T2 <]F,.T : <T1>

(1) ety : Ty — Ty < T

(3)  Z(U,t) terminates assumption

(4) Fe. IU,t)={eZ,U,  \x.t1)} = {eisect(r])} where (Z.val)/(Z.abs) with (3)
7 ={S>T <l | (T<lz:(S) eZUt1)}

(6)  Z(U,t1) terminates (3),(4)

(6) Jo”,T”,T{,T; such that ind.hyp with (5),(2)

(7)) (T3l z: (1)) € T(U,t1) K

(8)

9)

8) oIyl (T))) = (Ty <D,z (T})) ”
9) oI ->Ty<T")=(Th = To <) (8)
(10) (T[> T4ar) e (7),(4)
(11) 3E(T{ —» T <aT") = E isect(77) lem 3.56 with (10)

= (e:= F) (e isect(77)) def 3.11
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(12) (h—>Te<D)= o' (T{ = T5<aT") (9)

o” ((e := E) (e isect(77))) lem 3.16 with (11)

(0" (e :=E)) (eisect(7])) lem 3.14
oisco’(e:=E) (12),(4)

case: D ends with an application of Rule (app) of the form

(2>t1:T24)T1<]F1 (3)t2:T2<]F2

(1) tito: Ty <My

Z(U,t;1 ta) terminates

Z(U,t1) terminates

Joq, T}, T such that

(T <Th) € Z(U, t1)

o1(T] <)) = (T =Ty <Ty)

Z(U,t2) terminates

Jog, Ty, T such that

(T5 <) € Z(U, t2)

oa(Ty <1T5) = (T2 < Ty)

Dom(o1) N Dom(o3) =

Jde, a, A such that
A={T|<Tj—ea}lU{S<S|x:Sel NI}
e does not occur in 7] <) or T4 < T

{o (ea T ATY) | c e U(A)} CI(U,t1 t2)
let 03 = 0901,e := FE where E a =T}

03T =o1T{ =T - Ty and o3} = o'} =T,
03Ty = 09Ty =T and o3y = 0oy =Ty

o3 (ea) =T

0’3(T2/ — e a) ETQ —)T1

assumption

(4)
ind.hyp. with (5), (2)

(4)
ind.hyp. with (9), (3)

”

7

def 3.57
def 3.57 with (4),(7),(11)

E exists due to lem 3.17
(13),(16),(8)
(13),(16),(12)

def 3.11

(19), (20)
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(22) o3 is a unifier for A (18), (21)
(23)  U(A) terminates (4)
(24) Jog,05. 04 €U(A) and 03A = o504A covering(U) with (22),(23)
(25) o3 (I ATY) =Ty AT, (18), (19)
(26) os(ea) = (0504)(ecr) and o3(T) ATE) = (0504)(T] ATY)  (24)
(27) (o4 (e a<aTiNTY)) € Z(U, t; to) (24),(17)
(28) Ty <Al ATy = o3 (e a<aDyATY) (20),(25)

= (0s04) (e a <} ATY) (26)

= 05 (04 (e a<aT, ATY)) lem 3.14

o =os (27),(28)

case: D ends with an application of Rule (omega) of the form

DHv:w<aly,

(2) Z(U,v) terminates assumption

(3) 3Fe,mn. IZWU,v)={en} (Z.val) with (2)
let o1 = (e :==w)

(4) o1 (em)=(w<ly) def 3.11

o =01 (4),(3)
case: D ends with an application of Rule (int) of the form

(2)’UZT1<]F1 (3)’1}2T2<]F2

(1)U:T1QT2<]F1QF2
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Z(U,v) terminates
do1,e, T, T such that
I(U,v) = {e (T < T)}

assumption

ind.hyp./(Z.val) with (4),(2)

”

o1 (e (I'al)) = (T1 <Tn) 7
dog. o2 (e (T'<T)) = (T2 <9T2) ind.hyp. with (6),(3)

let o3 = (e := o1(e @) MNoa(e @))

o3 (e (T<D)= (o1(em@) (T<T)M(o2(e @) (T <)
= o(er) (T<aD)nozx((em) (T'<T) lem 3.14
= oi(e (T<D))Aos(e (T'<T)) def 3.11
= (<) A (Ta<Ty) (7),(8)
= T1nTy<al'1 AT, def 3.22

o=o03 (9),(6)

case: D ends with an application of Rule (evar) of the form

Z(U,v) terminates
30’1, 61,F1,T1 such that
ZU,v) ={e1 (T1 <T)}

(2)v:T<«T

Dv:eT<el

assumption

ind.hyp./(Z.val) with (3),(2)

”

o1 (e1 (Th <)) =(T'al) 7

let og = (e1 :=¢ (o1(e1 @))

[ep) (61 (Tl < Fl)) = (0'2 €1 (Tl < Fl) def 3.11

= (e

== (&

)
(o1(ex @))) (Th <Ty)  def 3.11
(o1(e1 @)) (Th <Ty))  def 3.11
(

(
= e(o1 ((e1 @) (T1 <Ty))) lem 3.14
(

= e (o1 (61 (Tl <]F1))) def 3.11

= e(T«D) def 3.7 with (6)

= eT<wel def 3.22
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3.5 Examples

This section presents a set of examples which are used to compare the behaviour of our type inference
algorithm Z with the original type inference algorithm for System E based on S-unification [15]. Al-
though a newer S-unification algorithm was later published [6], an implementation is available only for
the original algorithm, and so we use that one for comparison purposes. This implementation is called
the System E type inference tool and is available at [14]. Algorithm Z was implemented by this author
and is called evcr [26].

We demonstrate and compare the output of both implementations on selected examples from the
System E Inference Report [13], a collection of 61 terms that were used to demonstrate the original
System E type inference algorithm. Compared to the System E type inference tool, evcr succeeds and
fails on exactly the same set of terms with the exception of Term 8 (discussed below) which is supported
by the System E type inference tool but not by evcr. The output of ever on all 61 terms from this
report is included in Appendix B.

Term 1 in the System E Inference Report is a single variable x:

$ x5
tall <l x : afll
In the inferred typing a[l <| x : all, the letter a represents an E-variable, while [] represents a

simple type variable. Because Algorithm Z wraps each simple type variable in an E-variable, only one
simple type variable is needed in practice and so its name is irrelevant. For example, given E-variables
a and b, the types a[] and b[] can for all intents and purposes function as distinct type variables,
where @,a := ([1 := 5,@),b := (&, [] := T) will substitute the simple type S for the first [] and
the simple type T for the second []. By Lemma 3.17 (Type variables), it is also possible to construct

substitutions that will substitute any two types (not just simple types) for a [] and b [].
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The System E type inference tool infers a similar typing of ap < x : ag, where ag indicates a type
variable. Similarly to evcr, the System E type inference tool also requires only a single type variable
and names it ag. The only difference between these two typings is that evcr represents the type variable
by a simple type variable [] wrapped in an E-variable a.

Term 2 is the identity function:

$ \x.x;;
:a (b[1 -> bll)

In the inferred typing, all lowercase letters (i.e. a and b) are E-variables. The System E type
inference tool infers eqg ag — eg ag for this term, however both typings are principal in their respective
systems. In evcr, principal typings are instantiated via substitutions, and so the outer expansion
variable a is required to allow the substitution of an outer expansion. In the System E type inference
tool, principal typings are instantiated via expansions, and so no outer expansion variable is needed.

Term 3 is the application of one term variable to another:

$ xy;;
call <y = pld, x: bl > all

In this typing, a[] and b[] effectively represent distinct type variables. The System E type inference
tool infers ag <y : e2 ag,x : e2 ag — ag for this term. In this typing, ag and ez ag effectively represent
distinct type variables, corresponding respectively to a[] and b[] in the evcr typing. Just as evcr uses
only one simple type variable [1, the System E type inference tool also uses only one type variable «y,
and strategically applies E-variables so that each distinct type variable occurs in a different namespace.

Term 4 is an example of “self application”:

$ x x;;

:all <l x: (b -> all) " bl

The ability to infer typings for programs involving self application is crucial to our encoding of
object-orientation which is based on the self-application semantics (see Section 5.4 of Chapter 5). This
example is not possible in Hindley /Milner-based type inference because z is used polymorphically and

no context information is provided about x. In contrast, evcr is able to infer a typing for this term
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compositionally without any context information for z, inferring an intersection of the two types at
which «x is used. The System E type inference tool infers the similar typing ag <z : (eaag — ag) M ezaq
which again differs only in the approach to using E-variable namespaces to name distinct type variables.

Term 8 uses the Y-combinator to compute the factorial of 2 using Church Numerals:

$ (\b.(\x.h (x x)) (\x.h (x x))) (\f.\n.n (\v.\x.\y.y)
(\x.\y.x) (\f.\x.f x) (\g.\x.n (£ (n (\p.\s.s
(p (\x\y.v)) (\f\x.f (p (\x.\y.y) £ x))) (\s.s
AfA\x.x) (\f.\x.x)) (\x.\y.x)) g x) (\f.\x.f (£ x))

(No output due to non-termination)

Although this term is not strongly normalising, the System E type inference tool still manages to
find a type for it: (egeg(eaap — ap) M egepea(eaag — ag)) — eog(epeaeaap — epag). This type describes
a function taking a first parameter that is used twice, and a second parameter that is used once,
which is what we find when inspecting the Church Numeral \f.\x.f (f x) for 2 that is computed by
this example. The first parameter £ is used twice, first at type egeg(e2ap — ap) and second at type
eoepea(eaag — agp), then under the E-variable e, the second parameter x is used once at type epeseaag,
and then also under the same E-variable ey, this function gives a result of type egag which is also the
same as the result type of the first use of parameter f.

Interestingly, if given the Y-combinator subterm alone, the System E type inference tool will fail
to terminate just as evcr would. This example highlights an important difference between our type
inference approach and the standard S-unification approach used in the System E type inference tool.
[B-unification is effectively a form of whole-program analysis. The only reason it can succeed for the
larger term, and fail for the Y-combinator subterm is that it needs the context of the larger program to
know how many times the Y-combinator will be unfolded. In contrast, the approach used by evcr is
strictly compositional and will attempt to analyse the Y-combinator subterm on its own, and lacking
the required context of how many times the Y-combinator will be unfolded, it will continue unfolding
forever. Although our type inference algorithm fails to analyse the Y-combinator term, it should be
noted that the Hindley/Milner type inference system also cannot analyse the Y-combinator term and
solves the problem by introducing a primitive fixed-point operator with a special typing rule. Adding
a fixed-point operator is important future work for System EY, and may require using System E’s

non-linear types to account for an unknown (or infinite) number of uses of a given term.
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Term 14 applies a function that discards its argument:

$ (\z.\x.x ) (\y.y);;
ta ([ -> <c[1) =~ bll) -> clD)

> \x.x X

The System E type inference algorithm infers the typing (ep(e2ag — ag) M epeaag) — epag, which is
almost the same in structure as the one inferred by evcr except that it inserts an additional E-variable
eo. This additional E-variable is not inserted into the evcr typing due to our use of the value restriction,
which we can see when we look at the System EV typing derivation for the subterm \x.x x (where evcr

syntax is used in the derivation):

(var)

(app)

20 > el ax b0 - o) ™ om0 ax m0)

xx:cl<x:((b[D -> cll) ~bll)) (abs)
\x.x x: ((B[] -> c[1) ~ bll) > cll<

In order to insert an E-variable corresponding to ey into the evcr typing, it would need to be
introduced into the derivation when the subject is the term x x, and this is specifically prevented by

the value restriction because x x is not a value.

3.6 Efficiency

As discussed in Chapter 2, opus creates a significant amount of branching in the search path in order
to produce a covering unifier set, and this branching makes the algorithm too inefficient to be useful in
practice. In this chapter, we compare the efficiency of opusf and opus by running our implementation
of both algorithms side by side on the 58 convergent terms from the System E Inference Report.
Figure 3.2 shows the number of cm steps required by opusf and the number of opué steps required
by opus to find a typing for each of these 58 terms. In many cases, opus ran too long and was forceably
stopped after 5 minutes (indicated by “Timed out” in the figure). Of the cases in which opus success-
fully terminated, Term 41 was the worst case at 954,239 opué steps. By comparison, opus successfully
terminated on all 58 terms with the worst case being Term 11 at 1,104 <Tus§ steps. The cumulative 3,481

opusj steps used by opusf took 9 seconds to complete on an Intel® Core " i5-2400 CPU @ 3.10GHz



Chapter 3. System EV: The Value Restriction

126

Term m steps | opué steps Term ostB> steps | opué steps Term opT>5ﬁ steps | opus steps
01 0 0 22 92 Timed out 43 56 102857

02 0 0 23 78 Timed out 44 13 289

03 2 2 24 58 Timed out 45 50 Timed out
04 2 2 25 64 Timed out 46 36 Timed out
05 4 4 26 127 Timed out 47 30 89663

06 11 213 27 41 2156 48 38 1313

07 16 30 29 26 292 49 46 52391

09 33 Timed out 30 16 218 50 10 14

10 33 Timed out 31 17 25 51 16 30

11 1104 Timed out 32 8 12 52 13 21

12 275 Timed out 33 17 375 53 11 213

13 245 Timed out 34 15 225 54 49 Timed out
14 10 14 35 13 215 55 118 Timed out
15 8 12 36 13 215 56 118 Timed out
16 8 12 37 11 213 57 6 6

17 25 231 38 16 24 58 26 60

18 8 12 39 8 12 59 6 6

19 8 12 40 57 9609 60 26 40

20 148 Timed out 41 65 954239 61 25 Timed out
21 106 Timed out

Figure 3.2: Performance of opusf vs opus with functions

with a single-threaded implementation. By comparison, the cumulative 1,215,249 opus steps (of the cases
that terminated without timing out) took 203 seconds to complete on the same hardware.

As we shall see in Chapter 5, the difference in efficiency becomes even more pronounced when
analysing object-oriented programs, to the extent that records or objects with more than 2 fields cannot

in practice be analysed without some optimisations, such as those adopted by opusg.

3.7 Summary

This chapter presented System EV, the first of three increments of System EV". The main contribution
of System EVY is to introduce the value restriction, which is necessary to safely integrate constants
and extensible records in the following chapters. This system is established to be typesafe under the
call-by-value semantics. System EV also simplified some definitions and removed some redundancies
of the original System E in order to simplify the proofs and implementation. Then, we presented a

type inference algorithm, called Z, that is parameterised by the choice of unification algorithm, and
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established that it terminates, is correct and finds principal typing sets whenever the chosen unification
algorithm terminates, is correct and finds covering unifier sets respectively. Algorithm Z is currently
compatible with both the existing opus algorithm, which finds covering unifier sets, and with our own
algorithm opusf3, which sacrifices the covering unifier sets property for an increase in efficiency. Next,
we compared our implementation of Algorithm Z with the System E type inference tool and found that
it matched the results of the System E type inference tool on all but one of the 61 A-calculus examples
from the System E Inference Report, failing, where it did, in a way that was predictable and consistent
with the compositional approach of our algorithm. Finally, we examined the efficiency issues of opus
that motivated our desire to create a derivative of opus called opusf that adopts efficiency ideas from

[-unification.



Chapter 4

System EV¢: Constants

System EY¢ extends System EY with constants. Constants are the built-in values in a language, including
both data values (e.g. 1, 2, 3, true, false) and functions (e.g. +, —, %, /, not, or). Constants are
desirable in any practical language because they allow for efficient implementations and effective type
checking. However, they also play a critical role in our approach to extensible records since field labels
will be treated as constants.

This chapter is organised as follows. Section 4.1 gives motivations for introducing constants. Sec-
tion 4.2 discusses how the value restriction is used to preserve type safety in the presence of constants.
Section 4.3 formally presents System EV¢ and establishes that it is typesafe. Section 4.4 adapts the
type inference and unification algorithms to support constants. Finally, Section 4.6 summarises the

contributions of this chapter.

4.1 Motivations

Integers, booleans and associated operations can in theory be represented in the terms of the pure
A-calculus using Church encodings [18], but in practice it is desirable to include these as built-ins of a
programming language.

One reason to use built-in constants is of course that they allow for faster processing than Church

encodings. But another reason is that they allow better type checking. For example, in many program-

128



Chapter 4. System EV°¢: Constants 129

ming languages, we would expect the application not 3 to generate a type error since the argument 3
is not boolean. However, the Church encoding of this application, (Am.Aa.Ab.m b a) (As.A\z.s s s 2),
is still a valid A term in its own right, and is even reducible and typable in System EV (reducing to
Aa.Ab.(As.Az.8 s s z) b a with type e1(esesa — ea((((egax = esar — ezar — egar) Megar) Mesa) — egar))),
although it results in a term that has no clear meaning in either a numeric or boolean interpretation. If
we wish to classify the application not 3 as having a type error, then it would be beneficial to define not
and 3 as built-in constants with special typing rules requiring the argument of not to have a boolean
type.

Apart from the usual reasons for desiring constants, another reason that is especially important for
this dissertation is that we would like to interpret extensible records as functions from field labels to
field values. Since it will then be possible to pass labels as arguments to functions, just like integers
and booleans, it makes sense to treat labels as just another kind of constant and reuse all of the type

machinery for constants.

4.2 Integrating Constants with E-Variables

If we were to naively add constants to System E, then nonsense applications such as not 3 would be

typable via Rule (omega):

(omega)
not 3:w<Ily,

This is not desirable since applications that are unable to be reduced to values should be flagged as
type errors. In general, Rule (omega) allows any application to be typed regardless of whether or not
a reduction rule has been defined for it. This rule is at least justified for the pure A-terms where any
function may be safely applied to any argument. However, once constants are introduced, functions
can be defined that require a certain type of argument and must reject all others, just as we would
like the not function to accept only boolean arguments and reject all others. Also, constants allow for
the introduction of values that are non-functional and cannot be applied to anything. For example, in

many languages the application 3 false should not be typable since 3 is not a function.
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The solution adopted by System EY© is to make use of the value restriction of System EV. Under the
value restriction, Rule (omega) is restricted to values and hence may not be used on application terms.
Since values are never reduced in the call-by-value semantics, we are assured that evaluation will never
get stuck for any terms assigned type w by Rule (omega).

It is worth noticing that even with the value restriction in place, an application of a function can
still be assigned type w if it can be derived that the function has a return type of w. For example, the

application (not true) can still be assigned type w in System E¢ via the following derivation:

not : Bool - w I, true:Bool<I,

(app)
not true: w <1l

To support this, function not would be given the principal type Bool — e Bool requiring a parameter

of type Bool and returning a value of a type that is any expansion of type Bool (including w).

4.3 Type System

System EY© introduces two new elements: constants (such as 3 and false), and type constants (such
as Int and Bool). This section will define System EV© as an extension of System EV, following the
conventions set forth in Section 1.5 of Chapter 1. That is, any amended definitions, lemmas and
theorems given in this chapter will override their respective original definitions, lemmas and theorems

given in the previous chapter.

4.3.1 Terms and Reductions

System EY¢ introduces a single new term form into the term language: the type constant. The amended
term language, free variables, term substitution and reduction rule definitions are presented below, with

the amendments underlined.

