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Chapter 1

Introduction

1.1 Motivation and Goals

For many years, type-safety has been considered an esszoparty of a language. Type-safety was an
important goal for the designers of the Java language antkeisfits primary selling points. Generally, Java
programmers can expect to find many of their bugs revealegpasetrrors at compile time; in contrast, C
programmers experience such bugs as inexplicable betavioashes at runtime. Java is also considered to
be far more secure because of its type-safety. Even thaliné@rsion of Java was quite complicated, and no
formal proof was given for its type-safety. Proofs of Jaugjse-safety were subsequently developed using
a variety of techniques [1,3,11,12,17,25,31, 32], and ¥amaw generally considered to have been proven
type-safe.

Around any reasonably popular language there will arisegelpopulation of variants. These variants may
arise to address limitations in the original language’'sreggiveness or to redress flaws in its design. Java
is an outstanding example. There were many contenders fersgon of generics for Java; a version based
on GJ [15] has now been incorporated into Java 1.5 (Tigel) [ABthe time that GJ was designed, it was
not demonstrated to be type-safe. A proof of the type-saie¢J followed only subsequently, and, in fact,
work on the proof exposed at least one bug in the originaigtlesf GJ [18].

Although type-safety is a desirable property of a languagssiderations of type-safety continue to be
of secondary importance. One reason is historical; thegdess of FORTRAN and others of the earlier
high level language were more interested in abstractindpdisec operations of the underlying machine for
the convenience of the programmer than type-safety. Amnasheultural; the benefits of type-safety are
not well understood outside the programming languages aorityn Proofs of type-safety areficult to
understand and construct and real languages are compemakes proving type-safety for a real language
a considerable undertaking.

Gallimaufry [22] is a new kind of framework for experimerginvith language extensions. The novel as-
pect of this framework is the support that it provides forvyimg type-soundness of language extensions.
The proof is based on a translational semantics developeatetiail by Kim Bruce in "Foundations of

Object-oriented Languages: Types and Semantics” [5]. Emeastics defines a translation from a sim-



ple object-oriented languag80OOL, to a variant of the lambda calculus which is itself typershuA user
can experiment with language extensions by defining additisyntax and translation rules and can rely on
Gallimaufry to verify the type-soundness of the modifiecglaage.

A dictionary gives the meaning of gallimaufry variously as

1. A hash of various kinds of meat, a ragout.

2. Any absurd medley; a hodgepodge.

It is derived from the Frenchallimafréemeaning sauce or ragout. Many feel that certain programming
languages have become a gallimaufry in the sense of thedéedinition and have echoed the protest made
by the poet Edmund Spenser in the 16th century:

So now they have made our English tongue a gallimaufry, ogépddge of all other
speeches.

Extending a language with some part of another language eaachieved successfully, but when done
injudiciously may lead to awkward retroactive patches amdréaching dficulties as illustrated by the
following example.

1.2 Example: Covariant Subtyping of Arrays in Java

Java allows covariant subtyping of arrays. This means thgilsia subtype of B, the Java compiler can infer
that A[] is a subtype of B[] and consequently allow assignhwéra B[] array to an A[] array reference. This
particular subtyping rule is expressed formally in thedwaling fashion.

A<:B
Al <: B[]

Figure 1.1 shows an unfortunate consequence of this rule.dféct of the first two lines is to make two
aliasessa andoato asingleString array. At the third line, ainteger object is substituted for thetring
object atindex 0 of the array. And at the fourth line, the mditharAt ) is invoked on the element at index
0, which is now arinteger object. Unfortunately, the methacharAt (), although defined fo8tring
objects, is not defined famteger objects. This code passes the Java type checker but isychedrbafe.

In early versions of Java, execution of the code did not hatil somewhat after line 3. Later, this was
recognized as unacceptable and a dynamic type check wad atldach store to an array. In the current

version of Java, execution halts at line 3 withfarayStoreException.

The root of the problem is the covariant subtyping of arrapgctv allows the assignment at line 2 to occur.
The purpose of Gallimaufry is to alert users to the parts ofpe tsystem which make a programming
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1) String[] sa = new String[]"zero";
2) Object[] oa = sa;

3) o0al[0] = new Integer(0);

4) sa[0].charAt(0);

Figure 1.1: Example: Covariant Subtyping of Arrays in Java

language unsound. In this case, Gallimaufry would autarallyi identify that the covariant subtyping rule
made Java unsafe.

Covariant subtyping of arrays in Java continues to be a aimmr as enhancements to the language are
developed. It has greatly muddled implementation of Javae@es because of the interaction of type
erasure and runtime checking. It has forced the languaggrées to treat arrays and classes defined using
generics very dierently, even though superficially they may appear quitelairand as if they should be
used in consistent ways. It is not clear whether the dessgnfelava were unaware that covariant subtyping
for arrays made the language unsafe or whether they disswtime importance of this problem. In any case,
in hindsight, it is clear that any benefit gained from the @ase in expressiveness from covariant subtyping
of arrays is far outweighed by the cost in complexity of theaJaenerics enhancement and the necessity of
executing a runtime check when an element is inserted intorasy.

1.3 Definitions

We give a few brief definitions of terms, following Cardelh [8]. A trappederror is an error which
causes execution of the program to stop immediately. A gaachple of such an error is dividing by zero
or anArrayOutOfBoundsException in Java. Anuntrappederror is an error which allows execution to
continue. C programmers are familiar with this kind of ertbgenerally results in a core dump, but often at
an instruction far removed from the original cause of thereih safelanguage is a language which allows
no untrappederrors.

Forbidden errors should include alintrappederrors as well as a selection tthppederrors. What is
considered a forbidden error may vary from language to laggiwWell behavegrograms are programs that
have no forbidden errors. strongly checkethnguage allows no forbidden errors. Strong checking iespli
safety. Aweaklychecked language is one in which some unsafe programs aweedlli.e., forbidden errors
do not include all untrapped errors.

Typesare used to designate the set of possible values a variableotain. Atypecheckers used to check
the types of a program. #vell typedprogram is one that passes the typechecker. A programmiggaae
is type soundf every well-typed program, i.e., every program that padbe typechecker, is well-behaved,
i.e., allows no forbidden errors

Reconsider the example in Figure 1.1. One can deduce tHgt\weasions of Java were not safe, since
insertion of anlnteger into aString array wasuntrapped Adding the dynamic check that occurs at line
3 removes this cause of unsafety, since this error is mapped However, the current version of Java is
still not type sound since the assignment at line 2, whictessitates the dynamic check at line 3 is still
permitted.
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Figure 1.2: The translator transforms$S@0.L program to a lambda calculus program.

The standard example of a type sound language is ML. Languige are safe are Java and Lisp. Lisp
is entirely dynamically checked, while Java achieves gafabugh a combination of static and dynamic
checks. C is not safe.

Gallimaufry checks type soundness of a language. This nsigdatn to prevent its use with languages that
incorporate some dynamic checks to insure safety, butshaitithe case. One way that Gallimaufry can be
used with languages that have a dynamic type-safety comp@ restrict Gallimaufry to checking only
the parts of the language that are intended to be type soummhér possibility is to modify a programming
language so that expressions that are dynamically typekeldeare transformed to expressions that can
be statically type-checked. For example, cast expressighieh might fail at runtime, can be made into
guarded cast expressions, where the guard guaranteekdlwatst will never fail at runtime.