Amendment to Definition 3.1 (Terms for E¥¢). Let metavariables z, y and z range over the count-
ably infinite set of term wvariables (also called variables). The syntax for terms and their metavariable

conventions are given below.
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s,¢tbusn=wv|st
vi=x|c| vt

Cil= ...

terms

values

constants

The set of constants is left unspecified, and the relevant definitions of System EV¢ that follow are

parameterised by the choice of constants.

Amendment to Definition 3.2 (Free variables for Ev¢).

defined by the following rules:

d

Amendment to Definition 3.3 (Term substitution for EV¢).

v for x in t is defined by the following rules:

zlz:=v]=v

Yl =] =y

Az.t)[z :==v] = Azt
Ay.t)[z :=v] = Az.t[y := ][z := 0]

(s t)[x :=v] = s[z :=v] t[x := 0]

The free variables fu(t) of a term ¢ are

A term substitution t[xz := v] of value

y#w

y#x,z ¢ fv(v) U{z}
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Amendment to Definition 3.5 (Reduction for EV®). The reduction rules are defined as follows:

cv > ¢(cv) if ¢(c v) is defined
(Az.t) v > tlx =]
ts>t's ift >t

vt>ovt ift >t

where ¢ is a partial function that takes an application of the form (¢ v) and returns a value. O

The above definition allows for built-in operations to take a single argument only, although binary
operations can be supported by bundling the two arguments into a Church pair. For example, the +

operation can be defined as follows:

é(+ v) = sum(a,b) ifo Az dy.x) >...>aand v Az yy) >...>b
and a, b are integer constants

and sum(a, b) calculates the sum of a and b

4.3.2 Types and Expansions

Typically, constants such as 3, false and "Hello World" have corresponding types Int, Bool and
Str which are introduced into the type system as type constants. Supporting type constants requires

additions to the type syntax and the rules for expansion application.

Amendment to Definition 3.6 (Syntax for E¥¢). Let metavariables e, f, g range over the countably
infinite set of E-variables and let metavariables «, 3,7 range over the countably infinite set of simple

type variables. The syntactic categories and their metavariable conventions are given below.
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S, T,U::=T|T types
S, T,U =« | C|S—T simple types
Cu=... type constants
SST,Uu=w | SAT |eT expansion types
EFGu:=w|ERF|eE]|o expansions
ocu=0|o0,a:=T|oe=E substitutions
Xu=ale variables
K:=T|FE entities

The set of type constants is left unspecified, and the relevant definitions of System EY¢ that follow

are parameterised by the choice of type constants.

Amendment to Definition 3.11 (Expansion application for E¥¢). The rules for applying expansions

to expansions, types and E-variables are defined as follows:

w K =w ow =w

(ENF) K =FKNFK o (K1MK2) =0 KiMno K»
(e B) K =e (EF K) o (e K) =(oce) K

Oe =e o (S—=T) =0cS—oT
O« =« o @ =0

(0, X :=K) X =K o (0, X =K) =00, X =0 K

(0, X :=K) X' =0 X' if X #X' oC =C a
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4.3.3 Typing Derivations

The typing rule for constants should consider both data constants and function constants. In Sys-
tem EY©, a data constant such as true would have the simple type Bool or any expansion of Bool
including, for example, Bool M Bool and w. For data constants, it therefore suffices to have a typing
rule that assigns a simple type to each data constant with all other types derivable by subsequent
applications of the expansion typing rules (int), (omega) and (evar).

Functional constants are more complicated. A functional constant such as not would have the simple
type Bool — e Bool. That is, it requires a Bool argument and returns a result whose type can be any
expansion of Bool. To allow the return type to be any expansion of Bool, the typing rule for constants
should incorporate the ability to apply substitutions (in this case, for €). The function not also ought
to have the equivalent type (Bool Mw) — e Bool for Lemma 3.27 (Equivalent types) to hold, and this
type is not derivable via the expansion rules or via a substitution. Therefore, we need a typing rule for
constants that also incorporates type equivalence.

In summary, the process for deriving a type for a constant is:

1. Begin with a raw type (e.g. Bool for true and Bool — e Bool for not)
2. Apply the desired substitution

3. Derive the desired equivalent type

For step 1, we define the raw types of constants as follows.

Definition 4.1 (typeof for E¥¢). typeof is a total function from constants to type constants and

function types. For any constant ¢, typeof(c) is called the raw type of c. O
For steps 2 and 3, we introduce the new typing derivation rule for constants as follows.

Amendment to Definition 3.24 (Typing derivations for E¥®). A typing derivation (metavariable
D) is a proof tree of a typing judgement. The rules for deriving valid typing judgements are given

below.
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(var) ———— (omega)

z:T<z:(T) viw<gIy
( ) T f() (t) VIiT1T VIT2
con) ——— T = o typeof(c int) ———
c:T<ly Y VTN T
t:T<al,z:(S) VT
(abs) (evar)
Azt S—=T <l vierT

t:S—>T <y s:5<«Tl%
ts: T<I'1 T2

(app)
O

The new rule (con) assigns to a constant any simple type that is equivalent to any substitution
of the constant’s raw type. Invoking the equivalence relation in Rule (con) ensures that Lemma 3.27
(Equivalent types) holds, while applying the substitution o ensures that Lemma 3.28 (Expansion) holds.
Also, restricting the type to a simple type ensures that Lemma 3.25 (Typing derivations) holds, forcing
all intersection types, E-variable application types and the w type to be introduced via rules (int), (evar)
and (omega) respectively.

Since the actual set of constants is left unspecified, the following requirement ensures that for any
given set of constants, subject reduction and progress still hold in the presence of constant applications

such as not true.
Requirement 4.2 (¢-typability for E¥¢). If c v: T < Ty, then ¢(c v) is defined and ¢p(c v) : T <T. O

Two additional lemmas hold for types in System EY°. The first lemma establishes that no expres-
siveness is lost by the restriction of Rule (con) to simple types, and the second lemma asserts that the

term context of a typing of a constant is always empty.

Lemma 4.3 (Constant types for E¥¢). Given any T, o and ¢, if T = o typeof(c), then ¢: T < T,.

Proof.
(1) o typeof(c) is a simple type lem 3.12
(2) c:o typeof(c) <T,, (con) with (1)
(3) o typeof(c) =T assumption

c:T<T, lem 3.27 with (2) and (3)
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O
Lemma 4.4 (Constant term contexts for EV¢).  Given any ¢, T and T, ifc: T < T, then ' =T,,,.

Proof. Let D be the derivation of ¢ : T < I". The proof is by induction on the structure of D. There

are only four cases of typing rules where the subject can be a constant.

case: D is the following application of Rule (con):

— T = o typeof(c)

where T'=T and (1) I' = T',,. The result is (1).

case: D is the following application of Rule (omega):

c:w<ly,

where T'=w and (1) I' =T',,. The result is (1).

case: D ends with the following application of Rule (int):

CZT1<]F1 CZT2<]F2
c:TlngqFlﬂI‘Q

where T' = Ty M1y and I' = I'y M I'3. By the induction hypothesis, I'1 = ', and 'y = T[',.
Therefore I' = T',.
case: D ends with the following application of Rule (evar):

CZT1<]F1
c:eTy el

where T'=¢ Ty and (1) T' = e I';. By the induction hypothesis, I'; = T, and so from (1) we get
(2) T'=eT,. By Definition 3.7 and Definition 3.20, we have e T',, = T, and so from (2) we get
r=r,.
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Finally, we extend the proofs of lemmas and theorems from the previous chapter that are affected

by the introduction of constants and type constants.

Restatement of Lemma 3.25 (Typing derivations for EY¢). FEach typing judgement can be the

conclusion of at most one typing rule.

Proof. Consider any application of a typing rule that concludes with the typing judgement J denoting

t: T <T. The cases are the same as before (p.88), with one new case for constants.

case: If t is a value,
case: f T =T

case: If t = ¢, then J was derived by (con).
a

Restatement of Lemma 3.27 (Equivalent types for E¥¢). Given any t, T, T' and T, if t : T T
and T =T', thent : T' <T.

Proof. Let D be the derivation of ¢ : T'<1I". The proof is by induction on the structure of D. The cases

are the same as before (p.89), with one new case for Rule (con).

case: tis v.

case: T = T’ was derived by structural congruence rule
TN —»Th=T T}
By Lemma 3.25, D can end with one of three possible rules; as before, Rule (var) and

Rule (con), but now also Rule (con) whose case is shown below:

case: D is the following application of Rule (con):

B e hohar (4) Ty — Ts = o typeof(c)

Then,
5) Th—>Th=T =T, Assumption
(6) T{ — Ty =0 typeof(c) def. 3.7 with (4) and (5)
c:T{ - Tyl (con) with (6)
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a

Restatement of Lemma 3.28 (Expansion for EY¢).  Given any ¢, T, T and E, if t : T <T and if ¢

is a value or E is a substitution, thent: E T < E T.

Proof. Let D be the derivation of ¢ : T'<4T". The cases are the same as before (p.91), with one new case

for Rule (con).

case: F is o.

case: D is the following application of Rule (con)

m (2) Tl =01 typeof(c)

Then,
(3) o T1 =0 (01 typeof(c)) lem. 3.16 with (2)
(4) o Ty = (001) typeof(c)  lem. 3.14 with (3)
c:oTy <l lem 4.3 with (4)

O

Restatement of Lemma 3.29 (Term substitution for E¥¢).  Given any v, ¢, x, S, T, I'1 and T2, if

v:S8<aTy and t: T <Ty,x:(S), then tfx :=v]: T <1 ATs.

Proof. Let D be the derivation of ¢ : T'<1T'1, x : (S). The cases are the same as before (p.94), with one

new case for Rule (con).

case: D is the following application of Rule (con):

g ar, AT =0 tpeof(c)

where (3) t =¢, (4) T =T, (5) T1 =T, and (6) S = w.
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(7) v:S<Ty Assumption

(8) wv:w<ly lem. 3.27 with (7) and (6)
(9) T2=T, (omega) with (8)

(10) c: Ty <1 ATy (1) with (5) and (9)

clr:=v]: Ty 9Ty ATy def. 3.3 with (10)

O
Restatement of Theorem 3.30 (Subject reduction for EV®). Ift: T <T andt > 1, thent : T <T.
Proof. The cases are the same as before (p.97), but with one new case for constant applications.

case: c v > ¢(cv) if ¢(c v) is defined.

By Requirement 4.2, ¢(cv) : T <T.
O

Restatement of Theorem 3.31 (Progress for E¥¢). Ift s: T <1, then there exists a term t' such
thatt s > t'.

Proof. The proof is by induction on the structure of ¢ s.

The derivation of t s : T' <1 'y, ends with

Ht:S—-T<T, s:S5«T,
ts: Tl

The cases are the same as before (p.98), but with one new case for constants.

case: tis v;.
case: S is vs.

case: vy is ¢. By the assumption, ¢ vy : T < T,,. Therefore, ¢(c v9) is defined by Require-

ment 4.2. Hence, ¢ va > ¢(c v2). O
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4.4 Type Inference

This section extends our type inference algorithm Z and unification algorithm opusf to support con-
stants, and re-establishes theorems and lemmas stated in the previous chapter that are affected by the

introduction of constants and type constants.

4.4.1 Algorithm opusg

This section extends our type unification algorithm opusf to support type constants. A type constant
can potentially be unified with a simple type variable, an E-variable application or itself. However, no

new rules need to be added to the opusj relation to support these cases:

e The unification of a type constant with a simple type variable is already handled by Rule (T-unify)

because type constants are included in the category of simple types.

e The unification of a type constant with an E-variable application is already handled by Rule (EA-unify),

also for the reason that type constants are included in the category of simple types.

e The unification of a type constant with itself is not needed because the opusj relation is invoked

only on unsolved constraints, by Definition 3.47 (opusg reduction).

All that is required to support type constants is a small change to the definition of varstruct which

is used by ovars, which in turn is used by the occurs check of Rule (T-unify).

Amendment to Definition 3.43 (varstruct for E¥°). The total function varstruct takes any type,

unification constraint or unification constraint set and returns a variable structure. It is defined by the
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following rules:

I
o
N

varstruct(a)

varstruct( C )

varstruct(w)

0
0

varstruct(S — T') = varstruct(S M T') varstruct(.S) U varstruct(7')

varstruct(e T') = e > varstruct(T)
varstruct(S < T') = varstruct(.S) U varstruct(7T')
varstruct(A) = |_|{varstruct(5) | 6 € A}

where Vy UVs = {e — V1/e) U (Va/e) | e € Dom(V1) UDom(Vs2)} O

Restatement of Theorem 3.50 (Correctness of opusf for EV©). Given any A and o, then o €
opusB(A) = solved(cA).

Proof. The original proof (p.110) remains unchanged since opusf is defined to stop as soon as all

constraints are solved, independently of what rules are used to solve the constraint. O

4.4.2 Algorithm 7

Algorithm Z, too, requires only a very minor change to support constants.

Amendment to Definition 3.57 (Algorithm Z for E¥¢). The type inference algorithm Z takes a

unification algorithm and a term and returns a distinct sequence of typings. It is defined by the following
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rules:
Terms
U, v) = {e T,W,v)} e fresh (Z.val)
ZU,t s) = {o (ea<T1NTy) (Z.app)
| (T <T1) € Z(U,t), (S<aT2) € I(U, s)
ceU{{T <S —weatU{U<U |z:U €Tl NTa}), e« fresh}
Values
Z,(U,z) = a<dz:{a) « fresh (Z.var)
Z,(U,c) = typeof(c) < T (Z.con)
(U, Az.t) = isect({(S—>T <) | (T<T,z:(S)) e Z(U,1)}) (Z.abs)
O

The new rule (Z.con) simply uses typeof(c) to supply the type of the constant c. The rest of the rules
remain as before, and in particular, Rule (Z.val) will be used to wrap the inferred type of a constant in
a fresh E-variable.

As before, Algorithm 7 satisfies three properties.

Restatement of Theorem 3.58 (Termination of Z for EV°).  Given any U and t, if each use of U by
Z(U,t) terminates, then T(U,t) terminates.

Proof. Straightforward by induction on the structure of ¢t. O

Restatement of Theorem 3.59 (Correctness of Z for EY®).  Given any U, T and t, if 7 € T(U,1),

then t : 7.
Proof. The cases are the same as before (p.116), with one new case for constants.

case: t =c.
1) Fe. Z(U,c) ={eZ,(U,c)} = {e typeof(c) < Ty}

( Z.val)/(Z.con)
(2) c:typeof(c) < Ty,
(

con)
3) c:etypeof(c) < T, evar) with (2)

(
(
(
(1),(3)

ifreZU,c), thenc:r
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O

Restatement of Theorem 3.60 (Principality of Z for EV¢). Given any U, t and 7', if covering(U)
and t : 7" and Z(U,t) terminates, then there exists a substitution o and a typing 7 € Z(U,t) such that

T =0T

Proof. Let D be the derivation of ¢ : 7. The cases are the same as before (p.118), with one new case

for Rule (con).

case: D is the following application of Rule (con):

(2) T = o typeof(c)
(De:T<Ty,
(3) Fe. ZU,c)={eZ,U,c)} ={etypeof(c) Ty}  (Z.val)/(Z.con)
(4)  (e:=o01) (e typeof(c) <« Ty,) = (o1 typeof(c) < T,,) def 3.11
7! (2)
ois (e :=o01) (4),(3)

4.5 Examples

In this section, we demonstrate our implementation evcr on a variety of examples and examine the
behaviour of Algorithm Z in practice with respect to constants. Although constants represent only a
small addition to our system, some interesting issues turn up in practice, and these will be discussed.

Inferred types for data constants such as 3 are always wrapped in E-variables for generality:

$ 353
: a Int

The E-variable a acts as a placeholder for the insertion of an expansion during type inference when

it is discovered how 3 is to be used. For example, consider the abstraction:
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$ \x. x + x;;
:a ((Int ~ Int) -> b Int)

The parameter is used twice at type Int, hence its intersection type Int ~ Int. In order to apply
this function to the argument 3, the type inference algorithm will unify the parameter type Int ~ Int
with the argument type a Int and produce a substitution that replaces a by an intersection expansion.

Since System EY¢ does not directly allow functional constants to take more than one parameter,

binary operators can be defined to accept Church pairs:

$ (2,3);;
:a ((b Int -> ¢ Int -> d[]) -> d[l)
(\x.\y.\f.f xy) 23

> (\y.\f.f 2 y) 3
> \f.f 2 3
$ add;;

ta (((b (cdll > c (w->4d[1)) > Int) ~ (e (w->1f (gl -> gl[l])) -> Int)) -> h Int)

add (2,3);;

a Int

((\x\y.\f.f xy) 2 3)
((\y.\f.f 2 y) 3)
(\f.f 2 3)

PN
+

v v v
o+ +

The surface syntax (2,3) on Line 1 is automatically translated to the Church pair

f.f 2 3 which has type a ((b Int -> ¢ Int -> d[1) -> d[]). The predefined functional constant
add on Line 6 has a parameter type compatible with Church pairs. It is an intersection of two types,
indicating that add uses its parameter twice. In the first use, the given Church pair is used at type b
(c d[1 -> ¢ (w -> d[1)) -> Int where w (which represents type omegal) is used to indicate that
the second value of the pair is unused. In the second use, the given Church pair is used at type e (w
-> f (gl] -> g[])) -> Int, this time indicating that the first value of the pair is not used. In other
words, this parameter type reveals that the given Church pair will be used twice, once for its first value,
and once for its second value. The result of add is an Int, wrapped in an E-variable for generality.

Note that the infix notation 2 + 3 is simply translated into an ordinary application of add:

1The lowercase letter w is reserved to mean w, while all other lowercase letters indicate E-variables.
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»

2+ 355
a Int
add ((\x.\y.\f.f x y) 2 3)

add ((\y.\f.f 2 y) 3)
add (\f.f 2 3)
5

vV V.V I -

As we should expect in a system with constants, it is possible for there to be no typings found for

a given application if a function is applied to the wrong types of arguments:

$ 3 + false;;
: No typings found

This type error is only caught due to the value restriction, without which this application could
have been assigned type w.

Intersection type polymorphism also works well with constants. The following program requires as
input a function that can take both integers to integers and booleans to booleans, and tests whether

that function acts as the identity on two particular values:

$ \f.f 3 == 3 && f true;;
:a (((b Int -> Int) ~ (c Bool -> Bool)) -> d Bool)

Here, && is the logical-AND operator, and == is the equality operator. This example is not supported
by Hindley /Milner-style type inference since polymorphic function parameters are not allowed. The
application of the above program to the identity function produces the expected answer true of the

expected type a Bool:

$ (\f.f 3 ==3 && f true) (\x.x);;
: a Bool
(\f.and ((\x.\y.\f.f x y) (== ((\x.\y.\f.f x y) (£ 3) 3)) (f true))) (\x.x)

and ((\x.\y.\f.f x y) (== (O\x\y.\f.f x y) ((\x.x) 3) 3)) ((\x.x) true))
and ((\x.\y.\f.f x y) (== ((\x.\y.\f.f x y) 3 3)) ((\x.x) true))
and ((\x.\y.\f.f x y) (== ((\y.\f.f 3 y) 3)) ((\x.x) true))
and ((\x.\y.\f.f x y) (== (\f.f 3 3)) ((\x.x) true))
(A\x\y.\f.f x y) true ((\x.x) true))

and ((\y.\f.f true y) ((\x.x) true))
and ((\y.\f.f true y) true)
and (\f.f true true)

V V.V V V V V V Vv
Q
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4.5.1 Issues

Although constants are our most trivial addition to System E, they are not always well behaved. This
section describes some of the issues.

Both opusf and [-unification use asymmetric unification constraints of the form S < T where S is
assumed to be an argument type and 1" a parameter type. However, it is possible to define functional
constants that break this assumption. An example is the if/else ternary function which takes a boolean
argument followed by two arbitrary arguments which must have the same type as each other. This is
problematic because it will cause constraints to be generated between two argument types rather than
between a parameter type and an argument type. Hence, when generating unification constraints for
applications of the if/else ternary function, it may make sense to fall back to the full Algorithm opus
in that specific case.

But even if we use the full Algorithm opus when unifying argument types with argument types, it
can sometimes happen that the types of abstractions and the types of functional constants do not unify

very well, as illustrated by the following example:

$ not;;
: a (Bool -> b Bool)

$ \x.x;;
tc(dd->4d D

$ if (true) not else (\x.x);;
: e (Bool -> Bool)

On their own, the types for not and \x.x appear to be satisfactory. One important feature that both
types have is that the result types are wrapped in an E-variable which allows, via an expansion, the
result to have type w if needed. But when these two types are unified with each other, this E-variable
is eliminated because the identity function must return exactly the same type as its parameter which,
in unification with the type of not, must be exactly type Bool. The inability of the return type to be

w causes a problem for programs such as the one below:

$ let ignore = \x.3;;
:a (w-> b Int)

$ let myfalse = (if (true) not else \x.x) true;;
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: Bool

$ ignore myfalse
: No typings found

Since ignore ignores its argument, it requires its argument to have type w. And since myfalse
cannot be given type w, it is impossible to apply ignore to myfalse, even though this application

should be typesafe.

4.6 Summary

This chapter presented System E¥¢, an extension of System EY with constants. Despite being a relatively
simple extension, we exposed some of the problems associated with introducing constants. First, a naive
attempt to introduce constants would allow unsafe applications to be typable via Rule (omega), and
type safety would be lost. In System EY¢, type safety was preserved by adopting a value restriction to
rule out unsafe applications of constants. Second, while constants appear to be well behaved in most
normal usages, an issue can arise when two argument types are unified, and this will require further

study.



Chapter 5

System EVC': Extensible Records

System EY°' is the final system presented in this dissertation. It builds on the intersection types and
expansion variables of System E, the value restriction of System EY and the constants of System EV¢
to develop a system of extensible records that supports first-class polymorphism, compositional type
inference and object-orientation.

This chapter is organised as follows. Section 5.1 gives an overview of the approach System EV' takes
to integrate extensible records with expansion variables. Section 5.2 formally defines System EY®" and
establishes its properties. Section 5.3 formally defines the type inference and unification algorithms and
establishes their properties. Section 5.4 shows how all of the problem examples from the introductory
chapter can be encoded into our calculus and demonstrates our type inference algorithm on each of
them. Section 5.5 revisits the efficiency differences between opus and opusg in the context of extensible

records. Finally, Section 5.6 summarises the contributions of this chapter.

5.1 Integrating Extensible Records with E-Variables

In System EV'| extensible records are treated as functions from labels to terms, and this allows us to
reuse all of the existing type machinery of System E that was designed around functions. The syntax
for defining an extensible record resembles that for defining a pattern matching function in which labels

are the only patterns, and the default case is the empty record {}:

148
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let john = name — "John Smith" Mage — 31N {}

The field selection john.age now becomes a straightforward function application, john age, which
conveniently has a similar syntax. As is the case with field selection for traditional extensible records,
the application john age is evaluated by scanning the cases of the function from left to right until a
case with a matching label is found.

Following Kopylov [38], we interpret record types as intersections of function types such that john

now has the type:

name — String M age — Int

In a way that resembles subtyping, our type system also allows john to be assigned weaker types

with fields omitted, such as

name — String

which happens to be the function type that is needed in order to apply john to the label name. Subtype
polymorphism demands that the record john be able to have both of the above types simultaneously.
System EY' provides the same effect without subtype polymorphism by using an intersection type to

intersect both of the above types together:

(name — String M age — Int) M (name — String)

This type is linear, indicating that john is to be used once at type name — String M age — Int
and once at type name — String.

One consequence of treating extensible records as functions from labels to values is that labels are
now first-class citizens. In System EV'| it is possible for a term variable to represent an unknown label,
and so the function A\z.(name — "John"Memployed — trueM{}) z is possible, which takes an unknown
label as a parameter and then selects a field of a record matching that unknown label. First-class labels

are an interesting consequence of our treatment of records as functions over labels, although this was
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not a specific design goal of System EV". We do not push this idea to the heights reached in the system
by Leijen [40] where term variables can appear in place of the labels of actual fields. For example,
Leijen’s system allows functions such as Az.\y.(x — "John" My — true{}) which takes two unknown
labels and constructs a record using those two labels, but this is not supported by System EV'.

The most significant departure of System EY" from the traditional extensible record type systems is
its treatment of row variables. In fact, System EV°" does not include row variables in its type language,
although types that serve the same purpose as row variables can be constructed from more fine-grained
primitives. Before we show how row variables can be constructed, we will illustrate how row variables
work at the coarse-grained level by assuming the existence of pre-built row variables represented by
metavariable p. The purpose of beginning the explanation at the coarse-grained level is not only to
begin at a point of familiarity, but also to show why the coarse-grained level is insufficient in System EV¢*
and why, ultimately, we must build row variables out of more fine-grained primitives.

At the coarse-grained level, our approach follows that of constrained quantification introduced by
Harper and Pierce [25] (see Section 1.3.1 in Chapter 1 for a review) in that we use predicates directly
on row variables. One difference is that we use predicates directly on each occurrence of a row variable

rather than once globally, which can be illustrated by the following example:

Az.id » 3Mx: p\id — (id — Int M p\id)

The row variable p\id represents an unknown record type lacking a field labelled id, and the list
of labels following \ is called a label constraint. Note that each row variable is uniquely identified by
the combination of its name and its label constraint, and it is only because both occurrences of p\id
in the above type have the same name and label constraint that these refer to the same row variable.
By comparison, the row variables p\id and p\age are not the same row variable despite having the
same name p. This simplifies the theory since we do not need to add a third component to typings that
carries around information about each row variable.

This coarse-grained view of row variables is, however, insufficient when attempting to solve unifica-

tion constraints. For example, consider the constraint
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a— T <p\age

in which the left type is a record type with one field whose label is unknown (of type «), and the right
type is a row variable representing an unknown record type lacking a field labelled age. Without some
way to refine the simple type variable « so that it may prevent any later substitution of the label age,
the best that can be done to solve this constraint is to pick some concrete label not equal to age to
substitute for a. The choice would however be arbitrary, and so this constraint of course has no single
most-general unifier. It does not even have a finite covering unifier set because there are infinitely many
labels not equal to age that could be substituted for a and that are unrelated to one another.

The example above illustrates a need to place label constraints directly on simple type variables.
We call a[L] a constrained simple type variable, and it represents an unknown label that must not be
equal to any of the labels in the label constraint L. Once we have constrained simple type variables,
row variables can now be constructed from this and other primitives. For example, a row variable p\ L,

for some given label constraint L, can be encoded as:

e (BIL] = f )

This type behaves as a row variable because it can be expanded via e to any intersection of function
types, the domain of which can be any label besides those listed in L. That is, it describes record types
that do not use any of the field names in L. The unification constraint that caused earlier difficulty can
now be expressed as:

a—T<e (Slage] = f7)

This unification constraint now has a most general unifier (« := Blage], e := (f := (v :=T))) which

results in the following solved constraint:

flage] = T < flage] = T

Based on this encoding of row variables, we return to the example function used in the literature
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review on row variables (Section 1.3.1), which can now be assigned the following type in System EV<':

Ar.(id = 3Mx) e (afid] = f a) = (id:Int,e (a[id] = f «))

Here, the encoded row variable e (a[id] — f «) indicates that the type of x must be a record type
not already containing the label id, or more precisely, that the type of £ must be composed of function
types where each parameter type must be a label not equal to id. A possible argument that satisfies

this constraint is the following extensible record:

a—3Mb—4M{}:a— IntMb— Int

Substituting this extensible record for the parameter x and substituting its type for the encoded

row variable gives the following extensible record:

id—>3Mna—3nb—=4Mn{}:id > IntMa— IntMb— Int

It is important to note that the constraint on parameter x prevents only the type of the argument
from containing an id field, but does not prevent the argument itself from containing an id field. For

example, the following possible argument also satisfies the constraint:

id — "hidden"Ma —»3MAb—-4M{}:a— IntMb— Int

This is possible because System EY°" allows an extensible record to be assigned a type with fields
omitted (in this case, field id) in a way that resembles subtyping. Substituting this argument for the

parameter z and substituting its type for the encoded row variable gives the following extensible record:

id -+ 3Mid — "hidden"Ma—3Mb—4M{}:id - IntMa — Int b — Int

This type is valid because the new field id — 3 overrides the old field id — "hidden" so that the

resulting record effectively has only one id field of value 3.
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Finally, we turn to the use of expansion variables in record types. Expansion variables should be
inserted into typings by the type inference algorithm in such a way that the inferred typing represents
the range of the different typings that are possible for a given term. In the case of extensible records,
this must include types where some fields have been omitted, and must also include intersections of two
alternative types for the same record. To address the first requirement, expansion variables are placed
around each field type, and by substituting the w expansion for one of these expansion variables, it is
possible to obtain a type with that field omitted. For example, if john has type e; (name — String)
M ez (age — Int), we can derive another type with field age omitted by substituting w for ey giving
e; (name — String) M w, which is equivalent to e; (name — String).

To address the second requirement, expansion variables are also placed around whole record types
containing multiple fields, and by substituting an intersection expansion for one of these expansion
variables, it is possible to obtain an intersection type with each branch having a different alternative
type. For example, if john has type es (e; (name — String) M ez (age — Int)), we can derive
another type for john that intersects together several other derivable types by substituting for ez an
intersection expansion E; M Fy where Fy and F5 derive alternative types for the left and right branches

of the intersection.

5.2 Type System

This section formally defines System EY' as an extension of System EY€.

5.2.1 Terms and Reductions

To support extensible records, we need to extend the term language as well as the rules for free variables,

term substitution and reduction.

Amendment to Definition 3.1 (Terms for EV). Let metavariables z, y and z range over the

countably infinite set of term variables (also called variables). Let metavariable [ range over the count-

ably infinite set of labels. The syntax for terms and their metavariable conventions are given below.
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s,tuz=v|st terms
vi=x|c| Azt |l =tMw values
cu=...[1|{} constants

The values are extended to include extensions, where the extension [ — tMwv is a function that takes
label I to term ¢ and otherwise acts as value v. The constants are extended to include labels and the
empty record {}.

Extensions resemble pattern matching functions where labels are the only patterns that can be
matched. Being functions, extensions are subtly different from extensible records. A traditional ex-
tensible record {field=2+3, {}} would be reducible to {field=5, {}}, but the extension (field2 —
2+ 3M{}) is not reducible at all since it is already a value. The subterm 2 + 3 is not reduced until the
function is applied to the label field2. However, the standard behaviour of extensible records can be

encoded by using the syntactic sugar { [ =t1,t2 } to denote (A\x.\y.(I = x M y)) t; to.

Amendment to Definition 3.2 (Free variables for EV*). The free variables fv(t) of a term t are

defined by the following rules:

fv(z) = {z}
fv(c) =0

fv(Az.t) = fv(t)\{z}

fv(l = tMv) = fv(t) Ufv(v)

fv(s t) = fv(s) Ufv(t)

d

Amendment to Definition 3.3 (Term substitution for EV"). A term substitution t[z := v] of value
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v for x in t is defined by the following rules:

zfz = 0] = v
ylz =]l =y y#w
cr =] =c
(Az.t)[z == v] = Azt
Oyt)z = v] = ety = 2][z = ] y# w2 ¢ fu(v) U{z}

(Il = tnv)[z:=v]=1—tzx :=vi] Aoz = 0]

(s t)[z :=v] = s[z = 0] t[x := ]

a

Amendment to Definition 3.5 (Reduction for EV"). The reduction rules are defined as follows:

cv>¢(cv) if ¢(c v) is defined
(Az.t) v > tlx := ]
(l=>tnv)l>t

!l—>tFm Il >vlh ifl17él

ts>t's ift >t
vi>uvt if ¢t >
where ¢ is a partial function that takes an application of the form (¢ v) and returns a value. O

For example, the field selection john age is reduced to 31 via the following reduction path:

(name — "John Smith" Mage — 31 M {}) age
> (age — 311 {}) age

> 31

These reduction rules work only if the selected field actually exists in the record. If selection of the

non-existent field address is tried, reduction will become stuck at the application {} address for which
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no reduction rule exists:

(name — "John Smith" Mage — 31 M {}) address
> (age — 31 M {}) address

> {} address

By the progress theorem, the typing rules ensure that this cannot happen.

5.2.2 Types and Expansions

This section extends the definitions of types and expansions to account for constrained simple type

variables, labels and the empty record type.

Amendment to Definition 3.6 (Syntax for EV°*). Let metavariables e, f, g range over the countably
infinite set of E-variables and let metavariables «, 3,7 range over the countably infinite set of simple

type variables. The syntactic categories and their metavariable conventions are given below.

~
g

S, s=T | T types

)

9]

T, Uc=al[l]|C|S—T simple types

C:u=... |£|ﬂ
SST,Uu=w|SAT |eT

EF,Gu:=w|EnF|eE]|o

The simple types are extended with constrained simple type variables a[L] where L is a label con-

type constants
expansion types
expansions
substitutions
variables

entities



Chapter 5. System EV°': Extensible Records 157

straint specifying a finite set of labels written as a comma-delimited list. If L is empty, then «o[L] is
a simple type variable and is written «. The type constants are extended with labels and the empty
record type {}. The variables are extended with constrained simple type variables.

Note that the definition of constrained simple type variables subsumes the definition of simple
type variables and thus relevant proofs need only consider the general case of constrained simple type
variables. Also note that it is now the combination of variable name and label constraint that uniquely
identifies a constrained simple type variable such that if Ly # Lo, then a[L1] # a[Ls]. This means that
a[L1] and «[Ls] can be independently assigned by substitutions despite having the same name.

Given that label constraints are now attached to simple type variables, it is necessary to restrict
substitutions so that only simple types that meet constraint L can be substituted for some a[L]. The

following definitions treat this formally.
Definition 5.1 (Meets judgement for EV*). The meets judgement T[L asserts that simple type T

satisfies the label constraint L and is defined as follows:

TILIffL#0) = (T=landl¢ L)or (T =a[L'] and L' D L))

The definition of the meets judgement can be understood as follows. If the label constraint L is
empty, then it is met by all simple types. If L is not empty, then it is met only if T is a label that is
not in L, or T is a constrained simple type variable whose label constraint contains at least all of the

labels in L.

Definition 5.2 (Valid substitutions for EV?'). A substitution o is valid if and only if, for each assign-

ment o[L] ;=T in o, it is the case that T[L. O
Convention 5.3 (Valid substitutions for EV"). Only valid substitutions are used.

The following lemma establishes that if a simple type meets a constraint L, then it also meets any

weaker constraint (i.e. that is a subset of L).

Lemma 5.4 (Meets subsumption for EV").  Given any T, L and L', if T|L and L O L', then T[L'.
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Proof. By Definition 5.1 with (1) we have the following cases:

case: (3) L is empty.
(4) L'isempty (3),(2)

L' def 5.1 with (4)
case: L is not empty. Then by Definition 5.1 with (1) we have the following cases:
case: (3) T=1land (4) 1 ¢ L.
(5) gL' (4),2)

TIL def 5.1 with (3),(5)
case: (3) T =a[L"] and (4) L” D L.
(5) L'2L" (4),2)
TIL' def5.1 with (3),(5)

O
The following lemma establishes that meets judgements are stable under type substitution.
Lemma 5.5 (Meets substitution for EY*).  Given any T, L and o, if TL, then (o T)[L.

Proof. The proof is by induction on the structure of o. Following Definition 5.1, we have the following

cases:

case: L is empty. Then ¢ T is a simple type by Lemma 3.12 and (o T)[L by Definition 5.1.

case: L is not empty. Then by Definition 5.1 with (1) we have the following cases:

case: (2) T=1and (3)1 ¢ L.
4) 1L def 5.1 with (3)

(0 )IL  def 3.11 with (4)
case: (2) T = a[L'] and (3) L' D L. There are three cases for o:

case: o = [. Immediate.
case: o = (0/,a[L'] :=T}) where (4) T} L'
(5) oall’/]=T1 def3.11
6) oal/JIL" (4),05)
o afl/|IL lem 5.4 with (6),(3)
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case: 0 = (0, X := K) where X # a[L'].
(4) (o' a[L/])[L ind.hyp. (¢’ smaller)
(o a[L’)IL  def 3.11 with (4)

O

Label constraints operate at the level of individual labels. However, at the level of extensible records,
it will also be useful to determine whether the type of a particular record lacks a certain label. This is

handled by the next judgement.

Definition 5.6 (Lacks judgement for EV*). The lacks judgement T'::l is defined by the following rules:

w::l
(SAT):l it S::l and T2l
(e T):l if T::l
(S —T):l if $ =5 and S|l

Effectively, the lacks judgement T'::l asserts that T is composed of function types of the form 77 — T5

where in each case, T; is equivalent to a simple type that meets the label constraint {l}.
Lemma 5.7 (Lacks equivalence for EY*).  Given any T, T' and l, if T::l and T =T, then T":l.

Proof. The proof is by induction on the structure of the derivation of T'= T".

case: (T'NTy) T3 =T, M (TaT3). By Definition 5.6, ((Th MT3) M T3)::l is derived from (1) Ty::l and
(2) Ty::l and (3) T5::1. By Definition 5.6 with (1), (2) and (3), we can also derive (71" (T2MT3))::1.

case: Ty M Ty, = To A Ty. By Definition 5.6, (71 M T3)::! is derived from (1) Ty::l and (2) Th:l. By
Definition 5.6 with (1) and (2), we can also derive (To M Ty):l.

case: T1 Mw = Ty. By Definition 5.6, (71 Mw)::l is derived from Ti::l, which is the desired result.

case: e w = w. By Definition 5.6, w::l.
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: e (Ty M Ty) = e Ty Me Ty By Definition 5.6, (e (71 M T3))::l is derived from (77 M T5)::l which in

turn is derived from (1) T::l and (2) Ts::l. By definition 5.6 with (1) and (2), we can derive (3)

(e Ty)::l and (4) (e To):l, and from (3) and (4) we can derive (e Ty Me Th)::l.

Ty =Ty =T, = Ty, if (1) Ty =Ty and Ty = T4. By Definition 5.6, (77 — T2)::l is derived from

(2) Ty = Ty and (3) T1]1. By (1) and (2), we have (4) T{ = T;. By Definition 5.6 with (4) and

(3) we can derive (T] — T3)::l.