1.4 Overview of Gallimaufry

The core of Gallimaufry is a translator fro8O0L(the simple object-oriented language of [5]) to a variant
of the lambda calculus. The translator is written in O’Cawile have chosen as a target for the translation a
variant of the lambda calculus described by Pierce in [28]ich an interpreter has been developed [27].
Thus Gallimaufry provides a “reality check”; a program tett in the extended language can be translated
to a lambda calculus and executed using an existing interpieigure 1.2 depicts the translator.

A proof of type soundness is constructed using the Coq ausmh@aoof assistant [10]. Coq proof obliga-
tions are generated by hand from the descriptions in [5]. €agtures are generated from the code of the
translator. The whole is then used by Coq to generate thd.dfaure 1.3 depicts the prover. The translator
on the far left is retained from Figure 1.2; the code of thagtator is transformed into Coq structures. Note
the Coq tactics that are also generated by hand. These dsetdithhe Coq proof assistant that guide it in
constructing the proof of type-safety.
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Figure 1.3: The prover generates a proof of type-safetyhieSOO L language.

A user of Gallimaufry specifies a language extension by $gagi additional syntax and translation rules.
The user specifications are encoded in the source code oatisdtor. Gallimaufry responds by generating
a new proof of type soundness for the enhanced language erajigry an error message. In order to
generate the new proof, Gallimaufry must regenerate thesttaqtures derived from the translator and, in
general, the Coq tactics as well.

1.5 Outline

In the following chapter we discuss some of the theoretindltachnical principles underlying Gallimaufry.
The first section outlines the general requirements forldpweent of the proof. The next section discusses
the SOO.L language itself, including importantftrences between it and Java, and how typechecking is
done in the language. In the next section we discuss how &thektypechecking rules from the previous
section and express them; first in the translator (as O’Cataltges and functions) and then again in the
prover (as Cog structures). This section serves as an ezatepionstrating how the rules of t50.L
language can be transformed relatively straightforwandly Coq structures. In the next section we give
a brief discussion of the translational semantics§a1X0L. In the final section we demonstrate how we
use Coq to prove a property of the translation. We choose plifimd example: proving that subtypes are
preserved by the translation for a subset of the types ofth@.L language.

In the next chapter we summarize the contributions of Gallifry.

In the final chapter we describe a tentative schedule.



Chapter 2

Automatically Proving Type Safety Using a
Translational Semantics

2.1 Overview

Gallimaufry uses an indirect method to prove the type-gadétSOOL. The semantics afOOL is given

via a translation to a variant of the lambda calculus whiclisislf believed to be type sound. If it can
be proved that every well-typed program$®OL is translated into a well-typed program in the lambda
calculus then it can be inferred th80O L is type sound. It is not necessary to make any statements abou
the case where 800 L program does not typecheck.

Proving type soundness using a translational semanticsresgdeveloping a translation from the source
language, the language for which type soundness is to beeghrdo the target language, the language
for which type soundness is proved, and demonstrating tigatrénslation is correct, i.e., sound and well
defined. The translation is sound if the translation of evesjl-typed source language expression is well-
typed in the target language and if the translation of the typthe source expression is the type of the
translated expression. The translation is well defineckifdlexists a unique translation for every expression.

2.1.1 Preservation of Types

A correct translation requires that types be preserved.idarg 2.1 we see this property illustrated; if we
move to the right and then down, i.e., find a type for 8@0.L expression and then translate that type to
a lambda calculus type, or if we move down and then to the right translate th6€0O0L expression to a
lambda calculus expression and then find its type the ragulfipes must be identical.

Actually, the translator incorporates tl$%0_L typechecker, and 800 L expression cannot be translated
if the SOO L typechecker fails to typecheck it. Thus, in the case wherdythechecker cannot give a type
to aSOO0.L program the translator will not give a translation to $80.L expression.
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Figure 2.1: The types of expressions must be preserved hyathaation.

Preservation of Subtypes

If the source language incorporates a notion of subtyping recessary to demonstrate that subtypes are
preserved by the translation in order to demonstrate tipatstare preserved.

In Figure 2.2 we see this property illustrated; if twW8®OL types are in the subtype relation then the
translations of their types must also be in the subtypeioslailhis property involves only types and their
translations and has nothing to do with the typing of exposss

In the next section we discuss tS®0 L language in greater detail.

2.2 TheSOOL language

2.2.1 Description ofSOOL

The SOO L language, developed by Bruce in [5], is a simple class-babgstt-oriented language with first
class classesSOOL functions and references should be very familiar to anyoitle @xperience using ML.
SO0 L5 objects and classes may be less familiar; we focus on théise following discussion.

Refer to Appendix A for a complete description of the synththe language.
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Figure 2.2: Subtypes must be preserved by translation.

Types

Typesgive an abstract specification of a program’s behavior. Fyge used to specify many kinds of
program behavior, including safety properties [20] andusetjal behavior [24]. The most usual and best
established use of types is to specify the public interfa¢&snctions, records, objects, classes, and so forth.
This work deals with these types. The underlying theory chaypes is developed in [5, 8, 28] and others.

SO0 L type constants are analogous to the primitive types of MipeTigentifiers are names which can be
translated to types usinBOO LS type constraint system

Record types are not part of tl00OL language per se; however, they are the building blocks afabbj
types and class types. A record type is a set of names, whelnenaane has an associated type.

Separation of interface and implementation. In Java, classes define the implementation of an object
as well as its type. However, there is a trend among membetiseofava development community [2,
16] to separate interface from implementation. Developefne an interface, i.e., thgpe of an object,
and may develop multiple implementations of that interfadth different properties. The Java Collection
Framework, which has at least five distinct implementatiohthe List interface, is a familiar example.
This separation, which is a popular programmer idiom [14jwa, is an integral part of tl&0.L language.

A SOOL 0bjectType is analogous to a Jawaterfaceas it gives only the types of the methods of an object.
A SOOL ClassType has no analogy in Java. However, the type of a class and theofygm object created
using that class must be related as discussed in Sectigh 2.2.

this or self. SOO.L uses the wordelf in the same sense akis is used in JavaVisObjectType is
like anObjectType except that the types of instance fields as well as the typesetiods are exposed. In
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typechecking the methods of a class, the fields as well as d¢tleatts ofself may be referred to; thus it is
necessary to typsel f with VisObjectType. This is the only use ofisObjectType.

See Appendix A.1 for the complete syntax$®0 L types.

Class-based Object-oriented Languages

An object-oriented language is a language that odgscs to encapsulate data and the methods that may
operate on the data. Some languages, such+asdt Java, provide extensive support for objects but permit
programs to be written without the use of objects. A pureljecboriented language is Smalltalk [30],
where “everything is an object”.

Class-based object-oriented languagesassseswhich are templates that describe how objects are con-
structed. Popular examples of class-based object-oddatgyuages are Java and-€ Prototype-based
languages ugerototypingto generate new objects directly from old objects. One eXawifsuch a language

is the research language Self [29]; a better known examCAscript [13] which is more commonly
known as Javascript.

In most class-based languages, the type of an object, hetypes of its field and methods, cannot be
changed after it is created while in prototype-based laggsiauch changes are commonly made. The
ability to dynamically change the type of an object makesygonsiderably more complicated [33].

First Class Classes

In SOOL classes are first class. This means that they can be assmwadables and passed as arguments
to functions. In contrast, classes are not first class indaslacan be manipulated only through the reflection
mechanism.

SOO L Expressions

Every SOOL program contains a block, which consists of a (possibly gt of type declarations, a
(possibly empty) list of constant declarations, and a secpi®f statements terminated by an expression.
This final expression is the value returned by the prograne réader should not be misled into underesti-
mating the complexity of $00.L program. The list of constant declarations may containattaetibns of
classes, and classes contain declarations of functioresb@tly of every function is itself a block, so every
function may contain new type declarations and new constediarations, and so on. SOOL program
can simulate a Java package, for example, by including amigtant and type definitions. Figure 2.3 shows
an exampleSOO.L program. The example shows two type declarations, the firébdectType and the
second &1assType declaration, two constant declarations, the firslass declaration and the second a
reference to an object, and, at the end, the program body.