T'ATy, =T{"Ty if Ty = T{ and Ty, = T4. By Definition 5.6, (T} M T5)::l is derived from (1)

Ty::l and (2) To::l. By the induction hypothesis with (1) we have (3) 77::l and by the induction

hypothesis with (2) we have (4) T4::l. Now by Definition 5.6 with (3) and (4), we can derive

(T N Ty):d.

eTy =eTy,if Ty = T{. By Definition 5.6, (e T1)::l is derived from (1) T3::l. By the induction

hypothesis with (1), we have (2) T7::l. By Definition 5.6 with (2) we can derive (e T7):l.

T =

T =T. Done.

T’ if T" = T. For the symmetric rules that mean the same when reflected from left to right,

these cases have already been proved. For the non-symmetric rules, we have the following cases:

case:

case:

case:

case:

Ty (Te N T3) = (Ty A T) M T5. Similar to the reverse case.

T =T Mw. By Definition 5.6, (1) w::l. By Definition 5.6 with the assumption 7"::l and (1),
we have (T Mw)::l.

w = e w. By Definition 5.6, (1) w::l. By Definition 5.6 with (1), we have (e w)::l.

eTine Ty, =e (11 MTy). By Definition 5.6, (e Ty Me Ty)::l is derived from (1) (e Ty):l
and (2) (e Tz)::l which are in turn derived from (3) Th::l and (4) T::l. By Definition 5.6,
from (3) and (4) we can derive the judgement (5) (71 M T%)::l and from (5) we can derive the

judgement (e (T1 M T%))::l.

case: T=T",if T =T" and T" = T”. This case follows from the transitivity of = in the statement

of the lemma.

O

The lacks judgement 7T":l is used when typing extensions to ensure that the type of the record being

extended does not already contain a function type of the form I — T”. From the rules of Definition 5.6
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(Lacks judgement), it follows that (I; — T4 M1y — T»)::l3 since the function domain lacks I3. Also, we
have (a[ls] — Th M1y — T2)::l3 since the constraint on «fls] ensures that the domain cannot be made
to include I3 even after a substitution. We also permit ((I; Mw) — T1)::l3 where the parameter type
is equivalent to a label, so that Lemma 3.27 (Equivalent types) holds. By comparison, the judgement

(I = T1 M le — T3)::l; cannot be derived since the function domain does contain the label ;.

Amendment to Definition 3.11 (Expansion application for EV*).  The rules for applying expansions

to expansions, types and E-variables are defined as follows:

w K =w ow —w

(EMF) K —EKAFK o (K1 M K>) =0 Kino K,
(e B) K =e (E K) o (e K) =(ce) K

O e =e o (S—=1T) =0S—oT
o «fL] = a[L] o =0

(0, X =K) X =K o (0", X = K) =00, X =0 K
(0, X =K) X' =0 X' if X #£X' oC =C

Again, it should be noted that new case for constrained simple type variables subsumes the original
case for simple type variables. That is, if the constraint L is empty, the case becomes [ o = « which
is the same as the original case.

The following lemma asserts that lacks judgements are stable under expansion.
Lemma 5.8 (Lacks expansion for E¥°*).  Given any T, | and E, if T::l, then (E T):l.

Proof. The proof is by induction on the structure of £ and T'.

case: F =w.
(1) w:l def 5.6
(wT):l  def 3.11 with (1)
case: = FE; M Es.
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(1) (Ey T):l ind.hyp. (E smaller)
(2) (B2 T):l ind.hyp. (F> smaller)
(3) (E1 TAEy;T):l def 5.6 with (1),(2)
((Ex M Eg) T)::l  def 3.11 with (3)
case: E =e F;.
(1) (E1 1) ind.hyp. (F; smaller)
(2) (e (By T)):l def 5.6 with (1)
((e Ey) T)::l  def 3.11 with (2)
case: E = 0. We now consider the cases for 7.

case: T = w.
(1) w:l def 5.6

. (o w):l  def 3.11 with (1)
case: T =11 N1T5.

(1) (ThyNTy):l assumption

(2) Tyl def 5.6 with (1)

(3) Tuul K

(4) (oTy):l ind.hyp. with (2)
(5) (0Tz):l ind.hyp. with (3)
(6) (oTyMoTy):l  def 5.6 with (4),(5)

. (o0 (TiATy)):l  def 3.11 with (6)
case: T = e T7. We now consider the three cases for o.
case: o = [].
(1) (eTy)::d assumption
(@ (e Ty)):=:l  lem 3.13 with (1)
case: 0 = (0’,e:= Fy).
(1) (B Ty):l
(2) (((¢'ye:=FEq1)e) Th):l def 3.11
((o',e:=Eq) (e Ty)):=l  def 3.11
case: 0 = (¢0/, X := K) where X # e.

ind.hyp. (E; and T smaller)
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1) (o' (e Ty)):l ind.hyp. (o' smaller)
@) (o' e) T1):l def 3.11
3) (0, X :=K)e) Ty):l def 3.11

(0!, X := K) (e T1)):l  def 3.11

case: T = a[L']. This case cannot occur by Definition 5.6.
case: T'= C. This case cannot occur by Definition 5.6.

case: T =T — Ts.

(1) (Ty = Ty):l assumption
2) 3T Tv=T,  def5.6with (1)
(3) Tl K

let S=c T,
(4) SN lem 5.5 with (3)
(5) oTh =8 lem 3.16 with (2)

(6) (0 Ty — o Ty)::l def 5.6 with (5),(4)
(0 (T1 = T))::l  def 3.11 with (6)

5.2.3 Typing Derivations

This section extends typeof with the raw types for labels and the empty record, and defines the new

rules used to derive typings for extensions.

Amendment to Definition 4.1 (typeof for EV*). typeof is a total function from constants to type

constants and function types, defined as:

typeof(c) =1 iffc=1
typeof({}) = {}

For any constant ¢, typeof(c) is called the raw type of ¢. O
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Amendment to Definition 3.24 (Typing derivations for EV*). A typing derivation (metavariable

D) is a proof tree of a typing judgement. The rules for deriving valid typing judgements are given

below.

var) ——— omega) —————————

(var) z:T<x:(T) (omega) viw<dly

(con) T = o typeof (c) (int) ————"

con) ——— T = o typeof(c int) ——mM8M
c: T« v:iT1 N Ty
t:T<al,z:(S) viT

(abs) (evar) ———
Ax.t: S—=T <D v:ieT

" t: Tl o= . v:T <l

ex = extr —

ﬁ_z I=»tmov: S—>T<aTl ﬁ_z I»tnov:T<l
t: S=T al'1 s:5<71>

(app)

ts:T<I'1 T
O

The new rules (extl) and (extr) assign typings individually to the left and right branches of an
extension, which provides the necessary flexibility to apply expansions at any nested branch. These
individual typings may be combined by Rule (int) to produce a type that mentions all of an extensible
record’s fields. The side condition T::l in (extr) ensures that the new label | being introduced in the
extension is not already present in the extension type. The following example illustrates a typing

derivation for the record john which is defined as name — "John Smith" Mage — 31 M {}:

31 Tnt T, (con)

"John Smith":Str 4T, (con) 31: fi Int < T, (ever) (extl)
"John Smith":e; Str<l, (evar) age — 31 {}:age — f1 Int < L, ex
john : name — e; Str <, (ext]) john: age — f1 Int < Ty, (extr)

jobn: e (name — e; Str) ATy, (o) john: f (age — f1 Int) < T, Ei‘j;r)

john : e (name — e; Str) M f (age — f1 Int) < T,

Note that Definition 4.1 defines typeof with the restriction that label [ is the only constant that

can have raw type [. This is necessary for progress to hold since otherwise non-label constants would
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be accepted by the type system as valid arguments to extensions. For example, if it were possible to
define a constant & such that typeof(&) = [ for some label I, then the application (I — 3 M {}) & would
be typable despite being irreducible.

The following lemma asserts that label [ is the only value that can have type [ in an empty term

context:
Lemma 5.9 (Label identity for E¥¢*). Given any v, T and l, if v: T < T, and T =1, then v =1.

Proof. Given v : T <T',, and T = [ we have (1) v : [ 9T, by Lemma 3.27. By Lemma 3.25 (1) was
derived by either (var) or (con). (1) could not have been derived by (var) because that would require
a non-empty term context. Therefore (1) was derived by (con) as follows:

m (2) l=0o typeof(v)

Since typeof(v) is a simple type by Definition 4.1, then by Lemma 3.12, (3) o typeof(v) is also a
simple type. By Corollary 3.10 with (2) and (3), we have (4) | = o typeof(v). By Definition 4.1,
typeof(v) is either some type constant C' or some function type 71 — T5, and so by Definition 3.11, one
of the following is true:

(A) o typeof(v) =0 C=C

(B) o typeof(v) =0 (T1 = Ta) =011 — 01»
Due to (4), we know that (A) must be true, and so C' = [, which also means that typeof(v) =[. By

Definition 4.1, typeof(v) =l iff v =1, and so v = L.

O

The next lemma asserts that if an extension at type T7 — T5 is applicable to a value v at type T

in an empty term context, then 77 is equivalent to a label and v is the same label:

Lemma 5.10 (Extension parameter type for EV¥*).  Given any l, s, v, v1, I', Ty and Ts, if | = s v :

Ty — To <T and vy : Ty < Ty, then there exists a label ' such that vi =1 and Ty = 1.

Proof. Let D be the derivation of I - s v : Ty — T5 < I'. The proof is by case analysis of D. There

are only two possible typing rules that assign typings to extensions.
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case: D ends with the following application of Rule (extl)

(2) s: To <
Dil—snuv: Ty - Ty«
(

By Lemma 5.9 with (3) and the assumption vy : Ty < T, we have (4) v = . The result is (4) and

(3)-

case: D ends with the following application of Rule (extr)

(2)v: Ty - To<l
)l =ssno:T 5Tl

(3) (Th — Tr):l

By Definition 5.6 with (3), we have (4) Ty = S and (5) S|l. By Definition 5.1 with (5) we have

the following two cases:

case: S =1" and I"” # I. Then by Lemma 5.9 with (4) and the assumption v; : T} <t T',, we have
(6) v =1". The result is (6) and (4).

case: S = afL] and [ € L. This case cannot occur which we will prove by contradiction. By
Lemma 3.27 with (4) and the assumption vy : T} <iT,, we have (6) vy : S<T,. If we suppose
that S = a[L], then (6) becomes v; : a[L] <t T, however there is no typing rule that can
be used to assign a constrained simple type variable a[L] to a value in an empty context.

Therefore S # a[L].

O

Finally, we extend the proofs of lemmas and theorems that are affected by the introduction of

extensions and constrained simple type variables.

Restatement of Lemma 3.25 (Typing derivations for EV°"). FEach typing judgement can be the

conclusion of at most one typing rule.

Proof. Consider any application of a typing rule that concludes with the typing judgement J denoting

t: T <T. The cases are the same as before (p.137), with the following new cases for extensions.

e If ¢ is a value,
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-IUT=T
x If t =1 — t; Mo, then
- T =T, — Ty and Th =1, then J was derived by (extl).

- Otherwise J was derived by (extr) O.

Restatement of Lemma 3.27 (Equivalent types for EV*).  Given any t, T, T and T, if t : T T
and T=T', thent:T' <T.

Proof. Let D be the derivation of ¢ : T'<1T". The proof is by induction on the structure of D. The cases

are the same as before (p.137), with two new cases for Rule (extl) and Rule (extr).

case: tis v.

case: T = T’ was derived by structural congruence rule
TN —Th=T =T
By Lemma 3.25, D can end with one of five possible rules; as before, Rule (var), Rule (con)

and Rule (con), but now also Rule (extl) and Rule (extr) whose cases are shown below:

case: D ends with the following application of Rule (extl)

4)t; :To <
CISE (5) Ty =1
(3) l—->tinv:Ty - Tyl
Then,
(6) t,:T5<l ind.hyp. with (4) and (2)
(1) T =1 def 3.7 with (5) and (1)

l=tinv: T > T5<T  (extl) with (6) and (7)
case: D ends with the following application of Rule (extr)

DHv:Ty >Tr<al
(3)l*>t1mUZT14)T2<]F

(5) (Th — Tz):l

where
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6) Th—Te=T —>1T, Assumption

(7)) v:T{ —>Ty<T ind.hyp. with (4) and (6)
®) 3. Ti=T def 5.6 with (5)

9) Tl ’

10) T =1, (1,(8)

(11) (T} — Ty)::l def. 5.6 with (10),(9)

l—=tinv: T - T5<T (extr) with (7) and (11)

Restatement of Lemma 3.28 (Expansion for EV*). Given any ¢, T, T and E, if t : T <T and if ¢

is a value or E is a substitution, thent: E T < E T.

Proof. Let D be the derivation of t : T <. The cases are the same as before (p.138), with two new

cases for Rule (extl) and Rule (extr).

case: F is o.

case: D ends with the following application of Rule (extl):

(2)t1: Ty <T (3) S =1
Ml-tnv:S—>T<T
Then,
(4) ti:0Ty <ol ind.hyp. with (2)
(5) oS=oal lem. 3.16 with (3)
6) oS=I def. 3.11 with (5)
(7) l=tinv:0S — 0Tyt <ol (extl) with (4) and (6)

. l=tinvio (S—=Ti) <ol def. 3.11 with (7)
case: D ends with the following application of Rule (extr):

(2)’UZT1<]F (3)Tl
(1)l%t1mv:T1<1I‘ e

Then

)
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(4) wv:oT) <ol ind.hyp. with (2)
(5)  (oTy):l lem. 5.8 with (3)
| —»tiMv:oTy <ol (extr) with (4) and (5)
O

Restatement of Lemma 3.29 (Term substitution for EV¢').  Given any v, t, , S, T, T'1 and T'a, if
v: STy and t: T <Ty,x:(S), then tfx :=v]: T <1 ATs.
Proof. Let D be the derivation of ¢ : T' <91,z : (S). The cases are the same as before (p.138), with
two new cases for Rule (extl) and Rule (extr).

case: D ends with an application of Rule (extl) of the form

(2) t1: Ty <1,z : (S)

3)S1=1
(1)l—>tlﬂv1:SlaT1<1I‘1,x:<S> () !
where (4)t:l*>t1m’l)1 and (5)T1514)T1
(6) tifz:=0v]: Ty <1 ATy ind.hyp. with (2)

(7)) l—=tifz=v]Rvfr:=v]:8 -T1 <1 ATy (extl) with (6) and (3).
(l — 1 mvl)[z = U] ST —>Ti <1y def. 3.3 with (7)

case: D ends with an application of Rule (extr) of the form

(2) v : Ty Ty, 2 : (S) _

- 3) Ti::l
(1)[—)tlmU1!T1<]F1,$Z<S> ( ) !
where (4) t =1 — t; Moy and (5) T = Tj.
6) wvr=v]:T1 <1 ATy ind.hyp. with (2)

(7) I—=tifz:=v]Auvfz:=v]:T1 T ATy (extr) with (6) and (3)
(Il—=timv)[z:=v]: Ty <971 ATy def. 3.3 with (7)

O
Restatement of Theorem 3.30 (Subject reduction for EV°*). Ift:T<T andt > t', thent' : T<T.

Proof. The cases are the same as before (p.139), with two new cases for the reduction rules of extension

applications.



case:

case:

O
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(I—=tnv)l>t.

The derivation of (I = ¢’ Mv) I : T < T ends with

(2)1%t’ﬂv:S%T<]F1 (3)ZS<]F2
(D (—=tmnv)l:Tal; ATy

where I' =11 M T's.

By Lemma 5.10 with (2) and (3), we have (4) S = [. Following the proof of Lemma 3.25 in the
case of (4), the derivation of | = ¢ Mv:S — T <T'; ends with the following application of Rule
(extl):

(5)t:T <l
l=tnrnuv:S—=T<xly

S=1

By Lemma 4.4 with (3), we have (6) I'y = T',,. Finally, by (6) and (5), we have ¢/ : T'< T’y A 5.
(l—>tlﬂv) li1>vl if(l) ll#l

The derivation of (I = ¢; Mv) l; : T <T ends with

(2)l—>tlﬂv:5—>T<11"1 (3)[1:S<]F2
(l%tlmv) i :T<I' Dy

where I' =11 M T's.

By Lemma 5.10 with (2) and (3), we have S = [; and hence (4) S # [ due to (1). Following the
proof of Lemma 3.25 in the case of (4), the derivation of | - ¢’ Mv: S — T <T'; ends with the
following application of Rule (extr):

(5)UZS—>T<]F1
l—-tinv:S—>T<Iy

(S —T):l

By Rule (app) with (5) and (3) we have v l; : T Ty M Ts.

Restatement of Theorem 3.31 (Progress for EY*). Ift s: T <Ly, then there exists a term t' such

thatt s > t'.
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Proof. The proof is by induction on the structure of ¢ s.

The derivation of t s : T' <1 'y, ends with

Ht:S—-T<Tl, s:S5<«T,
ts: Tl

The cases are the same as before (p.139), but with one new case for extensions.

case: tis vy.

case: S is vs.
case: vy isl — t1 M.
case: vy = 1. Then (I = t; Mv) [ > 1.

case: vy # I.
1) (=tnmnv)v: T, assumption
(2) 3S. Il=tinv:S—=T<T, rule (app) with (1)
(3) wva:S«Ty, K
(4) Wy =1 lem 5.10 with (2),(3)

(I = t1Mv) v >0 ve (4) and vg #1

5.3 Type Inference

This section extends our type inference algorithm Z and unification algorithm opusg to support exten-

sible records, and re-establishes all theorems and lemmas from the previous chapter.

5.3.1 Algorithm opus(

This section extends the unification algorithm opusf to support constrained simple type variables.

Variable Structures and Renamings

The definitions of variable structures and renamings are updated by replacing each mention of a simple

type variable by a constrained simple type variable. The logic behind these rules does not change,
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however, and the new definitions subsume the old definitions.

Amendment to Definition 3.43 (varstruct for EV*). The total function varstruct takes any type,
unification constraint or unification constraint set and returns a variable structure. It is defined by the

following rules:

varstruct(a[L]) =ao[L]—0

varstruct(C') =0

varstruct(w) =0

varstruct(S — T') = varstruct(S M T') = varstruct(.S) U varstruct(7')
varstruct(e T') = e > varstruct(T)
varstruct(S < T') = varstruct(S) U varstruct(7T')
varstruct(A) = |_|{varstruct(6) | 0 € A}

where Vy UVs = {e = V1/e) U (Va/e) | e € Dom(Vy) UDom(Vs2)} O

Amendment to Definition 3.45 (Fresh renamings for EV"). A fresh renaming for some finite set
of variables X* is a substitution ([, X7 := K1,... X, := K,,) where {X; := K1,...X,, = K,,} = {e =
e @ |ee X% fresh} U{a[L] :=d/[L] | a[L] € X*, & fresh}. O

Unification with Constrained Simple Type Variables

We isolate the rules for unification with constrained simple type variables into a separate function called

hunify.

Definition 5.11 (hunify for E¥¢*). The hunify function unifies a constrained simple type variable with

a simple type, and is defined by the rules below.

hunify(a[L1] = B[L2]) = (&, a[L1] := y[L1UL2], B[L2] := v[L1UL3]) - fresh (TT-unify)
hunify(a[L] = C) = (&, a[L] := C) if CIL (TC-unify)
hunify(a =T1 —» T2) = (0, :=Th — T3) if @ ¢ ovars(Th — T>) (TA-unify)
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a

Lemma 5.12 (hunify correctness for EV¥). Let 6 = (a[L] = T). If hunify(§) = o is defined, then

Proof. The proof is by case analysis of the rules for hunify(§).

case: 0 = (3, a[L] ;= y[L U Ly], B[La] := v[L U Ls]) by Rule (TT-unify)where ~ is fresh and T = B[Ls].
Then ¢ a[L] = vy[L U Ls] = ¢ S[Lz] by Definition 3.11.

case: ¢ = (I,a[L] := C) by Rule (TC-unify)where T = C and C[L. Then oa[L] = C = oC by
Definition 3.11.

case: 0 = (@,a[L] := Ty — T3) by Rule (TA-unify)where T = T} — T and L = § and «o[L] ¢
ovars(T; — T»). Then calL] = T1 — T3 by Definition 3.11 and T1 — To = o(Th — T>) since
a[L] ¢ ovars(Ty — Tb).

O

The function hunify encapsulates all that is needed from a unification algorithm to support exten-
sible records, and the purpose of extracting these rules into a separate function is to make the job
simpler for other unification algorithms to borrow this functionality (such as the opus algorithm given
in Appendix C). While the opusf unification algorithm does not in general aim to find covering unifier
sets, the hunify fragment of the algorithm does find covering unifier sets, which are always of size one

(i.e. single, principal unifiers).

Lemma 5.13 (hunify is complete and principal for EV*).  Let § = (a[L] = T). If there exists a unifier
o for d, then

1. hunify(8) = o1 is defined, and

2. for any set of variables X*° that excludes the fresh variables introduced by hunify(6), there exists a
substitution oo such that VX € X%, 0 X = 0901 X.

Proof. The proof is by case analysis of T

case: T is B[La).
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1. 01 = (@, 0[L] := y[L U Ly], B[La] := 7[L U L)) by (TT-unify).
2. Let o' = (0,7[L U Ly] := oa[L]). Then,
(1) o'o1 =0’ (B, a[L] :=y[L U Lo}, B[La] := y[L U Lo])
=o', a[L] == 0'4[L U Ly), B[Lo] := o’+[L U L]
=o', a[L] == oalL), B|Ls] := oa[L]

= 0,v[L U Lg] := o«a[L], a[L] := oa[L], B[Le] := oa|L]
We next test if ¢’ is a candidate for o9 by checking that VX € X*. 6’01 X = 0X. Because

~v is fresh, y[L U Lo] is not in X*® and so there are only the following 3 possibilities for each
X e Xs:

case: X = a[L]. Then o'o1a[L] equals caL by (1).
case: X = fB[Ls]. Then o’01f[L2] equals cal by (1) which is equivalent to o[Ls] by the
assumption that o is a unifier.

case: X ¢ {a[L],B[L2],v[L U La]}. Then 0’01 X = 0X by Definition 3.11 with (1).
Therefore, VX € X*. 0'01 X = 0X, and so o is o’.
case: T is C.
1. We consider the cases for L.

case: L is empty. Then o1 = (a[L] := C) by (TC-unify).

case: L is not empty.

(1) calll]=cC assumption

(2) oalll=C def 3.11 with (1)
(3) ocalll]=C cor 3.10 with (2)
(4) alL]lL def 5.1

(5) (o alL])IL lem 5.5 with (4)

(6) CIL (5),(3)

(7) o1 =(alL] :=C) (TC-unify) with (6)

In both cases, o1 = (a[L] := C).

2. By Definition 3.11, (8) o1 = (0, a[L] := C). Next, we consider o as a candidate for .

There are two possibilities for each X € X*:
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case: X = a[L]. Then by (8) and (3), it follows that coya[L] = ca[L].
case: X # a[L]. Then by Definition 3.11 with (8) and the assumption that X # «[L], it

follows that co1 X = 0 X.

Therefore, VX € X*. 001X = 0X, and so o3 is 0.

case: Tis Ty — To.

1.
(1) oca[lll=oc (Th — T2) assumption
2) call]=cTi—oTy  def3.11 with (1)
(3) ocalll]=cTi =0T,  cor3.10 with (2)
4) ofL]IL def 5.1
(5) (o afL])IL lem 5.5 with (4)
(6) o alL] is a function type (3)
(1) L=0 def 5.1 with (5),(6)
(8) alll¢ovars(Ti 5 T2) (1)
(9) o1=(afL] =Ty > T2)  (TA-unify) with (7),(8)

2. By Definition 3.11, (10) o001 = (0, a[L] := 0 (T1 — T»)). Next, we consider o as a candidate

for o5. There are two possibilities for each X € X*:

case: X = a[L]. Then ooy a[L] equals o (11 — T2) by (10) which is equivalent to o a[L] by

(1).
case: X # a[L]. Then oo; X = 0 X by Definition 3.11 and (10).

Therefore, VX € X°. 001X = 0X, and so o3 is o.
O

Based on the definition of hunify, two unification rules for the opusj relation are changed to account

for constrained simple type variables.

Amendment to Definition 3.46 (spusj relation for EV°*). The opusj relation performs one step of
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unification on a factored constraint and is defined by the following rules:

(a[L] =T,V) opus;  hunify(a[L] = T) (T-unify)

(eT<T,V) opusj  (e:=ren(V,e)) (EA-unify)

(e S<TnNU,YV) opusj  (e:=e1 @ NMez @) (EI-unify)

(e S<eT,V) opusj (er=eo) if (S<T,V/e) opus} o (E-unify)
(e:=ew) otherwise

(eS<fTV) opus; (e:=fg @) if Sis a[L] or T is T, g fresh (EE-unify)
(f=eg@) otherwise, g fresh

where ren(V, e) is a fresh renaming of the variables in Dom(V/e). O

Note that the logic of Rule (EE-unify) has not changed, and the simple type variables have merely
been replaced by constrained simple type variables. The real change is to Rule (T-unify) which has

been updated to unify a constrained simple type variable with a simple type by invoking hunify.

Restatement of Theorem 3.50 (Correctness of opusf for E¥*"). Given any A and o, then o €

opusB(A) = solved(cA).

Proof. The proof remains unchanged from the one for System E¥¢ (p.141). O

5.3.2 Algorithm 7

Algorithm Z requires the addition of one new rule to support extensible records.

Amendment to Definition 3.57 (Algorithm Z for EV*). The type inference algorithm Z takes a

unification algorithm and a term and returns a distinct sequence of typings. It is defined by the following
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rules:
Terms
U, v) = {e ,(U,v)} e fresh (Z.val)
IU,ts) = {0 (ea<TiATy) (Z.app)
| (T'<T1) € Z(U,¢), (S <aT2) € Z(U, s)
ceU{T <S—eatU{U<U|xz:U€eTliNTa}),e «fresh}
Values
.U, z) = a<dz:{a) o fresh (Z.var)
.U, c) = typeof (c) < I, (Z.con)
I,U, Ao t) = isect({(S=T <) | (T <T,z:(S)) € Z(U,1)}) (Z.abs)
Ul —>tAv) = letri={(1—Ti<Ty) | (T <aT1) € ZU,t)} in (Z.ext)
let 5 = {o(To <T2) | (T2 < T2) € Z(U,v),
ceU{ela]l] = fB)<To}U{U <U | xz:U €Ta}),e, f,a, B fresh} in
isect(ri UTy)
a

In words, the new rule (Z.ext) states that to infer a typing for an extension ! — ¢ M v we must first
infer typings for the subterms ¢ and v. Typings for [ — ¢ M v are constructed from the typings for ¢ in a
way that corresponds to the (extl) typing rule and these are placed in the set 7. The inferred typings
for v on the other hand may not be immediately suitable as typings for [ — tMv because by Rule (extr)
they must “lack” the label [ in their domain. To fix this, the unification algorithm is invoked with a
constraint (explained below) to ensure that in each case the type of v lacks the label I. The typings
for v after unification are then placed in the set 75. Finally, all of the typings from both 77 and 73
are then intersected together into a single typing using the function isect which wraps each intersection
component in a fresh E-variable for generality.

The novel part of this rule is the way that E-variables are used in combination with constrained
simple type variables to describe the constraint that the type of v must lack the label [ in its domain.
The constraint e(a[l]—f B) < T> ensures that T will lack the label [ after the unifier is applied, and

is also designed so that e can be expanded into an intersection of function types in cases where 15
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represents the type of an extension with multiple fields. The type e (a[l]—f §)) essentially corresponds
to a row variable that would be found in traditional extensible record systems, but is instead built up
from more primitive constructs, most of which are inherited from the System E type system.

The following lemma is used to show that our encoding of row variables is general enough to describe

any unknown record type.

Lemma 5.14 (Row variable substitution for EV¢*). Given any T, «[l], 8 and e, if T::l then there

exists an expansion E such that E (a[l] —e f) =T.
Proof. The proof is by induction on the structure of the derivation of T::l.

case: w:l. Then F is w.

case: (Th MTy):l if Ty::l and To::l.

(1) 3E;. Ei(alll mep)=T ind.hyp.
(2) 3FE3. Es (alll 5 epf)=Ts ind.hyp.
(3) (BiAB) (all] =) =B (o] > A (afl] »ef) defall
=T1NT; (1),(2)
Eis By M By (3)
case: (e; Ty):l if Th::l.
(1) 3E,. E1 (o)l e B) =Ty ind.hyp.
(2) (e1 E1) (a]l] e p)=e1 (E1 (afl] = e B)) def3.11
(3) =e Ty (1)
Eise B (3)
case: (Ty — To):lif (1) Ty =Th and (2) Tyl
(3) 3B, B =T lem 3.17

(4) (all] :==Ti,e:=E1) (afl] = e B) =Ty — Ty def 3.11 with (2),(3)
=T -1 def 3.7 with (1)
Eis (afl] :=Ty,e:= Ey) (4)

Finally, we extend the proofs of lemmas and theorems from previous chapters that are effected by

the introduction of extensions constrained simple types variables.
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Restatement of Theorem 3.58 (Termination of Z for EV*). Given any U and t, if each use of U

by Z(U,t) terminates, then Z(U,t) terminates.
Proof. Straightforward by induction on the structure of ¢t. O

Restatement of Theorem 3.59 (Correctness of Z for EY°").  Given any U, T and t, if T € T(U,1),
thent: .

Proof. The cases are the same as before (p.142), with one new case for extensions.
case: t=1—t1 M.

(1)  Ze. ZU,t)={eZ,(U,t)} = {eisect(ri UTs)} where (Z.val)/(Z.ext)
m={l-T1<T | (Th <) €eZ(U,t1)}
75 ={0 (TL<T9) | (To <« Ty) € Z(U,v),
o eU({er(all]mex) < ToU{U < Ulx : U € T'y}),
e1, e, a, 8 fresh}
(2) Foreach (I - Ty <T'y) € ¥ where (1)
(2a) (Ty<Ty) € Z(U, 1)

(2b) t1:Th <l ind.hyp. with (2a)
(2¢) l—=tinuv:l—->T<Iy (extl) with (2b)
B) e =l-tinv:T (2)-(2¢)

(4)  For each o (Th <T'y) € 75 where from (1)

(42)  (Tp <aTs) € Z(U,v), .
(4b o € U({er(all]—esB) < To}U{U < Ulz : U €T3}), »
(4c) e1, e, q, 3 fresh »
(
(o

(4d) (e (ofl] = ez B)):l def 5.6

(4e) (e1 (all] = e B))):l lem 5.8 with (4d)
(4f) o (ex (afl] »e2B)) =0T def 3.37 with (4b)
(4g) (0Ty): lem 5.7 with (4e),(4f)

(4h) v:Ty<Ty ind.hyp. with (4a)



Chapter 5. System EV°': Extensible Records

180

(4i)) wv:ioTa<oTy
4j)) l—=tiRv:ocTa<do Iy

5) T7€em = l—=>tiNv:T

6) VvVr'.7erurn = l—otinu:T
1 YT

(1) I—=tinuv:isect(ry UTs)

(8) Il—=tiMu:eisect(ry UTH)

ifreZU,l =t Mv), thenl =t Nv:T

O

lem 3.28 with (4h)
(extr) with (4i),(4g)
(4)-(4)

(3),(5)

lem 3.55 with (6)
(evar) with (7)
(1),(8)

Restatement of Theorem 3.60 (Principality of Z for EV*).  Given any U, t and 7', if covering(U)

and t : 7" and Z(U,t) terminates, then there exists a substitution o and a typing 7 € Z(U,t) such that

7_/

aT.

Proof. Let D be the derivation of ¢ : 7. The cases are the same as before (p.143), with two new cases

for Rule (extl) and Rule (extr).

case: D ends with an application of Rule (extl) of the form

(2) t1 T1/ <Iv

Ml=tinv:S=>T/ 1T’
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(5)  Z(U,t) terminates assumption
(6) Je. Z(U,t)={eZ,U,t)} = {eisect(r{ UTs)} where (Z.val)/(Z.ext) with (5)
m={l-T1<I1 | (Th <T1) €eZ(U,t1)}
5 =401 (Ta<aT9) | (Tx <aT2) € Z(U,v),
o1 €U({er (all] 2exB)<To} U{U<U | 2 : Ueln}),

e1, e, , 8 fresh}

(7)  ZI(U,t1) terminates (5),(6)

(8)  Joi, Ty, T such that ind.hyp. with (7),(2)

©) (I <T") e IU 1) 7

(10) ol(Ty <) = (T{<T) ”

(11) ol =T/ <) =(S—>T{ <) (10),(3)

(12) (-1 <) et (9),(6)

(13) (= Ty <alv) e (r$Urs) (12)

(14) 3FE.(I =T <T") = Eisect(r{ UTs) lem 3.56 with (13)
= (e:=FE) (e (isect(r3y UTs))) def 3.11

(15) S—>T/<alV= oi(l—=T/ <) (11)

= oi((e:=F) (eisect(rf U7s))) lem 3.16 with (14)
= (oj(e:=FE)) (eisect(rf UTs)) lem 3.14

o, oisoj(e:=FE) (15),(6)
case: D ends with an application of Rule (extr) of the form

2)v: Ty <y

(3) Tyl
(1)l—>tlm’UZT1<]F1
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Z(U,t) terminates
Z(U,v) terminates
. IU,v) ={1] <T}}
de. IZ(U,t) ={eZ,(U,t)} = {eisect(r{ UTs)} where
1 ={l—=>To<To | (To <To) € Z(U,11)}
5 = {00 (T} ATY) | 0 € UA)}
where A={e;(a[l]=e28)<T}U{U<U|z : U € T}, e1,e2,a, B fresh
doy. o1 (T] <aT)) = (Th <Ty)
e1 does not occur in T <1 T
JE. E(all] »ex B)=T1
let 03 = (01,e1 := F)
o9 is a unifier for A
U(A) terminates
do3,04. 03 EU(A) and 02A = 403A
o3 (I <)) ers
o3 (T1 Q) e UTS
AE'. o5 (T] <T%) = E isect(r3 UTs)
= (e:= E') (e isect(r5 UTs))
oo(T] <)) = (11 < 1)
Ti<ali = oo(T7 < 1)
= (oa03) (T7 Q)
= oy (03 (T7 <TY))
= o4 ((e:=F') (eisect(ry UTH)))
= (o4(e:=E")) (eisect(rs UTs)))

o=oy(e:=FE)

assumption

def 3.57 with (4)
(Z.val) with (5)
(Z.val)/(Z.ext) with (4)

(6)

ind.hyp. with (2),(6)
ey is fresh

lem 5.14 with (3)

def 3.11, (8),(9),(10)
(4),(7)

covering(U) with (12),(11)
(13)

(14)

lem 3.56 with (15)
def 3.11

(8), ey is fresh

(17)

(13)

lem 3.14

(16)

lem 3.14

(18),(7) O
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5.4 Examples

This section demonstrates our implementation evcr on a set of extensible record-based examples and
object-oriented examples encoded using extensible records. Section 5.4.1 first introduces examples
of extensible records and examines the behaviour of our system in relation to field extension, field
overriding, first-class labels and subtyping. Then, sections 5.4.2, 5.4.3 and 5.4.4 demonstrates evcr on
the examples of object-orientation, first-class polymorphism and compositionality originally presented

in Chapter 1 in sections 1.1.1, 1.1.2 and 1.1.3 respectively.

5.4.1 Extensible Records
Basic Syntax

The syntax for expressing extensible records in evcr is similar to the syntax used in the theory except
that labels are now prefixed with a dot to distinguish them from ordinary variable identifiers. Also,
braces { ... } can be used interchangeably with parentheses ( ... ) and by convention will be
used instead of parentheses when enclosing extensible records. An extensible record containing two

fields name and employed can be defined as follows:

$ {.name -> "John" " .employed -> true ~ {}};;
: a (b (.name -> ¢ Str) ~ d (.employed -> e Bool))

evcr also supports the following record-like syntactic sugar, using a comma to separate fields and

using = to separate field labels from field values:

$ {name = "John", employed = true, {}};;
:a (b (.name -> ¢ Str) "~ d (.employed -> e Bool))

Since field labels are prefixed with a dot, the application of an extensible record to a field label

resembles the traditional “dot” notation for field selection:

$ {name = "John", employed = true, age = 41, {}} .age;;

: a Int

= (.name -> "John" ~ .employed -> true ~ .age -> 41 ~ {}) .age
> (.employed -> true ~ .age -> 41 ~ {}) .age

> (.age -> 41 ~ {}) .age

> 41
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Row Variables and Field Overriding

The following example defines a function that takes an unknown record as a parameter and returns an

extension of it:

$ \r. {age = 41, r};;
:a(bc ([.age] > d [1) -> b (c ([.age] > d [1) ~ e (.age -> £ Int)))

Here, [.age] represents a constrained simple type variable with the label constraint including only
the label .age, while [] represents a constrained simple type variable with an empty label constraint.
The encoded row variable ¢ ([.age] -> d []) specifies that the given record type must not already

expose an age field. The following example demonstrates the application of this function to a record:

$ (\r. {age = 41, r} ) {name = "John", employed = true, {}};;

:a (b (c (.name -> d Str) ~ e (.employed -> f Bool)) "~ g (.age -> h Int))
(\r..age->41"r) (.name->"John"".employed->true~{})

.age->41" .name->"John"".employed->true”~{}

v

The next example shows the application of the same function to a record that does have an existing

age field, thereby demonstrating field overriding;:

$ (\r. {age = 41, r} ) {name = "John", employed = true, age = "nonsense", {}};;
:a (b (c (.name -> d Str) ~ e f (.employed -> g Bool)) ~ h (.age -> i Int))
(\r..age->41"r) (.name->"John"".employed->true”.age->"nonsense" {})

.age->41" .name->"John"".employed->true”.age->"nonsense" " {}

\4

This works because the constrained simple type variable [.age] requires only that the type of the
given record does not expose an age field, even though the actual record may contain an age field. To

analyse this term, evcr would have first analysed the argument as:

$ {name = "John", employed = true, age = "nonsense", {}};;
: j (k (.name -> 1 Str) " m (n (.age -> o Str) ~ p (.employed -> q Bool)))

with all fields present, and then eliminated the existing .age field by substituting the w expansion for

the E-variable n before introducing the new .age field.
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First-Class Labels

Labels are first-class citizens and can be passed as arguments to extensions. They can also be bound to
term variables, just as any other value can be bound to term variables. This means that it is possible to
define abstractions over term variables that represent labels, and it is possible to infer types for these
term variables compositionally.