The program body contains three lines of code. The first liséantiates an object using tReint class



and assigns it to thet variable declared in the constant section. The second fivekes themove ()
method on the object, and the third line does nothingve () may be invoked opt becauset has type
Ref PointType which contains the methagove (). The assignment in the first line requires a formal
relationship between the type of the cl&sint, which isPtClassType, and the type obt, which is
PointType. This relationship is discussed in the next section.

See Appendix A.2 for the complete syntax$®0.L expressions.

2.2.2 TypecheckingSOO.L Programs

A type constraint systen®, which stores type definitions andype environmen, which stores the types
of expression identifiers are required to typeche&C0® L program. Type definitions are added to the type
constraint system when they are processed and type bindingspression identifiers are added to the type
environment when constant definitions are processed.

Types and constants declared within a block are not visiblsiade the block. During typechecking, the type

environment and type constraint system may expand as a lquokcessed, but will contract again when
the block is exited.

The Type Constraint System and the Type Environment

The type constraint systerg, is a mapping from type identifiers to type expressions. Tetion C(T)
returns the type expression obtained by expanding the typessiorT fully according to the mappings in
C. The function is defined recursively on the structure of fpetexpressions.

When adding a type definition to the type constraint systemgcaurs check must be used to ensure that
C(T) will always terminate, i.e., that none of the types are reiwaly defined and that type identifiers are
not shadowed by new definitions in inner blocks.

See Appendix A.3 for the complete definition.

The type environmeng, is a set of bindings between expression identifiers andéypeessions.

Typechecking Definitions

Typechecking type definitions is relatively straightfordiaAs each type declaration is processed, the cor-
responding type identifier to type expression mapping ieddd the type constraint system. If the type
constraint system’s occurs check fails then the type defindannot be typed.

On the other hand, when typechecking constant definitidrestytpe constraint system is unchanged, but

a type binding is added to the type environment when eachtamindeclaration is processed. The type
definition fails to type if the constant expression does ypetcheck or if a binding already exists for the
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Program PointExample;
type
PointType = ObjectType {|
move: Integer X Integer — Command;
getx: Void — Integer;
gety: Void — Integer
I}s
PtClassType = ClassType ( {|
x: Integer;
y: Integer
I}, Al
move: Integer X Integer — Command;
getx: Void — Integer;
gety: Void — Integer
5
const
Point: PtClassType = class ( {|
x: Integer = 0;
y: Integer = 0;
I}, Al

move: Integer X Integer — Command =

function(dx: Integer, dy:Integer):

self.x := (val self.x) + dx;
self.y := (val self.y) + dy;
return nop } ;

getx: Void — Integer = function()
return val self.x; }
gety: Void — Integer = function()

return val self.y } ;

D s
pt: Ref PointType = ref nil;

pt := new Point;
pt & move (3, 2);
return nop

Command is {

Integer is {

Integer is {

Figure 2.3: An exampl&OO.L program
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expression identifier. This second condition prevents alvady of the expression identifier by another
constant definition in an inner block.

In the preceding example (see Figure 2.3) the definitionkefypesPointType andPtClassType cause
two constraints to be added to the type constraint systerite Wie definitions of the constankeint and
pt cause two bindings to be added to the type environment.

Type Rules for Expressions and Statements

The typechecking rules #00L are examined in this section.

Most of the rules are straightforwardly defined in terms efitciomponents. Recollect that record types are
not part of theSOOL language. However, since they are used to form other typ#eilanguage a rule for
typing them is necessary.

new followed by a class expression yields an object where thestgibthe methods of the object are the same
as the types of the methods of the class, but the types of fietdaot included. This is the typechecking
rule that links the type of a class and the type of objectstedstrom the class.

Well-typed statements have tygemmand. The rules for typechecking statements are quite straighrd.
RuleProgramis simply the rule that allows one to typecheck an entire ogby typechecking its top-level
block.

See Appendix A.4 for a complete list SDO0 L type rules.

Inversion

The typing rules foiSOOL do not in themselves furnish an algorithm for typecheckird$ £ program.

In general, given a set of type rules for a language, it may dssiple to type the same expression in
two distinct ways. Consequently, by applying the type ritesne way, the typechecker may succeed in
typechecking the program, and by applying the type rulesotheer way, may reject the program as not
well typed.

We want to make the more powerful statement that if an exjgress a certain form is typable at all, then
it has a unique type. This is known as iheersionproperty for a given language and type system.

For example, for theSOOL language, we want to make the following statements abouétpesssions
false andtrue.

e If true can be typed at all, then it has typeolean.

o If false can be typed at all, then it has typeolean.

12



Or, more formally,

e If C,E + true: R,thenC,& + R = Boolean.

e If C,E + false: R, thenC,E + R = Boolean.

Forval andref expressions, which are recursively defined in terms of ghédexpressions, we would like
to be able to show that the types of the expressions haveaircéstm, recursively defined in terms of the
types of the subexpressions.

¢ If val E can be typed at all, thefhhas typeRef T andval E has typer.

e If ref E can be typed at all, thehhas typel andref E has typeRef T.
Or, more formally,

e IfC,E+valE: R, thenC,E+E: RefTandC,EFR=T.

o If C,E+refE:R, thenC,EFE: TandC,E+ R =Ref T.

The inversion lemma is sometimes known as geeerationlemma, since, given a valid typing statement
it shows how a proof of this statement could have been gertbréractically, the inversion lemma can be
transformed into a recursive algorithm for calculating tyy@e of a term, since it defines, for each syntactic
form, how to calculate its type.

Thus, if we can make statements like those above¥erysyntactic form defined in the language then we
can mechanically generate a typechecker for the language.

In the next section we discuss the Gallimaufry typechecetHe simple version of th800L language
described so far.

2.3 The Gallimaufry Typechecker for SOO.L

The following discussion illustrates how tl#0.L language and0O0L typechecking rules are incorpo-
rated into Gallimaufry. We show first how the language an@étjyecker are expressed in the translator and
then discuss the prover. To simplify the discussion the gtesruse only a fragment of tl&O0 £ language.

2.3.1 Overview

A component of the Gallimaufry translator is the typechedke SOO.L. Such a typechecker is necessary,
as the translation a$0O0.L programs is not defined unless they are well typed.

13



let rec et exp = match exp with
| Sool.ExpId(_) -> None
| Sool.ExpConstant(exp’) -> type_constexp exp’
| Sool.ExpValue(exp’) ->
(match et exp’ with
| (Some (Sool.TyReference(t’’))) -> Some(t’’)
| _ -> None
)
| Sool.ExpReference(exp’) ->
(match et exp’ with
| Some(t’) -> (Some (Sool.TyReference(t’)))
| _ -> None

Figure 2.4: Example: Typechecki®DO.L Expressions.

The translator is written in O’Caml [26], a variant of the Miniguage. The types and expressios60D.L

are defined in the natural way using algebraic types. Theasiame lemma allows us to express the type-
checking of expressions in a straightforward manner. [EiQL4 shows a portion of the typechecker imple-
mentation. The typechecker returnsaptiontype; in the case where an expression cannot be typechecked
it returns the valuéione. For theSool.ExpValue case it is necessary to check whether the type of the
subexpression Ref. This matches exactly the condition required by the typirg in the previous section.