In the following example, we have the application of a record to an unknown label represented by

the term variable x:

$ {name = "John", employed = true, {}} x;;
: a Str <| x : .name
: a Bool <| x : .employed

Interestingly, the unknown label represented by x could actually be one (but not both) of two
possibilities: either x is the label .name or x is the label .employed. These two possibilities cause
evcr to infer two possible and independent typings, which are not intersected together due to the value
restriction. This analysis is compositional and does not depend on any outside context.

When we abstract over x, we get a value which now permits us to intersect the two independent

typings together into a single intersection type:

$ \x.{name = "John", employed = true, {}} x;;
: a (b (.employed -> c Bool) "~ d (.name -> e Str))

As desired, this “n-expansion” is inferred to have the same type as the original record itself:

$ {name = "John", employed = true, {}};;
: a (b (.employed -> c Bool) ~ d (.name -> e Str))

Another consequence of making labels first-class citizens is that extensible record types occuring in
parameter type positions can sometimes be more general than is actually useful. For example, consider

the following function:

$ let area = \rect. rect.width * rect.height;;
:a (((b .width -> Int) ~ (c .height -> Int)) -> d Int)
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Although rect is intended to represent an extensible record, as far as the type inference algorithm
is concerned, rect could potentially be a A-abstraction that uses its argument zero times. Thus it is

possible to substitute the w expansion for E-variables a and c¢ resulting in the following type:

$ let area = \rect. rect.width * rect.height;;
ca (((w->1Int) ~ (w-> Int)) -> d Int)

At this type, the area function would no longer accept an extensible record as an argument since
by rules (extl) and (extr), no extensible record can be assigned field types w -> Int and w -> Int.
The rect parameter is now permitted only to be an abstraction that uses its parameter zero times and

returns an Int (e.g. \x.3).

Record Subtyping

The examples in this section demonstrate that intersection types are powerful enough to support code
reuse that is usually supported via subtype polymorphism. Consider the following function that calcu-

lates the area of a rectangle:

$ let area = \rect. rect.width * rect.height;;
: a (((b .width -> Int) ~ (¢ .height -> Int)) -> d Int)

This function can of course be applied to a record with only width and height fields:

$ area {width=3, height=5, {}};;
: a Int

--- reduction steps omitted ---
> 15

However, in a way that resembles subtyping, this function can also be applied to a record that

contains fields width and height plus additional fields x and y:

$ area {x=2, y=2, width=3, height=5, {}};;
: a Int

--- reduction steps omitted ---

> 15

The record argument’s type adapts to match the parameter type, and so it is the record argument
that is acting polymorphically, not the function. What happens during type inference is that first the

argument’s type is inferred in isolation:
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$ {x=2, y=2, width=3, height=5, {}};;
:a( (.x ->cInt) ~d (e (.y > £ Int) "~ g (b (.height -> i Int) ~ j (.width -> k Int))))

Then, at the point of application, the type inference algorithm eliminates the fields labelled x and y
from this type by substituting the w expansion for E-variables b and e, and this transforms the record’s
type to the required parameter type.

This polymorphism can be exercised by writing a single program that uses the same record at both

types. To demonstrate this, we define the following set of functions:

$ let area = \rect. rect.width * rect.height;;
:a (((b .width -> Int) ~ (c .height -> Int)) -> d Int)

$ let rect2str = \rect.
str(rect.x)++","++str(rect.y)++":"++str(rect.width) ++"x"++str(rect .height);;
:a (((((b .x => Int) ~ (c .y -> Int)) ~ (d .width -> Int)) ~ (e .height -> Int)) -> f Str)

$ let poly = \rect.
"rect=" ++ rect2str rect ++ ", area=" ++ str (area rect);;
ca ((((((b .x => Int) ~ (c .y -> Int)) ~ (d .width -> Int)) ~ (e .height -> Int))
~ (f .width -> Int) " (g .height -> Int))
-> h Str)

The area function uses the given record at a type exposing only the width and height fields. The
rect2str function uses the given record at a type exposing all four fields. Finally, the poly function
takes a rectangle and uses it with both of the other functions. Its parameter type is an intersection
type showing that the parameter is used once for all 4 fields (Line 8), and then used a again just for its
width and height fields (Line 9). The application of this function to our polymorphic rectangle record

succeeds with the following result:

$ poly {x=2, y=2, width=3, height=5, {}};;
: a Str

--- reduction steps omitted ---

> "rect=2,2:3x5, area=15"

5.4.2 Object-Orientation

This section demonstrates our type inference algorithm on all of the object-oriented examples from

Chapter 1, Section 1.1.1. These examples are supported by encoding the various object-oriented fea-
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tures, such as objects, classes, inheritance, method overriding and dynamic dispatch, into more primitive
features, such as variables, functions and records.

There are two main approaches to encoding objects using record-like structures, and they differ
primarily in their treatment of the special variable “this” by which objects can refer to themselves.
Wand’s approach [64] follows the recursive record semantics pioneered by Cardelli [11] and uses a fixed-
point operator to recursively bind references to this within a record to the record itself. The other
approach is the self-application semantics [32] where each method takes this as a parameter, and where
invoking a method involves applying the method stored in a record to the record itself.

Operationally, the self-application semantics is simpler to implement since it does not require any
special primitive to support recursion. However, from a typing perspective, the recursive record seman-
tics is superior because it does not need a this parameter on each method, and this allows expected
subtype relations to hold. For example, we shall see later that if a this parameter is exposed on all
methods, then the type of PositionedRectangle objects can no longer be considered a subtype of the
type of Rectangle objects.

Since we are in a calculus without a fixed-point operator, we adopt the self-application semantics.
It is possible to use this semantics because evcr has no difficulty inferring typings for programs that
involve self-application. This is in contrast to Hindley/Milner-based type inference which supports
self-application only in limited situations where context information is available. Because the self-
application semantics exposes the this parameter on all methods, only the non-subtyping examples
can be typed. However, to handle the subtyping example, we use a variation on the self-application
semantics in which wrapper objects are used to “hide” the this parameter. While not as elegant
as the recursive record semantics, wrapper objects at least allow us to demonstrate that our system
of expansion variables and extensible records produces expected results when the this parameter is
hidden, and that it should therefore also produce expected results if the system were extended with a
fixed-point operator to support the recursive record semantics.

First, the non-subtyping examples are demonstrated using the self-application semantics, and then

the subtyping example is demonstrated using a variation of this semantics.
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Self-Application Semantics

In the self-application semantics, an object is an extensible record containing both data fields and
methods. A method is a function whose first parameter must be this. A class is simply a function
that takes initial field values as parameters and returns an object based on those initial field values.

For example, the Rectangle class is defined as follows:

1 |$ let Rectangle = \w.\h. {

2 width = w,

3 height = h,

4 area = \this. {

5 this.width * this.height
6 }’

7 toString = \this. {

8 str(this.width) ++ "x" ++ str(this.height)
0 },

10 {3

11 };5s

The inferred type shown below reflects that the Rectangle class is a function taking the two field
values as parameters and returning a record containing fields width and height and methods area and

toString.

ta(Mcdel[l] >b(cfghll—>
c (d (.width -> e [1)
-~ f (g (.height -> h [])
i (j (.area -> k (((1 .width -> Int) ~ (m .height -> Int)) -> n Int))
o (.toString -> p (((q .width -> Int) ~ (r .height -> Int)) -> s Str)))))))

ook W N e

According to this type, the area method requires its this parameter to have type (1 .width ->
Int) ~ (m .height -> Int). That is, it requires this to be a record containing fields width and
height. The toString method requires exactly the same of its this parameter.

A Rectangle object rect is created by applying class Rectangle to initial field values, and its

methods are invoked by passing rect itself to the this parameter:

1 $ let rect = Rectangle 10 20 in
2 let a = rect.area rect in
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let s = rect.toString rect in

"area=" ++ str a ++ ", toString=" ++ s;;
: a Str

--- reduction steps omitted ---

> "area=200, toString=10x20"

The subclass PositionedRectangle is also defined as a function taking initial field values and
returning an object. However, this object is constructed as an extension of super which is an instance

of the superclass Rectangle:

$ let PositionedRectangle = \x.\y.\w.\h.
let super = Rectangle w h;
{
X = X,
y =7,
toString = \this. {
super.toString this ++ "(" ++ str(this.x) ++ "," ++ str(this.y) ++ ")"
1,
super
35

Note that the subclass PositionedRectangle inherits fields width and height and method toString
from the superclass Rectangle. It then extends Rectangle by adding two fields x and y and overriding
method toString with a new definition. Also note that the new implementation of toString is able
to refer to and reuse the original inherited implementation of toString by invoking super.toString.

The inferred type for class PositionedRectangle shown below describes a function that takes 4
parameters, representing 4 field values, and returns a record containing fields x, y, width and height,
and methods area and toString. Note that since the toString method of PositionedRectangle
overrides the toString method of the superclass Rectangle, this method appears in the inferred type

only once:

:a(bcdefgll] >b(cdehij[l]>c(dehklmnl[] >d(ehklopgqll >
e (f (.x->g [D
~h (k (1 (m (.width -> n [])
~ o (p (.height -> q [1)
r s (.area
-> t (((u .width -> Int) ~ (v .height -> Int))
-> w Int))))
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x (.toString
-> y (((((z .width -> Int) "~ (ba .height -> Int)) ~ (bb .x -> Int)) ~ (bc .y -> Int))
-> bd Str)))

i Cy >3 DN

As before, a PositionedRectangle object r can be created by applying the class to initial field

values, and the new object r can be used by applying its methods to r itself:

let r = PositionedRectangle 1 2 3 4 in

"area=" ++ str(r.area r) ++ ", toString=" ++ r.toString r;;
:a Str

--- reduction steps omitted ---

> "area=12, toString=3x4(1,2)"

The self-application semantics is limited when it comes to subtyping due to the exposed this
parameter. Ideally, a PositionedRectangle object should be coercible to have the same type as a
Rectangle, but because of the exposed this parameter, it is not. To understand why, consider the

following function which finds the larger of two rectangles:

$ let larger = \ri1.\r2. {
if (rl.area rl > r2.area r2) ri
else r2

};

Since it is not known during static analysis whether this function will return r1 or r2, the function

will effectively coerce the given r1 and r2 to have the same type by unifying the two types:

let rl = Rectangle 2 2;

let r2 = PositionedRectangle 1 2 10 20;
let bigRect = larger rl r2;

bigRect;;

:abc (d (e f (.width -> g Int)
" h (i j k (.height -> 1 Int)
“"mnopgq (.area -> r (((s .width -> Int) ~ (t .height -> Int)) -> u Int))))
~ v xyz (.toString -> w))

The type of bigRect, which is the unification of the types of r1 and r2, is satisfactory with respect

to the members width, height and area, but the toString method is typed as w making it unusable:
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bigRect.toString bigRect;;

: No typings found

The reason that toString has type w after unification is that the type of r1’s toString method and
r2’s toString method are are incompatible and not unifiable: r2.toString requires its this parameter
to have x and y fields, while r1.toString does not and cannot have this requirement due to the linear
typing model.

This problem can be solved by hiding the this parameter, which will be done in the following

section.

Hiding the “this” Parameter

In this section, we show how to create a wrapper around objects encoded in the self-application semantics
that hides the this parameter, achieving similar typing benefits to the recursive record semantics.
The Rectangle class is now defined in three steps. First, we define a raw class called Rectangle raw

in the normal self-application semantics:

let Rectangle_raw = \w.\h. {
width = w,
height = h,

area = \this. {
this.width * this.height
}’

toString = \this. {
str(this.width) ++ "x" ++ str(this.height)
}’

{3

Then, we define wrapper class called Rectangle wrap which wraps around an instance of Rectangle raw

called r:

let Rectangle_wrap = \r.
{



Chapter 5. System EV°': Extensible Records 193

width = r.width,

height = r.height,

area = r.area r,
toString = r.toString r,

0O

This wrapper class defines the same fields and methods as the raw class but pre-applies the this
parameter so that it is no longer exposed to users of the wrapper.
Finally, the actual Rectangle class is defined which creates a wrapped rectangle with a raw rectangle

as its argument:

let Rectangle = \w.\h.Rectangle wrap (Rectangle_raw w h);

A rectangle object created from this class now has a type that does not expose the this parameter:

Rectangle 2 3;;
:a (bc (.width -> d Int) ~ e (f (g (.area -> h Int) ~ i (.toString -> j Str))
“k 1 m (.height -> n Int)))

The subclass PositionedRectangle is defined similarly in terms of a raw class, a wrapper class and

the actual class. The raw class is defined as follows:

let PositionedRectangle_raw = \x.\y.\w.\h.
let super = Rectangle_raw w h;
{
X = X,
y=79,
toString = \this. {
super.toString this ++ "(" ++ str(this.x) ++ "," ++ str(this.y) ++ ")"
1,
super
};

The wrapper class needs its own super reference to be a wrapper rectangle rather than a raw

rectangle, and is defined as:

let PositionedRectangle_wrap = \r.
let super = Rectangle_wrap r;
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{
X = r.X%,
y=r.y,
toString = r.toString r,
super
I

Finally, the actual PositionedRectangle class is defined to create a wrapper positioned rectangle

with a raw positioned rectangle as its argument:

let PositionedRectangle = \x.\y.\w.\h.
PositionedRectangle_wrap (PositionedRectangle_raw x y w h);

By hiding the this parameter, a PositionedRectangle can now be coerced into a Rectangle and

the subtyping example works as expected:

let larger = \rl.\r2.

{

if (rl.area > r2.area) rl else r2
};
let rl = Rectangle 2 2;

let r2 = PositionedRectangle 1 2 10 20;
let bigRect = larger rl r2;
bigRect.toString;;

: a Str

> "10x20(1,2)"

While a true fixed-point operator may still be a more elegant way to express the self-referential
nature of objects, the above encoding at least demonstrates that our system of expansion variables and
extensible records produces expected results when the this parameter is hidden, and should therefore

also produce expected results if the recursive record semantics are used.

5.4.3 First-Class Polymorphism

This section demonstrates the substitution example from Chapter 1, Section 1.1.2. Because it requires
first-class polymorphism, this example is not supported by object-oriented type inference systems in
the Hindley/Milner style, such as those based on extensible records [62, 64, 28, 55, 9].

The example in the introduction was originally presented with 5 classes, however some of those

classes, specifically Substitution and Expression, served only as types and contained no actual code.



oA W N e

Chapter 5. System EV°': Extensible Records

195

In this section, those particular classes are excluded, and only the following 3 classes are needed:

Variable, IdentitySub and ExtendedSub.

Class Variable is defined by the following function:

let Variable = \name.

{
name = name,
applySubToSelf = \this.\s. {
let tail = s.tail;
if (this.name == s.x.name) s.V
else tail.apply tail this
}’
toString = \this. {
this.name
}’
{
}ss

Method applyToSelf, as originally presented in Chapter 1, took a substitution s as its only parame-

ter. When encoded using the self-application semantics, this method is augmented to take an additional

this parameter. Furthermore, when invoking method tail.apply on Line 7, the first argument passed

(i.e. to parameter “this”) must be the object on which the method is being invoked, which in this case

is the object tail, and then the normal method arguments follow after that.

Class IdentitySub is defined as follows:

let IdentitySub =
{
apply = \this.\item. {
item

}’

applySubToSelf = \this.\s. {
S

}’

toString = \this. {
n{}u
}’
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{3
};5s

Even though applySubToSelf in this case does not use its this parameter, the parameter should
still be present consistently on all methods.

Finally, class ExtendedSub is defined by the following function:

let ExtendedSub = \x.\v.\tail.
{
X = X,
v =v,
tail = tail,
apply = \this.\item. {
item.applySubToSelf item this
}7
applySubToSelf = \this.\s. {
let newV = s.apply s (this.v);
let newTail = s.apply s (this.tail);
{v=newV, tail=newTail, this}
}7
toString = \this. {
let x = this.x;
let v = this.v;
let tail = this.tail;
x.toString x ++ ":=" ++ v.toString v ++ "," ++ tail.toString tail
}7
{3
35

Note that the applySubToSelf method of the ExtendedSub class uses s.apply polymorphically:
first on Line 10 to take a variable to a variable, and then on Line 11 to take a substitution to a

substitution. The inferred type of the applySubToSelf method reflects this polymorphism:



S R

© N o oA W N e

Chapter 5. System EV°': Extensible Records 197

w (x ((y z ba ([.v,.tail]l -> bb [1) "~ (bg .tail -> bh [1)) ~ (bi .v -> bj [1))
-> x ((((bk .apply -> bl [1 -=> bh []1 -=> y z bc bd [1) ~ bl [1)
~ (bm .apply -> bn [1 -> bj [0 -> y be bf [1) ~ bn [1)
->y (be (.v ->bf [1) ~ z (ba ([.v,.tail]l -> bb [1) ~ bc (.tail -> bd [1)))))

Line 1 is the type of the this parameter, lines 2 and 3 are an intersection of the two different types
at which the substitution s is used, and line 4 is the type of the substitution that is returned where
the “row variable” ba ([.v,.tail] -> bb []) represents all of the unknown additional methods and
fields of this.

Putting this polymorphism to the test, we create two substitutions, apply one to the other, and

then produce a string representation of the result:

let a = Variable "a";

let b = Variable "b";

let ¢ = Variable "c";

let 4 = Variable "d";

let id = IdentitySub;

let s1 = ExtendedSub b a id;

let s2 = ExtendedSub a b (ExtendedSub c d id);

let s1s2 = sl.apply sl s2;

let si1Str sl.toString si;
let s2Str s2.toString s2;
let s1s28tr = sls2.toString sls2;

"sl is " ++ s1Str ++ " , s2 is " ++ s2Str ++ " , s1s2 is " ++ s1s2Str;;
: a Str

--- reduction steps omitted ---

> "s1 is b:=a,{} , s2 is a:=b,c:=d,{} , s1s2 is a:=a,c:=d,b:=a,{}"

Type inference succeeds, and evaluation produces the same answer as the original Java version of

Chapter 1.

5.4.4 Compositionality

This section presents the examples of compositional analysis from Chapter 1, Section 1.1.3. Com-
positional analysis is mot possible in type inference systems following Palsberg and Schwartzbach’s
approach [46], nor is it possible in Martin Pliimicke’s Java type inference algorithm [52, 51], since these

systems are inherently based on a whole-program analysis.
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Both of the examples presented in the introduction reference a class A which was left unspecified,

but which we now define below:

let A = {
ml = \this.\arg. {
arg
},
{3
}s;
ca(ml >bw->c @Il ->4I)

Two examples were presented in the introduction.