For theSool .ExpReference case no such check is required; the subexpression is tygemthand if the
check is succesful the expression itself can be typechecked

In this example, the typechecker retuifee for the Sool . ExpId case. This is an appropriate action when
no binding for the identifier exists in the type environmeie defer discussion of the type environment and
type constraint system until after discussion of the proaerthe constraints imposed by the provéee
our treatment of these data structures in the translator.

2.3.2 Expressing the Typechecker in Coq

Expressing the algebraic datatypes used to representritectiy forms ofSOOL is extraordinarily straight-
forward. Figure 2.5 shows dnductive Definitionfor a subset ofSOOL expressions on the right and an
O’Caml algebraic datatype for the same subset. The comegmae is obvious.

Expressing the typechecker itself however presents ceradiy more dficulty. The natural way appears
to be to express the recursively defined function as afdqapint definition but such an approach results in
a number of diiculties as discussed below.

The type environment and type constraint system. As mentioned previously, the type constraint system
and type environment are augmented when the initial typaitiefis and constant definitions in a block are
processed. When typechecking expression identifiers heedpvironment must be checked for a binding
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type exp = Inductive exp : Set :=

| ExpId of string | ExpId : String.string -> exp
| ExpConstant of constexp | ExpConstant : constexp -> exp
| ExpValue of exp | ExpValue : exp -> exp
| ExpReference of exp | ExpReference : exp -> exp
I |

O’Caml algebraic datatype Coq Inductive Definition

Figure 2.5: ExampleSOOL Expressions in O’Caml and Coq

for the identifier. In the previous examples, we have alwagsiaed that the type environment was empty;
hence no expression identifier can be typed successfully.

The most obvious way of including the type environment antyonstraint system in the typechecker is
to pass them as additional parameters in the form, for ex@noplassociative lists. Th&ool.ExpId case

is changed so that the type to which the identifier is bountiéntype environment is expanded by the type
constraint system. Unfortunately, this simple approadsdmt work. The flaw in the approach results from
the definition of the type constraint systems lookup functio

C(T), i.e., lookup of types in the type constraint system, isirsiwely defined in terms of the structure Df
in all cases except wheleis a type identifier. In that case, the definition is as follows

If tis atype identifier, the@(t) = C(T)if {t = T} € C, otherwiseC(t) = t.

Coqg will not accept a Fixpoint definition unless the size & thput to the function decreases with every
recursive call. Coq requires that the parameter on whicHuhetion decreases be specified in the case
where there is more than one parameter to the function. $kisundamental restriction of Coq Fixpoints.
Unfortunately, thelookup function must decrease in not one lwb parameters, i.e, both the type being
expanded and the associative list containing the mappiogs tiype identifiers to type expressions.

To solve this dficulty, we decided on a purely functional representatiorheftype constraint system. We
define the type constraint system as a function from typegpest when a new constraint is added to the
system a new function is formed from the current functiomguiré 2.6 shows partial versions of the method
that creates the empty type constraint system, and the ahads a new binding to the type constraint
system. The definitiorreate simply creates an anonymous fixpoint structure which opsregcursively
on recursively defined types, but as the identity on typetifiers. The definitioradd takes a type constraint
system parameter and returns a new fixpoint structure whpehates recursively on all recursively defined
types but invokes the type constraint system parameteeisdtl . TyId case.

This purely functional approach is quite straightforwardd’Caml.
We express the type enviroment in this purely functional mearas well. Since the type environment is a
straightforward mapping of expression identifiers to tyfies is not strictly necessary. However, since we

intend to make the translation from O’'Caml to Coq purely sdtic we feel that a uniform approach is
desirable.
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Definition create (tt:unit) := fix 1 (ty:Sool.ty) : Sool.ty := match ty with
| Sool.TyIld _ => ty
| Sool.TyConstant _ => ty
| Sool.TyReference v => Sool.TyReference (1 v)

Definition add (tcs: Sool.ty -> Sool.ty) (idtype : Sool.idtype) (ty :Sool.ty) :=
fix tcs’ (ty’:Sool.ty) : Sool.ty := match ty’ with
| Soo0l.TyId name => match idtype with
Sool.IdType name’ => if (String.equal_bool name name’)
then tcs ty
else tcs ty’
end
| Sool.TyConstant _ => ty’
| Sool.TyReference v => Sool.TyReference(tcs’ v)

Figure 2.6: Example: Coq Purely Functional Definition 890L Type Constraint System

We have shown how we can represent the typechecker usingt@otuses. The techniques described here
can be extended to other portions of Gallimaufry.

Now we proceed to discuss the translatiorSG¥O L programs tol calculus programs.

2.4 The Translational Semantics

2.4.1 The Target Lambda Calculus

The target for the translation is the polymorphic lambdawlals with subtypingA®. [5,28]. This calculus
is very expressive. It includes

¢ the fix operator to express recursion,

e existential types and operators for information hiding,

e universal types to express quantification over types, églpeparametric polymorphism,
e subtypes,

e records, and

e references

Refer to Appendix B for the complete syntax and typecheckings of the calculus.
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2.4.2 Translation

The semantics a800L is defined by a translation #F .. Types and expressions are defined by translation
to appropriate types and expressions\&f.

Refer to Appendix C for the complete translation rules.

Translating Types

The translation of object types yields a pair correspondinthe instance variables and the method of the
object. ForVisObjectType the instance variables are exposed in the translationpigectType the
instance variables are hidden using an existentially dfieshtype.

Translating Expressions

The translation ofSOOL expressions depends on the typing of the expression as svéfleaexpression
itself. For this reason, the tyfledgemenfor an expression is used as an argument to the translatictidn,
rather than just the expression. The typechecking ruleuioctfons, for example, requires that a function
body be typechecked using a type environment that has begmemied with bindings for each of the
function parameters; consequently, the translation mdgiires that the function body be translated using
the augmented type environment.

2.5 Proving Properties of the Translation

As an example, we show how we prove that subtypes are presbgyé&anslation, or more formally: if
CrS<:TthenT¢[[Cl+ TclS] <: TclTI.

For simplicity we restrict the discussion 80L constant types, reference types, and function types.
Refer to Appendix A.4 for the complet8OOL subtyping rules and to Appendix B for the. subtyping

rules.

2.5.1 Structure of the Proof

The proof is given by induction on the size of the proof. Thsatwe assume that for all proofs of length
less tham, if C + S <: T then there is a proof th&t [[C] + T¢[[S] <: TcITI. This assumption is used
wherever the conclusion of a subtyping rule includes a qibgyassumption in the premise.
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Module Typetranslator.

Fixpoint translate (ty : Sool.ty) {struct ty} : Lambda.ty := match ty with
| Sool.TyConstant const =>
let (k, c) := Typeconstantmap.translate const in Lambda.TyConstant k c
| Sool.TyReference v => Lambda.TyReference (translate v)
| Sool.TyFunction pt rt => Lambda.TyArrow (translate pt) (translate rt)

end.

End Typetranslator.

Figure 2.7: Gallimaufry translator expressed as Coq Fixpoi

2.5.2 Coqg Structures

In order to construct the proof we need to represent the ngrestator function and the functions which
decide the subtyping relation #00.L and inAFP. using Coq structures.

The type translator function is 800.L Fixpoint declaration. See Figure 2.7 for a representatioth®
translator. Note that the translator uses a constant magidan(not shown) to translatSOOL constant
types toA". constant types.

The subtype function takes two types and returns true if tiigype relation holds, otherwise false. In Coq,
we represent this function as amductive Definition(Figure 2.8). It would be possible to represent the
subtype functions as Coq Fixpoints, but for technical reagbis technique is preferable. We are dealing
with a subset ofSOOL types and the subset off. types that the translation yields; the only applicable
rules for either language aRe flex . andFunction. .. In the figure, line (1) encodes tie flex . rule and
line (2) encodes thEunction. . rule for SOO.L and forAF.. Note that line (2) encodes tlzentravariance
rule for function parameter types and t@variancerule for function return types discussed in [8].

The subtype preservation rule is stated in Coq thus:

forall (tyl ty2 : Sool.ty),
Subtype.subtype (tyl) (ty2) ->
Lambdasubtype.subtype (Typetranslator.translate tyl) (Typetranslator.translate ty2).

We give Coq the necessary tactics (Figure 2.9) and Coq gesegroof.
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Module Subtype.

(1) | subtype_all: forall (tyl ty2: Sool.ty), tyl = ty2 -> subtype tyl ty2
(2) | subtype_TyFunction :

forall (ptl pt2 : Sool.ty) (rtl rt2 : Sool.ty),
subtype rtl rt2 ->

subtype pt2 ptl ->
subtype (Sool.TyFunction ptl rtl) (Sool.TyFunction pt2 rt2)

Inductive subtype : Sool.ty -> Sool.ty -> Prop :=

End Subtype.
Module Lambdasubtype.

Inductive subtype : Lambda.ty -> Lambda.ty -> Prop :=
(1) | subtype_all : forall (tyl ty2: Lambda.ty), tyl = ty2 -> subtype tyl ty2
(2) | subtype_TyArrow :
forall (11 12 rl1 r2 : Lambda.ty),
(subtype 12 11) ->

(subtype rl r2) ->
subtype (Lambda.TyArrow 11 rl1) (Lambda.TyArrow 12 r2)

End Lambdasubtype.

Figure 2.8:S00.L andAF. subtyping rules expressed as Coq Inductive Definitions
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Proof.

intro tyl.
intro ty2.
intro H.
induction H;

[
rewrite H; apply Lambdasubtype.subtype_all |

unfold Typetranslator.translate; apply Lambdasubtype.subtype_TyArrow
1;
auto.
Qed.

Figure 2.9: Coq tactics

2.5.3 Deriving Tactics

For the following discussion we switch to a symbolic reprgéation of the hypotheses and goals that we set
out to prove. We use the symbetsspp, and<: AP, to represent the subtype inductive definitionsS6f0.L

andAP. respectively.
We restate the goal symbolically:ityl ty2, tyl <:spor ty2 = T¢ltyl] < ‘ap. Telltyl]]

The introductory tactics, i.eintros andinduction are derived from the structure of the goal itself. Each
use of theintro tactic makes the variable introduced a hypothesis whileisameously removing it from
the goal. Specificallyry1, ty2, and our hypothesigyl <:spo,s ty2 are placed in the hypothesis section
of the proof, and the remaining goal is jU&t[ty1] < ‘AP, Telltyll.

The induction tactic allows us to split the hypothesjd < :spo,s ty2 so that we have two separate goals,
each goal corresponding to the rule for the final step in thivateon of the subtype relation for 8OO L
program. Thus, for the current example, the induction stiyes us two goals (see Figure 2.10).

Note that the induction step is quite powerful. Without anyrppting Coq yields the two powerful hypothe-
sesTclrtl] <:pp Tclrt2] and7clpt2] < iap. Tellptl] that we need to prove the second goal.

To prove the first subgoal, we simply note thatl = ty2. This allows us to rewrite the first goal as
Telityll <:ize. Tcltyll and the goal is then easily proved using Reflex. rule for AY., i.e., tyl =
ty2 = tyl <:iyp ty2.

Proving the second subgoal is moréidult. We transform the subgoal by applying the translatoction,
yielding T¢lpt1] — Tcllrtl] < iap, Telpt2] - Tclre2] for our new subgoal. We can then apply the
Function. . rule for AF ., i.e., pt2 <:'A5A ptl = rtl <:pp 12 = ptl — rtl <:yp pt2 — rt2. The
two implications of theFunction. . result in the current goal being replaced by two subgoals, fonthe
parameter type and one for the return type (see Figure 2TI#se subgoals can be proved automatically
by Cog.
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Tactics

Proof

intros

tyl <!soor ty2

Teltylll <:pe Tclty2]

induction

Reflex. subgoal

Function. . subgoal

tyl = ty2

Telityll <ine Tclty2l

rtl <:spor rt2
pt2 < :S00L ptl

Telrtl] < ‘AP
Telpt2] < ‘AP

: Telrt2]
 Tclptl]

Teclptl - rtl] < ‘AP

Teclpt2 — rt2]

tyl = ty2

Parameter Type Subgoal

Return Type Subgoal

Teltyl] < :AE: Teltyl]

rtl <:spor rt2

pt2 <Isoor ptl
Telrtl] < ‘AP, Telrt2]
Tclpt2] <:yp Tclptl]

rtl <:spor rt2

pt2 <'soor ptl
Telrtl] < ‘AP, Telrt2]
Tclpt2] <:yp Tclptl]

Telpt2] <:pp Tclptl]

Telrtl] < ‘AP, Telrt2]

auto

Qed.

Figure 2.10: Example: Proving subtypes are preserved.
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AE.
S00L ‘ = <:
= Preserved Preserved
<: ‘ Not Preserved Preserved

Figure 2.11: Table showing conditions under which Coq shpubve subtypes are or are not preserved.

Initial \ After transformation and application &feflex. rule
tyl <isoor ty2 tyl <isoor ty2
Teltyl] <:ye Tclty2] Tcltyll <:ye Tcllty2]
TclRef tyl] < AP, TclRef ty2] Ref7cltyl] = Ref7[ty2]

Figure 2.12: Third goal produced in impossible proof.

Changing Tactics

We have proved what we wanted to prove, i.e., that subtypepraserved. But what if we gave a new,
incorrect, rule for subtyping of reference types? For exampe could state thad800.L reference types are
subtypes if the types they refer to are subtypes, or, moradty:

CrS<:T
CrRefS<:RefT

Ret.

We wish to show that where the correct rule is retainedABr the proof must fail, and will do so in an
informative fashion. This situation corresponds to thaditleft quadrant of the table in Figure 2.11; the
original proof corresponds to the top left quadrant.

We introduce a new Coq rule corresponding to our revisedfanleeference typesityl ty2, tyl <:spor
ty2 = Ref tyl <:spos Ref ty2.

The induction step will now yield three subgoals; the firsb ilte same as before and the last goal corre-
sponding to our newre £ . rule (see Figure 2.12).

We may apply the translation step, just as with function sypeplacing the subgoal with the transformed
subgoal:RefT[tyl] < AP, Ref7c[ty2]. Asreferences are not functions we cannot applyFiection. .
rule. The only rule left iReflex .; we may apply it but this yields an obviously impossible sdig(see
Figure 2.12).