Example 1
let C = {
mono = \this.\b. {
let a = A;
let _ = a.ml a true;
let _ = b.m2 b 42;
O
}’
{}
}s;
:a (mono > b (w->c (((@d . m2->e[] >fInt->w ~el[l)->g O)))

In Example 1, method mono makes use of two variables. Variable a is an object defined from a
known class A. Variable b, on the other hand, is an object passed through the parameter of method
mono and as such, the class of b is not known. By deconstructing the inferred type above, the inferred

type of parameter b is found to be:

(d . m2->e[] ->fInt->w "~ e []

Rather than searching the whole program for a class name to be used as the type of b, evcr has
instead inferred a structural type. The left component of the intersection type represents the type of an

object with a single method called m2 which takes a this parameter of type e [1, and then takes an
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integer and returns a value that is not used. The right component of the intersection type says that b
must also have the same type as the this parameter of method m2 so that the self-application semantics
can work.

This example was used in the introduction to show that while a type for variable a could be easily
inferred using known context information about class A, the same cannot be said for variable b since
nothing is known of the origin of b. However, it is important to note that evcr ignores the fact that
context information is actually available about a and infers types for both variables compositionally

based only on how those variables are used within the method.

Example 2
let Foo = {
poly = \this.\b. {
let a = A;
let _ = a.ml a true;
let _ = a.ml a 42;
let _ = b.m2 b true;
let _ = b.m2 b 42;
O
}’
{3+
}s;
:a (.poly => b (w => ¢ ((
((d . m2->e[] ->FfInt-—>w ~el[])
~ (g .m2 > h [] -> 1 Bool ->w) ~ h [1)
> 3 {HON

Example 2 is a slight variation on Example 1 in which both variables a and b are used polymor-
phically. evcr succeeds to infer a structural type for parameter b based on the way in which b is used
within method poly. Lines 13 and 14 reveal the type of b as an intersection type with Line 13 revealing

m2 as a method that takes integers, and Line 14 revealing m2 as a method that takes booleans.
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Figure 5.1: Performance of opusf vs opus with extensible records

5.5 Efficiency

This section revisits the efficiency issues with opus that originally motivated the development of opusp.
In Section 3.6, we saw that the amount of branching performed by opus led the algorithm being pro-
hibitively inefficient in many of the purely functional examples tested. When considering extensible
records, the efficiency issues with opus become even more pronounced, to the extent that records with
more than 2 fields cannot in practice be analysed without some optimisations such as those applied in
opusp.

To illustrate the efficiency issues, we run our implementation on a set of extensible records of the
form (Ih, — 1,...1, = 1,{}) for n = 1..25, once using opusf and once again using opus. Figure 3.2
plots on the X-axis the number of fields in each record, and on the Y-axis the number of m steps
and oput steps needed to analyse the record using opus8 and opus respectively. The figure shows that
type inference using opus quickly becomes impractical with extensible records that have a mere 3 fields.
Based on these results, it is clear that opusf is the more viable option for demonstrating Algorithm Z
on programs with records and therefore objects.

Figure 5.2 demonstrates opusB on each of the object-oriented examples presented in this chapter,
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Example m steps
Section 5.4.2, Computing the largest rectangle (self-application semantics) | 4259
Section 5.4.2, Computing the largest rectangle (wrapped semantics) 5240
Section 5.4.3, First-class polymorphism, substitution example 9892
Section 5.4.4, Compositionality, Example 1 124
Section 5.4.4, Compositionality, Example 2 214

Figure 5.2: Performance of opusf on object-oriented examples

showing in each case the number of m steps used. The cumulative 19,729 cm steps took 18 seconds
to complete on an Intel® Core ' i5-2400 CPU @ 3.10GHz with a single-threaded implementation.

Although opusf is a significant improvement over opus in terms of efficiency, it is clearly not the
perfect unification algorithm. In addition to improving efficiency further, it would be desirable to have
an algorithm that also offers the covering unifier sets property (as in opus) and offers some guarantee
regarding termination (e.g. by limiting rank as in System I).

opusf might best be viewed as a first attempt to reduce opus’s branching of the search path based on
sound ideas from [-unification while retaining opus’s ability to handle all constraint forms. Importantly,
these efficiency improvements make it possible to demonstrate our type inference system successfully

on the object-oriented examples of interest presented in the introduction.

5.6 Summary

This chapter presented System EY®'| our final system including both extensible records and constants.
We have shown that it is possible to adapt System E’s technology of expansion variables to apply to
extensible records. To do so, we encoded extensible records as functions from labels to values, and
typed them using intersections of function types from labels to types, which has enabled us to reuse
all of the function-oriented type machinery of System E. The challenging typing issue of row variables
has been handled in System EV" through the novel use of constrained simple type variables which, in
combination with function types, intersection types and E-variables, can be used to construct types
that serve the same purpose as row variables. We showed how the object-oriented problem examples
from Chapter 1 could be encoded into our calculus and, using our implementation evcr, demonstrated

that Algorithm Z was able to automatically infer typings for all of these examples. We then revisited
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our motivation to create an optimised derivative of opus, and we presented data to illustrate how opusf

alleviates some of the significant performance deficiencies of opus in the context of extensible records.



Chapter 6

Conclusions

In this dissertation, we presented a new approach to type inference for object-orientation that addresses

two objectives important to the object-oriented programming style:

1. First-class polymorphism should be used to support objects as first-class citizens.

2. Compositional analysis should be used to support the separate development of software modules.

The fact that our approach supports both of these objectives is significant because previous type
inference approaches for objects have succeeded in satisfying only one or the other, but not both at
the same time. For example, the approach of flow analysis by Palsberg and Schwartzbach [46] and the
Java type inference algorithm by Martin Pliimicke [52, 51] support first-class polymorphism, but at the
cost of requiring a whole program analysis which prevents separate compilation. Conversely, the many
approaches derived from the Hindley/Milner type inference system such as those based on extensible
records [62, 64, 28, 55, 9] support a limited form of compositional analysis, but sacrifice the first-class
polymorphism that is necessary to treat objects properly as first-class citizens.

Our solution combined System E with extensible records in ways that are novel in both disciplines.
On the System E side, we showed that the expansion machinery of System E will work almost unmodified
on extensible records if extensible records are interpreted as functions having intersections of function
types, and record labels are treated as first-class constants that can be passed as arguments. Type

safety in the call-by-value semantics is ensured by a value restriction on the expansion typing rules.

203
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On the extensible records side, we invented a new alternative to row variables called constrained simple
type variables which are useful when extensible records are treated as functions from first-class labels to
values, and which can encode the usual notion of row variables when combined with the existing syntax
of function types, intersection types and E-variables.

Our type inference algorithm departed from the previous algorithms for System E in order to support
additional term forms beyond those of the pure A-calculus. While previous type inference algorithms for
System E are based on S-unification which assumes that all functions are A-abstractions, our type infer-
ence algorithm was designed with covering unification in mind which makes no assumptions about the
term language and thus supports extensible records posing as functions. However, covering unification
is unfortunately a much slower process than S-unification because it needs to search more constraint
reduction paths to produce a full covering set of unifiers. For this reason, we developed a hybrid unifi-
cation algorithm that, like covering unification, handles all constraint forms, but like S-unification, uses
asymmetric constraints to cut down the number of constraint reduction paths that need to be searched.
Further study will be required to discover desirable properties for such a hybrid algorithm and to design
an algorithm accordingly.

The main technical results contributed by this dissertation can be summarised as follows:

e A proof that System EY, System EY¢ and System EV' are typesafe by subject reduction (Theo-
rem 3.30) and progress (Theorem 3.31).

e A proof for each of System EY, System EV¢ and System EY" that our type inference algorithm Z
terminates, is correct and finds principal typing sets whenever the chosen unification algorithm
terminates, is correct and finds covering unifier sets respectively (Theorem 3.58, Theorem 3.59
and Theorem 3.60 respectively).

e A proof for each of System EY, System EY® and System EV' that our hybrid type unification

algorithm opusf is correct (Theorem 3.50).

In addition to these technical results, we also implemented and tested the type inference algorithm,
verifying that it succeeds in inferring types for all of the object-oriented problem examples presented
in the introduction. We compared our implementation to the System E type inference tool and found

that the former matches the latter on all but one of the 61 A-calculus examples from the System E
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Inference Report in Appendix B (failing, where it does, in a way that is expected and consistent with
the compositional approach of our algorithm). Using this implementation, we also highlighted the

efficiency problems with opus and the improvements made in opusg.

6.1 Future Work

Currently, our system supports only a core subset of object-oriented programming features. The fol-
lowing diagram shows what has been achieved to date, and in what direction future progress might be

made:

Functions Constants Records Recursion Imperatives

E/Ev > Evc > Evcr - 7 - ?

While recursive programs are possible in System E by using a Y-combinator represented in pure A-
terms, type inference must resort to non-compositional analysis to succeed on such programs. Another
issue is that current type inference algorithms for System E are restricted to the linear fragment of the
type system, meaning that it is technically not feasible for them to infer a linear typing for a recursive
function that may recurse for an unknown number of times (e.g. computing the factorial of an unknown
number read from the user), or for an infinite number of times (e.g. a server operating system that
(ideally) runs forever). These limitations might be addressed by adding a built-in Y-combinator with
its own typing rule and making use of non-linear types to account for an unknown or infinite number
of uses of a given term.

Imperative programming is also theoretically possible in System E by using monads [61] to capture
the behaviour of state in a purely functional manner. However, there are efficiency benefits to building
state-manipulating primitives directly into a language, and this will require changes to System E’s type

system.
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Apart from adding new syntactic features to System E, another area for future research is to find
further practical type system restrictions that offer decidable type inference. System I has decidable
type inference for all finite-rank restrictions, although other as yet undiscovered restrictions may be
possible. For example, papers on both of the previous type inference algorithms for System E [15, 6]
state as future work the objective to develop type inference algorithms that perform any specified
amount of evaluation (corresponding to partial evaluation of the program being analysed), followed by
traditional monovariant analysis. The problems associated with constants also need further study. For
example, the unifier of not : Bool — e Bool and Az.x : f[] — f[] results in Bool — Bool which is
unsatisfactory since the E-variable on the return type is lost (Section 4.5.1). Lastly, more work needs
to be done on unification algorithms that support type unification in the general case, and not just in
the specific case of S-unification which is hardwired to work for the pure A-calculus. Such a unification
algorithm will allow System E to be more easily extended to support the full range of term forms that

can be found in real world object-oriented programming languages such as C++ and Java.
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Appendix A

Additional Proofs

Lemma 3.14. Given any E, F and K, E (F K)=(E F) K.

Proof. The proof is by induction on the structure of E, F' and K. This is similar to the proof in [17],
except that since we do not impose equalities on types, induction is now directly possible on the structure

of K, and there is no need to define a size function and prove an induction principle.

case: F = w.
LHS =w (FK)

= w def 3.11
—wk def 3.11
= (w F) K def3.11

= RHS
case: = F; M Es.
LHS = (FE1MNE) (FK)

=E (FK)AE, (FK) def3.11

=(E1 F) KN (F2 F) K ind.hyp. (E; smaller), ind.hyp. (E2 smaller)
= (B, FAE, F) K def 3.11

= (B1MEy) F) K def 3.11

= RHS

214
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case: ' =c¢ F;.
LHS = (e Fy) (F K

)
—e (B (F K)) def3.11
)

=e ((Ey F) K) indhyp. (E; smaller)

=(e (B F)) K def3.11

=((e B1) F) K def3.11

= RHS

case: I =o0;.
case: I'=w.
LHS =o0; (wK)

=01 w def 3.11
=w def 3.11
=w K def 3.11

= (01 w) K def3.11

= RHS
case: F'=F| M F5.
LHS =01 ((Fl ﬁFQ) K)

=01 (F1 KQFQ K) def311
=01 (F1 K)mo‘l (Fg K) def 3.11

= (01 F1) KA (01 F2) K ind.hyp. (F; smaller), ind.hyp. (F, smaller)
= (o1 FiNo F») K def 3.11

= (o1 (F1NEF)) K def 3.11

= RHS

case: F'=¢ F}.

case: o1 = [1.

=) K lem 3.13
=(@ (e F1)) K lem 3.13

case: 01 = 0},e:= Ej.
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LHS = (of,e:=E1) ((e F1) K)
= (o],e:=F1) (e (F1 K)) def3.11
= By (F| K) def 3.11
=(E 1) K ind.hyp. (F; and F; smaller)
= ((o],e:=F1) (e F1)) K def 3.11
= RHS

case: 01 = 0, X1 := K; where X; #e.

LHS = (0'/1,X1 = Kl) ((6 Fl) K)
= (01, X1 := K1) (e (F1 K)) def 3.11

=01 (e (F1 K)) def 3.11

=0} ((e F1) K) def 3.11

= (o] (e F1)) K ind.hyp. (o} smaller)
= ((01,X1:=K1) (e F1)) K def 3.11

= RHS

case: F' = o5.

case: K = w.
LHS =0 (02 w)

=0 w def 3.11
=w def 3.11
= (01 o3) w def 3.11

= RHS
case: K = K; M K.
LHS =o; (0‘2 (Klng))

o1 (02 K1 Mog K3) def 3.11
=01 (02 K1) Moy (02 Ko) def 3.11
= (01 02) K1 M (01 02) K2 ind.hyp. (K3 smaller), ind.hyp. (K3 smaller)
= (01 02) (K1 N K>) def 3.11

= RHS
case: K =e K'.

case: oo = [1.
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LHS =01 (3 (e K'))
— o (e K') lem 3.13
= (o1 @) (e K') def3.11
= RHS

case: oy = 0h,e:= E).

LHS = oy ((oh,e = By) (e K'))
=0y (F1 K') def 3.11
= (01 Fy) K’ ind.hyp. (E; and K’ smaller)
= (01 oh,e: =01 F1) (e K') def 3.11
= (01 (oh,e:=Ey)) (e K')  def 3.11

case: 09 = 04, X9 := Ky, where Xo # e.
LHS = oy (0} Xa = K5) (¢ K"))
=0 (o} (e K')) def 3.11
= (01 db) (e K') ind.hyp. (o} smaller)
= (01 05, X2 : =01 K3) (e K') def 3.11
= (01 (04, X2 :=K»)) (e K')  def 3.11
= RHS
case: K = o3.
case: o3 = [1.
LHS =0 (02 @)
=01 09 def 3.11
= (01 02) @ def 3.11
= RHS

case: o3 = 04, X3 := K.
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LHS =01 (0’2 (O'é,Xg = Kg))
=01 (0'2 O'é,Xg =02 Kg) def 3.11

o1 (02 0%), Xs =01 (02 K3) def 3.11

= (01 02) 04, X3 := (01 02) K3 ind.hyp. (o4 smaller), ind.hyp. (K3 smaller)
= (01 02) (0%, X3 := K3) def 3.11

= RHS

case: 0y = b, a[L] :== T where T|L.
LHS =0y ((o,alZ) == T) o[L))
=0 T def 3.11
= (010, a[L] .= o1T) a[L] lem 5.5,conv 5.3,def 3.11
= (01 (oh,a[L] :==T)) a[L] def 3.11

case: 09 = 04, Xo := Ky where Xo # «fL].
LHS =01 ((04, X5 := K3) a[L))
=0 (dh a[L]) def 3.11
= (01 %) a[L] ind.hyp. (o} smaller)
= (01 0, X2 : =01 K2) a[L] def 3.11
= (01 (04, X2 := K3)) a[L]  def3.11

= RHS
case: K =C.
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LHS =0 (02 C)
=0, C def 3.11
=C def 3.11
= (01 09) C  def 3.11

= RHS
case: K =T — Ts.

LHS =01 (02 (Th = T3))
=01 (02 Th = 02 T) def 3.11
=01 (00 T1) = 01 (02 T2) def 3.11
= (01 02) T1 = (01 02) T»  ind.hyp. (Ty smaller), ind.hyp. (75 smaller)
= (01 02) (T} = T) def 3.11
= RHS

O
Lemma 3.16. Given any T, T' and E, if T =T, then ET =E T".

Proof. The proof is by induction on the structure of the derivation of T'= T”, and then the structure of

E. However, the cases are enumerated first by the cases of E and when F = o, by the cases of T = T".

case: F = w.

LHS =wT
=w def 3.11
=wT def3.11
= RHS

case: = FE; M Es.
LHS =(F1NEy)T

=FE1TAE,T def 3.11
=FE, T"AEy; T ind.hyp. (E; smaller), ind.hyp. (E2 smaller), def 3.7
= (El M Eg) T/ def 3.11

= RHS
case: ' =¢ Fj.
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LHS =(e Ey) T

e (B, T) def3.11

e (E1 T') ind.hyp. (E; smaller), def 3.7

= (e B)) T def3.11

= RHS
case: F = 0. We now consider the cases for the derivation of T = T".

case: (M NTe)NT3 =T1 M (Te N T3).
LHS =0 (T nTy) N T5)

= (cTh NoTs) MoTs def 3.11
=0T (cTe MoT3) def 3.7
=o (Th N (TaNT3)) def3.11

= RHS
case: T1 M T2 = T2 M Tl.
LHS =0 (T1 M Tg)

:UTlmO'TQ def 3.11
= UT2m0T1 def 3.7
=0 (Tngl) def 3.11

= RHS
case: Tnw="T.
LHS =0 (Thw)

=ol'Now  def3.11
=l Nw def 3.11
=oT def 3.7
= RHS

case: ¢ W = w.

LHS =0 (ew)
=(ce)w def3.11

=w def 3.11
=0ow def 3.11
= RHS

case: e (ThNTy)=eTiMNe Ts.



case:

case:

case:

case:

case:
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LHS =0 (e (T1M1T3))
=(oe) (ThNTy) def 3.11

(ce)ThN(oe) Ty lem 3.15
=oc(eTh)No (eTz) def3.11
=0 (eTiMNeTy) def 3.11
= RHS
Ty =T and To =T, then Ty — To =T — Ts.
LHS =0 (T = Tb)
=011 — o1y def 3.11
=oT{ - oTj ind.hyp. (T1 = Ty smaller), ind.hyp. (To = T4 smaller), def 3.7
=0 (T] = T5) def3.11
= RHS
If 7y = T/ and Ty = T}, then Ty ATy = T/ A T}
LHS =0 (T1ATy)
=ol1 Nl def 3.11
=oT{NoTy indhyp. (Th =T smaller), ind.hyp. (T» = T4 smaller), def 3.7
=0 (TVATL) def3.11
= RHS
IfTy =Ty, thene Ty = e Ty.
LHS =0 (eTy)
=(0e) Ty def3.11
=(oe) Ty indhyp. (T =T smaller), def 3.7
=0 (eT]) def3.11

= RHS
T="T.
LHS =oT
=oT def 3.11
= RHS

If 7" = T then T = T’. This can be seen by reading the proofs for the other cases in reverse.
fT=T and T/ =T", then T =T".
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LHS =oT

=0T’ indhyp. (T =T’ smaller)

=oT” indhyp. (T =T" smaller)

= RHS
O

Lemma 3.27. Given any t, T, T and T, if t : T <T and T =T', thent:T' <T.