Note that this example is analogous to the problem involeimgariant subtyping of arrays discussed in the
introduction. Java requires that the types of array elesieaisubtypes rather than the stricter (and correct)
requirement that they be equal. Here we relaxed the reqaimefar SOO.L reference types in the same way
and our proof failed in an informative way. In a fully devedmpversion of Gallimaufry, we could use the
same technique on arrays and our proof would fail in the same w

Now consider what must happen if we move to the right in théetaip Figure 2.11, i.e., introduce an
incorrect subtyping rule fon?. that corresponds to the incorrect rule 00.L that we introduced in the

22



previous example. We would expect to be able to prove thaypab are preserved and we can.
Finally, consider the top right quadrant in the table. We \d@xpect to prove that subtypes are preserved

in this case sinc&00.L requires equality in the types referred to Biut. requires only that they are in the
subtype relation; we do so using exactly the same tacti¢swbaised to construct our original proof.
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Chapter 3

Summary

3.1 Expected Contributions

Gallimaufry is a work in progress. However, we expect tha finoject will result in the following contri-
butions.

e Most importantly, Gallimaufry is, to our knowledge, the pfdnguage extension development frame-
work with an integrated type-safety component and as suglsiignificant step forward in the area of
language design.

o We believe that the technique we are using to develop thef pfomorrectness of the translation in
Gallimaufry is novel. The first step is the development of titamslator. The translator is a work-
ing program translating programs written in an objectted language to semantically equivalent
programs written in the lambda calculus. The translatohéntitself used as model for definitions
suitable for the Coq Proof Assistant [10]. These definitiaresthe structures used by Coq in the proof.
In the first place, the generation direction is unusual [8$t the translator is built and then the proof
is derived from the source code of the translator. This isiéndpposite direction to the operation of
the Cog program extraction facility. Unlike Krakatoa [2X]JdaWhy [34], the proof is extracted di-
rectly from the program, rather than specifications of ttegymm’s behavior. Recollect that the goal
of Gallimaufry is a proof of the type-safety of a language #mat the translator translates programs
written in that language. The construction of the transl&gust a step on the way to the proof. In
contrast, the purpose of Krakatoa and Why is to add confideme® existing program. Having a
working translator for a model gives us greater confidendbernCoq definitions that we derive from
it. During development of the translator we have detectamhedrors in the syntax and typechecking
rules of SOOL as defined in [5]; this emphasizes the importance of the lamisdevelopment in
constructing a correct proof.

e We believe that Gallimaufry is the first tool to automate aogpraf type-safety using &anslational
semantics, rather than an operational semantics, a dematesemantics or an axiomatic semantics.
Translation is one of the most familiar concepts in programgntanguages; compilers translate from
a higher-level language to a lower-level language and opitiigp compilers transform code while
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maintaining semantics. We chose a translational sematicSallimaufry because we believe that
familiarity with the concept of translation will make itseusnore intuitive for the intended user who
may not have a strong background in programming languagargers. By implementing th800L
translator, and by automating the proof of type-safety iq @e hope to demonstrate the soundness of
the translational semantics developed in [5]. And by dermmatisg a technique for automating such
a proof we will have made a significant contribution to theaao&type theory.

The ultimate purpose of Gallimaufry is to allow a languagsigieer to experiment with language
features. Gallimaufry will allow the user to introduce lalage features by describing the syntax and
the translation. From these, Gallimaufry will construa thecessary additional Coq definitions and
replay the proof using pre-existing tactics and hints ad agkome that are suggested by the new
language feature. It will then either complete the proofthed the user is assured of the type safety
of the new feature, or indicate that the proof fails and whienens into trouble. Our tool is aimed at
a user who has some familiarity with type theory and the Bagicompiler design but who does not
necessarily understand the underlying logic of the proo$ighificant challenge will be to make this
tool useful to such a user. Thus another contribution of conkwwill be the techniques we develop
for extracting meaningful messages from the failure of tlumpthat will allow the user to correct the
syntax or modify the translation of the language feature.
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Chapter 4

Plan

4.1 Practical Considerations

4.1.1 Minor Requirements

During the 20082006 year a considerable portion of my time and resourcédeiiaken up in completing
my minor requirements. | began to fulfill the requirementsddviathematics minor several years ago; at
that time it seemed a reasonable choice for a student whonigrested in pursuing a career primarily in
teaching. To minor in Mathematics one must choose a spgfieltl; the one | chose was Algebra. | have
completed all the preliminary, i.e., 500 level, coursesunegl; to complete the minor | must now take the
advanced, i.e., 700 level, courses. However, now that ngareh relies so heavily on mathematical logic
some formal training in the subject is desirable. Takingdherse Math 571, Mathematical Logic, or Math
770, Foundations of Mathematics, would go some way towagdigiag this formal training. Unfortunately,
no course in logic will help me to satisfy the requirementsrfty Mathematics minor in any way. For this
reason it is my intention to reclassify my minor as a Distiéglione.

4.1.2 Support

| receive support from the university through teachingstasiships. | do not have guaranteed support, and
although it is unlikely that | will not receive assistantshifor the 2008006 school year it is still possible.
If | do receive support | will need to perform the duties reqdiof me by my assistantship.

If I do not receive support my situation will be mordfitult. Most important is the resulting loss of health
care benefits. | have multiple severe spinal injuries whajuire frequent care. It is therefore necessary
that | retain some form of health insurance. Lacking a spdusannot obtain benefits except by paying for
them out of pocket. It will be necessary for me to petition ffart-time status and to seek out some sort of
employment either so that | can get health insurance or $ ¥t be able to purchase COBRA insurance.
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4.2 Schedule

In the following schedule | have attempted to take into aotdimne spent doing classwork and performing
the duties of my assistantship.

Extraction Framework

At this point the most urgent task is to build a framework faotcemating the extraction from O’Caml code
to Coq structures. The problem is made mot@idilt because the extraction must be configurable. | have
discussed previously how some O’Caml functions may be laitetsto Coq Fixpoint definitions; others may
not be; still others may be, but may be better translateddigctive Definitions. These decisions depend not
only on the structure of the O’Caml functions, but also ondbetext in which they are used. The problem
is intricate, formal techniques to address it are not rgaadibilable, and the O’Caml data structures which
represent the abstract syntax tree of an O’Caml programyadesign undocumented [7]. Because of the
difficulty, | expect to require at least six months to build a useftractor. Thus, a preliminary working
version of the extractor should be completed in the fall e20032006 school year.

Completing the Proof

The framework described above should enable the follovasgd to proceed a good deal more rapidly than
otherwise. Currently, a proof of the correctness of thedlation exists only in partial form; partial in the
sense that the proof is not complete, and also partial inghsesthat it is only for a fragment of ti&O0.L
language. The proof must be completed and expanded to anthaedentireSOO L language. | have already
had the experience that in adding another part to the proahother fragment of th€00L language |
encounter new dliculties in extracting the O’Caml source to Coq structureisfirat, the dificulties usually
arose when O’Caml source was extracted to Coq structure€trpdid not accept as in the example where
the type constraint system’s lookup function could not beressed as a Fixpoint. More recently, however,
the Coq structures are accepted by Coq, but during develupofi¢he proof it turns out that the structures
have been chosen so as to make construction of the proof adkwahe task of completing the proof is
likely to alter the requirements for the O’'Caml to Coq extoacThus this task should proceed more or less
concurrently. | expect to resume work on the proof at the sfathe Fall 2005 semester and to complete it
near the end of the Spring 2006 semester.

The Extension Framework

Recollect that the real purpose of Gallimaufry is to allow tiser to experiment with language extensions.
Regardless of how the user interface is implemented, degighe underlying engine which must verify
properties of the new syntax, reextract Coq structuresiilceproofs, and finally yield useful feedback in
the case that the proof fails is a big task. | hope to combimepteting the proof for the entir600.L
language with developing the extension framework; perhvapsn | add the full set of statements to the
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SO0 L language | will be able to do it using a prototype extensiamework. | expect to begin developing
the extension framework toward the start of the Spring 2@dbester.

Publications

My work draws on a number of fierent ideas and techniques and does not fit easily into aglediopic
area. | presented a paper [23] at CLASE@ETAPS, the Constucbgic for Automated Software Engi-
neering Workshop, one of the satellite events of ETAPS 200@53th European Joint Conferences on Theory
and Practice of Software. However, while this work is chgamh application of constructive logic methods,
it could also be interesting to people working in the areaesfagative programming, type theory, functional
programming, and object-oriented languages. The follgveire some appropriate venues for various parts
of my work.

GPCE - Generative Programming and Component EngineeringThis conference is an appropriate venue
for discussion of the techniques of the O’Caml to Coq extmraas well as for discussion of the user
interface to Gallimaufry.

ASE - International Conference on Automated Software Engieering

ICFP — International Conference on Functional Programming This conference is an appropriate venue
for discussion of the uses of a purely functional subset @4l to act as the source for the O’Caml
to Coq extractor.

UITP — Workshop on User Interfaces for Theorem Provers This workshop is an appropriate venue for
discussion of user interaction with Gallimaufry, incluglihoth definition of language extensions and
error reporting.

TLCA — International Conference on Typed Lambda Calculi and Applications
TLDI — Workshop on Types in Language Design and Implementain

FOOL - International Workshops on Foundations of Object-Oriented Languages
ECOOP - European Conference on Object-Oriented Programmig

OOPSLA — Object-Oriented Programming, Systems, Languageand Applications
PLDI — Programming Language Design and Implementation

POPL — Symposium on Principles of Programming Languages

ESOP - European Symposium on Programming

I will submit to appropriate conferences as the progressyofasearch and the submission deadlines allow.
| intend to work on my thesis document concurrently with tlegelopment of Gallimaufry. Each step in

development of Gallimaufry will require theoretical workguide the implementation; it is best to commit
this work to the thesis document while it is still fresh in mgmory.
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Finishing Up

Gallimaufry is a novel idea and | expect that it will turn oatlie a rich source for research topics in many
areas. Some interesting directions to work on are:

1. Developing the user interface to the point that Gallimau$ useful to its eventual intended user,
i.e., someone with some knowledge of type theory but litddarstanding of proof techniques or the
workings of an automated proof assistant.

2. Demonstrating that Gallimaufry can be used to incorgoeahon-trivial extension t600.L. One
such candidate is Kim Bruce’s notion ofatching a relationship that is akin to subtyping, but less
restrictive [4, 6].

3. No lambda calculus can express security properties arhsgnization properties; however, various
type systems have been or are being developed for theserfiespend various calculi have been
developed that abstract these properties. Extendingn@alliry to such type systems and calculi is
another interesting direction for further research.

| intend to focus on the second direction. A working protetygf Gallimaufry and a single significant
extension taSOO0.L developed and verified using Gallimaufry will constitute thaterial for an impressive
doctoral thesis.
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Appendix A

SO0L

The following contains the definition of th®OO.L language as defined in [5].

A.l SOOL Types

Type expressions are built from a collection of type cortstanC. 7 C contains the type constaritateger,
Real, Boolean, Character, String, Void, andCommand.

7 I is the set of type identifiers.
L is the set of record labels.

The set,7 YPEsoor(TC, L, T I), of type expressions afOOL over 7C, 71, and L is given by the
following context-free gramma.

By conventiont € 77,Ce7C,1j e LandT,Ti € T YPEsoor(TC, L, T I).

T € Type

Cl

t]

Ty X...XTh = Tpa1 |

Ref T |

ObjectType RT |
VisObjectType(RT;,RTy) |
ClassType(RT;,RTy)

RT € RType {111: T1; ...51n: Thl}

Items generated BType are not legal types a$00.L, but are used to build its object types. Note however
thatRType andType are co-recursive.
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A.2 SOOL Expressions

SOO0L expressions are built from a collection SO0 L constantsEC. It should be noted tha®C may
include higher-order constants, i.e. functions.

L is the set of labels, used for method and instance varialohesa
&1 is the set of expression identifiers.

The set of pre-expressions 8O0L, PEXPsoor(EC, L,ET), overEC, L, ET is given by the following
context-free grammar.

By conventionsjide E7,t € 7 1,ce€ &C, lj,m € L, andT,Tj € T YPEsoor(TC, L, TI).

Prog := Programid; Blk.

Blk € Block := TDs(CDs{SreturnkE}

TDs € TDefs := €| type TDL
TDL € TDeflLst = t=T|t=T,TDL

CDs € CDefs := ¢€]|const CDL
CDL € CDeflLst = id:T=E|id:T=E; CDL

E€Exp := id|

cl
nil|
0l
nop |
val E |
ref E |
E(E1, ....En) |
function(idi: Tq, ..., idn: Tp): Tne1 is Blk|
class(Ri, Rm) |
newE |
E<m|
E1]
class inherits Emodifies1j,, ..., 1j, (Ri, Rm)
{I12:T1Ey; .. Ini T =En |}
nop |
id:=E|
if E then then{Sq1}else{Sy}|
whileEdo{S}]|
S1; S2

R € Rec
S € Stmt

Note thatBlock andExp are co-recursive, sincBinctions may contairBlks.
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A.3 SOOL Type Constraint System
A type constraint systeng; is defined as follows.

1. The empty sef), is a type constraint system.

2. If Cis atype constraint system amds a type identifier that does not appeaCior T, thenCU{t =
T } is a type constraint system.

The functionC(T) is defined as follows.

. If tis a type identifier, theg(t) = C(T)if {t = T} € C, otherwiseC(t) = t.
. If Cis a type constant, thefC) = C.

.C(T1 X ... X Th > Tny1) =C(T) X ... X C(Tn) — C(Th4 ).

. C(Ref T) = Ref C(T).

. C(ObjectType RT) = ObjectType C(RT).

. C(VisObjectType(RTj, RTy)) = VisObjectType(C(RT;), C(RTy)).

. C(ClassType(RTj, RTyy)) = ClassType(C(RT;), C(RTm)).

coO N o o A W DN P

CC({I Ly i Ty o LIn i Tolh) = {I 11 C(Ty); ... 1n 1 C(Th) I}
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A4 SOOL Type Rules

A.4.1 Type Rules for Declarations

C, & + TheflLst ¢ C/, &

TypeSec C, & + type TDefLst o C’, &

C,EF 1t=T¢C1,81 C1,E1+ TDeflst ¢ C1,E2
TypeDefLst C.EF t =T, TDefLst o Cp, &2
TypeDef C.Ert=ToCU{t=T},C ift ¢ domC)
ConstS ec C,E+ CDeflLst o, &

C,E + const CDefLst o C’, &

C,EriId: T=E©(C1,E1 C,E1+ CDeflst o C,E:
ConstDefLst C.Erid: T=E, CDefLst < C,&;
ConstDe f C,E+E T id ¢ domé&)

C,E+id: T=EoC,EU{id: T}
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A.4.2 Type Rules for Expressions

Identifier C,Eu{id: T} + id: C(T)

Constant C,&rcC

Void C,E+ (): Void

Nil C,E+nil: ObjectType M

Value C,E+E:RefT
C,ErvalE: T

Function

C,&+ function(idy: Tq, ..., idp: Tn): TpyrisBlock: Ty X ... X Ty = Tpyt
L C,EFE: Ty X ... XTh > Tp41, C,EF E1: Tq, ..., C,EF En: Ty
Application
pp C,S" E(El,, En) Tn+1
Reference CEFET
C,ErrefE:RefT
Class C,Erinst: IV, C,&E+ meth: M
C,E+ class(inst, meth): ClassType(IV, M)
where

e C' = C U {Selflype = VisObjectType( IV, M)}

o &

& U {self: SelfType, close: SelfType — ObjectTypel}

e SelfType does not occur iV or M

New C,E+E: ClassType{m: Tq, ..., my: Ty}
C,E+tnewE: ObjectType M

C,E+E: ObjectType{m: Tq, ..., my: Tp|}

Message
g C,EFE & mi: T
C,E+ E: ClassType( IVsyp Msup)
Subclass C,Erinst: IVgy C',& +meth: Mgub
C,EF class inherits Emodifies 1;,, ..., 1j, (inst, meth): ClassType( IV, M)
where

o IV = IVSup &) IVSubandM = Msup (&) Msub

e there is no overlap in the labels occurringIiVis,, andIVsyy
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the overlapping labels iMs,p andMgyy are exactlyl;,, ..., 1j,, and the type of each; in Mgypis a
subtype of the type of same labelMg,

e C' = C U {SelfType = VisObjectType( IVef, M)}

e & = & U {self:. SelfType, close: SelfType — ObjectTypelM}

SelfType does not occur ilV or M

C,E+E: VisObjectType (IVR, M)