Proof. Let D be the derivation of ¢ : T'<1T". The proof is by induction on the structure of D. The cases

proceed first by term form and then by the possible rules that may have been used to conclude T' = T".

case: tis v. Now we consider the cases for the rule used to conclude 7' = T".

case: Axiom (Th NTe) T3 =Ty M (T2 N T3).

Then D ends with

2)v:T1 <y B)v:Te<Ty

Then,

(4) v:TonNTy <o

’USTlmT2<]F1mF2

(D v:T5<T3

v:(Tlng)ﬂqu(FlmFQ)mfg

(int) with (3) and (1)

v:11 M (TQ M Tg) It/ (FQ M Fg) (int) with (2) and (4)

case: Axiom T3 NTy =Ty N Ty.

Then D ends with

Then,
USTQQT1<]FQQF1
case: Axiom T"Nw =T".

Then D ends with

Dov:T1 <y 2Qu:Te<ly
v:Ti Ty a1 AT

(int) with (2) and (1)

Dov: T4l v:waTy,
v:T"Aw<T
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Then (1) is the result.
case: Axiom e w = w.

Then D ends with

(DHv:w<aly,
view<ly,

Then, (1) is the result.
case: Axiome (T1 NTy)=eTiMNe Ts.
Then D ends with
(1)’UZT1<]F1 (2)’UZT2<]F2

U:T10T2<11"1r-11"2
vie(TiNTy) e (I ATy)

Then,
(3) wieTi<ely (evar) with (1)
(4) v:ieTy<ely (evar) with (2)

vieTiMeTy<e (1 ATy) (int) with (3) and (4)
=1 2T=Ty

case: Structural congruence rule
TN Th=T =T}
By Lemma 3.25, there are five possible cases for D.

case: D is the following application of Rule (var):

x:T1—>T2<11::<T1—>T2)

Then,
B) x:T{ =Ty<x:(T] =Ty (var)
x: T - Ty <x: (Ty — Tz) def. 3.7 with (3),(1),(2)
case: D is the following application of Rule (con):

B e hohar (4) Ty — Ts = o typeof(c)
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Then,
5) Th —>Th=T =T, Assumption
(6) T{ — T4 =0 typeof(c) def. 3.7 with (4) and (5)

c: Ty - Tl (con) with (6)
case: D ends with the following application of Rule (abs):

(3) ty : T2 <]F,.I’ : <T1>
)\:L'.tl :Tl—)T2<]F

Then,
(4) t1:Ty<l,z:{(T1) ind.hyp with (3) and (2)
(5) t1:Ty<al,z:(T]) def. 3.7 with (4)

Ax.ty T = T5 < (abs) with (5)
case: D ends with the following application of Rule (extl)

4)ty:To T
Wh: Ty 5) Ty =1
(3) l>tinv:Ty - Tyl
Then,
(6) t,:T5<l ind.hyp. with (4) and (2)
(1 1T1=1 def 3.7 with (5) and (1)

l=tinv: T > T5<T  (extl) with (6) and (7)
case: D ends with the following application of Rule (extr)

A)v:Ty > Tyl
(3)l*>t1mU3T14)T2<]F

(5) (Tl — TQ):ZZ

where
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6) Th—Te=T —>1T, Assumption

(7)) v:T{ —>Ty<T ind.hyp. with (4) and (6)
®) 3. Ti=T def 5.6 with (5)

9) Tl ’

10) T =1, (1,(8)

(11) (T} — Ty)::l def. 5.6 with (10),(9)

l—=tinv: T - T5<T (extr) with (7) and (11)

W =T () Tx=T,

case: Structural congruence rule

T1 M TQ = Tl/ M TQ/
Then D ends with the following application of Rule (int)

(3)’UZT1<]F1 (4)’UZT2<]F2
U:T10T2<11"101"2

Then,
(5) wv:Ty<ly ind.hyp. with (3) and (1)
(6) v:Ty<aly ind.hyp. with (4) and (2)

v:TyNTy<aT1 ATy (int) with (5) and (6)

) Ty=1]
case: Structural congruence rule ——
ey =eT]

Then D ends with the following application of Rule (evar)

2v:Ty <y
viely el
Then,
3) v:Ty<ly ind.hyp. with (2) and (1)

v:eT]<tely (evar) with (3)
case: Equivalence rule T'=T.

Done.
=T
case: Equivalence rule
T=T
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For the symmetric rules that have the same meaning when reflected from left to right, these
cases have already been proved. For the non-symmetric rules, we have the following cases:
case: T' N (Te N T3) = (Th N Tz) A Ts.
Similar to the reverse case.

case: T =T Nw.
(1) v:T<al Assumption

(2) v:iw<Ty, (omega)

v:TAw<T  (int) with (1) and (2)
case: w = e w.

Then D ends with the following application of Rule (omega)

Dov:waly,

Then,
view<Dy, (evar) with (1)
case: e T1NeTy=e (Th N Th).
Then D ends with
Dov:Ty <y 2v:Ta<ly

vieli <el'y wv:els el
vieTinNelydel'1ne 'y

Then,
B) v:TinTy<T1 AT, (int) with (1) and (2)
vie(MNTy)<el1Mely (evar) with (3)

T=T17" T'=T'

case:
T=T
This case follows automatically from the transitivity of = in the statement of the lemma.

case: tis t] to.

Then D ends with
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Then,
3) T=1
4 TL—=T=T 1T
B5) tt:Th—=T <Ty
1t T <l ATy

(1)t12T1—>T<]F1 (2)f2:T1<]F2

t1ta: T <1 ATy (app)

Assumption

def. 3.7 with (3)

ind.hyp. with (1) and (4)
(app) with (5) and (2)
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Examples from the System E

Inference Report

This appendix show the output of evcr on all of the 61 example terms from the System E Inference

Report.

Term O1
X

call <l x:all

Term 02
\x.x

a0 ->b D

Term 03
Xy
tal<ly:vp0d, x:b[1->all

Term 04
X X

rall<lx: ®O->all) "bll

Term 05
fxy
ral<lf:p0->cl->all, y:cl, x:bll

Term 06
(\x.x) y
rall<ly:all

228



Appendix B. Examples from the System E Inference Report 229

Term 07

N\x.x x) y
ral<ly: ®0O-—>al)~"bll

Term 08

(\h->(\x->h (x x)) (\x->h (x x))) (\f->\n->n (\v->\x->\y->y) (\x->\y->x) (\f->\zx->f x)
Ag>\z->n (f (n (\p—>\s->s (p (\x->\y->y)) (\f->\x—>f (p (\x->\y->y) f x)))
(s->s (\f->\x—>x) (\f->\x->x)) (\x->\y->x)) g) x)) (\f->\x->f (f %))

: Fails to terminate

Term 09
A\z.\x.x x) z (\y.y)
a0 ->b D

Term 10
Az \x.x x) vy (\z.2)
a0 ->b D

Term 11

(\two.\k.two two two k) (\f.\x.f (f x)) (\v.\w.v)

ca(cdefghijklmnopqr [l ->b@WW->c @W->4dwW-=->e Ww->1%f(w->
gw->hWwW->i@W-=>jwW->kW->1W-=->mW->n@W-=>0(W-=>p (w->

q Gw->1 [1))))))))))))))))

Term 12
(\two.\k.two two k) (\f.\x.f (f x)) (\v.\w.v)
ta(cdef[I]>bW->cw->dW-=->e (w->1%fT[1)N)

Term 13
A\f.\x.f (f x)) (\f.\x.f (£ x)) (\v.\w.v)
caMcdef[] >bW-=>cw->4dW->e w->1fI[1))))

Term 14
Az \x.x x) (\y.y)
ta ([ >cl) bl ->clh

Term 15
A\z.\x.x) (\z.z2)
a0 ->1v 1)

Term 16
(\z.\x.x) z
a0 ->b

Term 17
(\y.(\x.w (xy) z) a) b
call<lw:cll>ada0->al, b:b[l, a:b0->cl, z:4I

Term 18
Ay \x.x) (\y.y)
a0 ->b
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Term 19
A\y.\x.x) z
a0 ->b

Term 20
N\z.xxxxxxxxxxx) (\y.y)

a0 ->b D

Term 21

N\x.xxxxxxx3x) (\y.y)
a0 ->b D

Term 22

\x.xxxxxx3x) O\y.7)
a0 ->1v 1)

Term 23

(\x.x x x x x x) (\y.y)
a0 ->1v 1)

Term 24
O\x.x x x x xx) (\y.y)
call <l xx:al

Term 25

(\x.x x x x x) (\y.y)
a0 ->bD

Term 26

(\x.z (x (\f\u.f W) & (\v.\g.g ) \y.yyy

tal<lz:b(c@>ell)>c@0->el) >f gtil->
h((@E0O->5300)0->3100)N->kI[1)->%kI[)->all

Term 27

ONx.x x) O\y.y zy)

tall<lz: (MO >cll] >d(ell->f0—>gll"£fI[1-—>glD
>all) “~cll) "bll ~dell

Term 28
(\x->x x) (\x->x x)
: Fails to terminate

Term 29
N\x.x w) (\y.y z y)
tall<lw: M®O->cd->all~cl, z:b(]

Term 30
(\x.x I) (\y.Ad)
rall<la:all

Term 31

A\zx.w x) (\y.y z y)
tall<lw:b(((cll->dll->ell)"~dall)>ell)->all, z:bcll
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Term 32
Ax\y.y) z
ca®->b [

Term 33
(\x.\y.x) (\y.y y)
taw->b (((c[1T->4daTl])"cll->4dIlN

Term 34
(\x.\w.x) ¥y
ca(w->b[[)<ly:abl(]

Term 35
N\x.x) (£ y)
cal<lf:p0->all, y:bl

Term 36
A\x.x) O\y.y ¥)
ta (O ->cll) "bll)->clD

Term 37
A\x.x) \y.y)
ta (M [ ->b[D

Term 38
Aw.\x.(\z.x) w) y
a0 ->b D

Term 39
(\w.\x.x) ¥y
a0 ->b D

Term 40
Ax.x) (\x.x) (\x.x) (\x.x) (\x.x) Q\y.y y)
ta ([ >cl) bl ->clh

Term 41

Ay \x.x (f xx)) xy) Qy.y ¥ (\x.x)

tall<lf:b(cll>cll])>dll->ell)>f W(gl->nTIl
“g ) >hnI[) —>all

Term 42
Ay—>\x->x (£ (x ©)) x y) (\x->x) (\y->y y)
: Fails to terminate

Term 43
Ay \x.x (£ (xx)) » O\y.y v (\x.x)
tal<lf:b->cl])>dCll->el) —>all

Term 44
\x.x) y z
tall<lz:bl, y:b[l->all
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Term 45

(\x.x x x x) (\y.y)
a0 ->b

Term 46

Azx.x x x) (\y.y)
a0 ->b0D

Term 47

(\x.x x a) (\y.y)
tall<la:all

Term 48

(\x.a x x) ((\y.b (c y)) (d e))

call<ld:f[0->ell, e:f[0, b:dll->0®II"~clI,
c:el[l >dll, a:b[1->cll->al

Term 49
A\x.x (x y)) ((\z.2) (\x.a x))
call<la: ®IO->all) " (l->bIl, y:cl

Term 50
N\x.x y) z
call<lz:b[d->alfll, y:bll

Term 51
(\x.x x) z

call<lz:®O->al) "bl

Term 52
\x.f x) y
call<lf:bp[0->alfll, y:bll

Term 53
\x.x) y
call<ly:al

Term 54
(\f.\x.f (f x)) (\x.x)
a0 ->b

Term 55
A\f\x.f (£ ) (\g-\y.g (g y)

ta M (el >dll) " (ll->cl))~END->el " (gl ->=£I[))

-> b (g [1->d [1))

Term 56
Af.\x.f (f ®)) (\g.\x.g (g x))

ta (el >d) "~ C->cl)) " EDND->el"(D->£fI0ON

-> b (g [1->d [1))
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Term 57
f (g (h %))
tall<lf:b00->all, g:cll->bI[, h:dll->cll, x:4I1

Term 58

(\x.x x) _if _false (\x.x) (\f.\x.f (f %))

ral<l if : (el >bp[d->d([l>ell) >f (g d-—>1ill)
~@GO->nM0))>gGI0D->1ill)) >all) " cll, _false : b []

Term 59
_if _true (\x.x) (\w.y)
tall <l Jif : b [l >c (@I ->dIl]) >e w->£fTI[])->all, _true : b[], y:ef []

Term 60

(\x.x x) (_if _false (\x.x) (\f.\x.f (f x)))

call<l if :b[1 >c@I[1->d[]) >e¢f (glD->nl)"~GE0O->gllN
> f @ [[OD->hD) > 0->all)"j0), _false : b []

Term 61
Ax.x x) O\y.y)
a0 ->b D
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The opus Unification Algorithm

This appendix provides a formal definition of the opus algorithm [7] which succeeds in finding a covering

unifier set for any constraint that has a solution. This presentation of opus will use the notation below:

e X;:=Kq,...X, = K, abbreviates [0, X; := K1,...X,, := K,,.

e ¢/o abbreviates e := e o and applies substitution o under namespace e.

e ¢ abbreviates a sequence of E-variables e; es ... e,.

e &/o abbreviates e1/ ... /e, /o and applies substitution o under namespace €.
e Metavariable X ranges over sets of substitutions.

e Metavariable 7 ranges over typings.

Figure C.1 presents the complete opus algorithm. Note that opus is defined in such a way that no
equalities are assumed to have been imposed on types. So, for example, T is not equal to T'Mw. When
it is beneficial for this particular equality to hold, an explicit equivalence relation u is used instead,
although it only takes the place of the M-unit equality rule (and its reflection) and not any of the other
equality rules.

A covering unifier set is computed by taking all possible reduction paths under = from a given A

to solved constraint sets. That is, a covering unifier set for A is the set {o | A % A’ solved(A”)}. A

constraint reduction A L:U> A’ happens through a series of reduction steps of the form A % As. In

234



Appendix C. The opus Unification Algorithm 235

Preliminary definitions
e A constraint 0 is an unordered pair of types written S = T, where solved(S =T) if S=T.
o A constraint set A is a set of constraints, where solved(A) iff V§ € A. solved(6).
e An expansion join E1 U Fo is defined by:
wlHw=w
(E1MF) U (B2 M EFy) = (E1U ER) A (Fy U E)
eEUeF=e(EUF)
o1 Uog =0 if for all X, 0X is defined by one of the following cases:
o1(X) if —supported(o2, X) or 01(X) = 02(X)
o X =4 02(X) if —supported(o1, X)
o1(e)Uoz(e) if supported(ot,e),supported(oz,e) and X = e
where: supported(o,e) iff 0 e # e @ and supported(o, a) iff o a # «

e The expansion restriction E|r results in E' if ' T=E T, and VF. F T=E T = HG F=E'ULG.

o is the equivalence relation formed by taking the compatible closure of TAw =" T and w A T Sy
un unit
e SMAT indicates the intersection type S M T when S ;,‘é wand T # w.
Constraint factorisation
A rfactor U{A/ | 6 €A, 0 rfactor A/}
6 rfactor A if § ugt e (51QT1 =5nM Tz) and {€ (S1 SQ) ( Tz)} rfactor A
rfactor A if§ = e g (Sl—>T1 = SQ—>T2) and {5 (Sl = Sz) ( Tz)} rfactor A
rfactor {(5} if § # S1—=T1 = Se—T and § # S1QT1 = S2ATs
Constraint part unification (where oa freshly renames the variables in A)
a=T &y {0|o=(a:=T),0a=0T} (C T-unify)
eT=Ti—Ty opisy {(e:=o0a)} (C EA-unify)
eT=w opisy {(e:=0a),(e:=w)} (C EO-unify)
eT=TiNTy opitn {(e:=0ca),(e:=e1 ONMNe2l) | e1,e2 fresh} (C ElI-unify)
eTy =eT> opusp {(e = 6(6101 M...M €n0'n)) | €1...en fresh (Tl—Tg) opusa 2 U {O'i}?:l} (C E—unify)
e1 Th =ex Ta  opusp {(61 = e5 (EL e3[4 mER|T1) e = e5 (EL|T2 M Er 64E|)) (C EE—unify)
| €3, e, es5,€er . ..eﬁ,ef‘ . eq fresh, e1 # ea,
e3s T =15 opus A ZlU{U,’L}f 15 EL:erfm 65057
T =eq T opuSa ZQU{U, }Z 15 ERZEFUF eq O'q}

Constraint reduction
A ::> Ao if A rfactor g A1 and 6 € A1 and not solved (5) and § op—ugA o and oA rfactorg Ao
A=A

Al%AgifAl%AQ andAQZ:jAg

Figure C.1: The opus algorithm
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each step, the constraint set is factored with rfac—t())r, one step of unification is performed with opus, and
the constraint set is once again factored.

The relation rfactor is non-deterministic. This non-determinism is introduced through the use of
the it relation and its purpose is to handle the unification of an intersection type with a type that
cannot become an intersection type via substitution (i.e. a simple type or w). For example, given the
constraint S MT = U; — Us, there are potentially two alternative ways for it to be solved. One way is
to interpret the constraint as ST = (U; — Us) Mw and the other way is to interpret the constraint
as SNT =wn (U — Us).

—

The relation opus is then used to perform a single step of unification. Each rule operates only on the

outer variables of the types being unified, and in many cases, parallel reduction paths are generated:

e (C T-unify) unifies a type variable with a type and performs an occurs check. This rule also
applies when the type variable is on the right since opus interprets constraints as unordered pairs.

e (C EA-unify) eliminates E-variable e, using a renaming to avoid E-variable capture.

e (C EO-unify) introduces two possible paths for unification. One is to eliminate e using a renaming
to avoid E-variable capture, and the other is to simply substitute the w expansion for e.

e (C EI-unify) introduces two possible paths. One is again the elimination of e, and the other is to
substitute an intersection expansion for e to make the left side the same shape as the right side.

e (C E-unify) substitutes for e an intersection of unifiers for the inner constraint Ty = T», with each
component wrapped in a distinct E-variable so that they can be individually selected.

e (C EE-unify) covers all possibilities for two expansion applications with different E-variables by
inductively applying opus’ to the constraints e3 Ty = T» and T} = e4 To. All of the results are

wrapped in distinct E-variables so that they can be individually selected.

C.1 Adapting opus to System EV"

The opus algorithm is easily adapted to System EY'. First, the new syntactic categories must be

included in the type language:
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S,T,Ux=... |C|« simple types

With the introduction of constrained simple type variables, the regular type variables can be removed
and substitutions should follow Convention 5.3. The new types can be handled by updating just two

rules of opus:

olL] =T &pta f{hunify(a[L] =T)} (C T-unify)
eT=T opsp {(e:=o0a)} (C EA-unify)

The first rule invokes hunify which was established by Lemma 5.13 to find principal unifiers. As
such, it is expected that opus should continue to find covering unifier sets with the amendment to this
rule.

The second rule generalises the original (C EA-unify) rule to support not only function types, but
all simple types (including type constants and constrained simple type variables). The proof that
Rule (C EA-unify) leads to a covering unifier set is given in case 3 of Lemma 2 in the opus paper [7].

The logic of this proof continues to hold if “simple types” are mentioned in place of “function types”.
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