InstVble C,E+FE1g: Tk

whereIVR = {|11: Tq, ..., 1n: Tolland 1<k <n

C,E+E: VisObjectType (IVR, M)
C.E+E&mj: U

VisObjMessage

whereM = {jmg: Uy, ..., my: Uglland 1< j <k

C,E+E: T, forl<i<n

Record
C,EF{11:T1 =Eq, ..., 1n: Tn = Enl}: {I11: T1, ..., 1n: Thl}

C,E+TDhefs 0 (C1,E C1,E+ (Defso(C1,E1 C1,E1F S: Command C1,E FE:T

Block C,E+ TDefs CDefs { SreturnkE; }: T

whereT does not contain any type identifiers definedbefs

C,E+E: C(T)

TypeAbbrev CErE T
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A.4.3 Type Rules for Statements

No Op C,& r nop : Command

C,E+ id:Ref T,
Assn C,EFE:T
C,E+ id := E : Command

C,E+ E :Boolean,
C,E+ S; : Command,

Cond C,E+ Sy . Command

C, &6+ if Ethen{S;}else{S,}: Command

C,E+ E :Boolean,
While C,E+ S . Command
C,E+whileEdo{S}:Command

C,E+ S : Command,
StmtList C,EF Sy : Command
C,EF S1; Sy Command

C,E + Block : Command

Program C,Er Programid; Block : Command
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A.4.4  Subtyping Rules

0+ C(S) <:C(T)

TypeDef. CrS<:T
Reflex. C+S<:S
CrS<:T,
Trans.. CrT<:U
CrS<:U

CrTi<:Sj, forl<i<n
Function. . CFSni1 <:Thaa

m<nandCrS<:Tiforalll<i<m

Record
: Cr{Li:Si,....10:Splb<:{11:T1, ..., Lm: Trl}
_ C + RType’ <: RType
Object.. C + ObjectType RType’ <: ObjectType RType
C,E+E:S,
S ubsumption _CrS<IT
C,EFE:T
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Appendix B

Polymorphic Lambda Calculus with
Subtyping

The following contains the definition of the polymorphic lada calculus with subtyping as given in [5].

B.1 Kinds

Kind expressions are built from, which represents the kind of all types. More complex kingslauilt up
according to the following context-free grammar.

keKind = *|k=>«

B.2 Types

Type constructor expressions are built from a collectiotypé constructor constant8C. CC contains the
type constructor constanistegerandBoolean

CI is the set of constructor identifiers.
L is the set of record labels.
The type constructor pre-expressions are given by thewallp context-free gramma.

By conventiony € CI, ¢ € CC, andl; € L.
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u,v € Constructor == V|
c|
Void |
H—v|
H1X ... X un |
M1+ ...+ fn |
{lepg; . sl s pnl |
Refu|
Command
AV |
uv |
YWVET |
AT |
V(v <:w).T|
AV < w).T

B.3 Expressions

The expressions are built from a collection of constafits, EC includes the constartix as well as the
integers and booleans.

L is the set of labels used for record names.
&7 is the set of expression identifiers.
The pre-expressions are given by the following contex¢-fyeammar.

By conventionx e E7,ce &C, lj € L.
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MePLCE == X]|
cl
<> |
AX:T).M |
MN |
<Mg,...,My> |
proji(M) |
case Mof x: TithenB ||... || X : Ththen g |
in’ (M) |
{Il1: Ti=My,..,0h: Tn=Mupl}|
M.I; |
ref M|
null |
val M |
nop|
N:=M|
if Bthen{M} else{N} |
M; N |
AVEM |
AV <:u).M|
M[x] |
packu, Myasav.T |
packu, Myasd(v¢ <: v).T |
open M asv¥, x)in N
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B.4

Kind Checking Rules

c“ ik
VK
Void ::
Command: =

Wk vk
H— Vi

TR TR

M1 X . X i i

ML %, fn %

M1+ . il

TR TR

{Ilh: g o5 It unl}

T
Refu =
K
AV k=K

uik=«
ViIK
uv K

VikK

(A )y = [v/v¥]u
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B.5 Type Checking Rules

B.5.1 Subtyping Rules

Reflex.

Transitivity. -
Identifier. .

Function. .

Product. .

Sum.

WK
Cru<:u

CrS<:T
CrT<:U
CrS<:U

CU{V'<iulrVv<ipu
CrS<:¥%

CrT'<:T
CrS ->T' <:S->T

CrSj<:Tj,forl<i<n

CHSIX...XSyX...XSpyum<:Ti1x...xTh

CrS1<:Tq,forl<i<n

CrS1+...+S3<:T1+...+Tq+ ...+ Them

C+Sj<:Tj, forl<i<n

Record .

Poly. .

BdPoly. .

Exist .

BdEXist. -

ConstructorFcns.

ConstructorApp-:

Cong..

CtH {||1 . Sl;

et Sn i hem s Snem <l Ta oo g

CrS<:T
CrVY(.S <:VWT

Cuw'<:u}+S<:T
CrY(VW <:u)S<:V(V<:uT

CrS<:T
CrAVS <: AT

Cuw'<:u}+rS<:T
Cra(v<:u)S<:A(V<:uT

Cru <:u
CrAV.Y <: AV.u

Uik =k
K
Cru <:u
Cru'u<:uv

S=%
44 T=T
CrS' <: T’

Tnl}



B.5.2 Other Rules

Identifier C,EUX: Ttrx: T
Constant Cc,&6+rc: N
Void C,E+ () : Void
Eunction C,EU{X: S}IFM: T

C,EFAX: S)M: S>T

C,EFM:S—>T

FuncApp C,EFN: S
C,EFrMN: T
Product C,EFM: T, forl<i<n

C,EF(Mq, ..., Mp): T1x...xTh

. C,EFM: Tyx...xTq .
Proj C.Er proji (M) - T, forl<i<n
C,ErM: T .
<1<
Sum CErinT (M) Trt.. 4Ty O EsI=n
CEFM: T1+...+Tq
Case C,EUlX:TlirE: U forl<i<n
C,Ercase Mof x: TithenB ||...|| X : Ththen g : U
Record C,E-FM;: T, forl<i<n
CEF{lL: Ti=Mg, ..., In: Tn=Mul}: {Il1: Te; oo ln: Tald
. C.Cr-M:{ly: Te; ...;ln: Thl} .
Selection C.ErMI T ,forl<i<n
Reference CEFM: T
C,Erref M: Ref T
Null Ernull: RefT
Value C,ErM: RefT

c,ErvalM: T

C,E+FN: RefT
Assignment C,EFM: T
C,5rN:=M: Command
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C,E+ B: Boolean
C,EFM: T
C,EFN: T

C.ErifBthen{M}else{N}: T

Conditional

C,6-rM: S
S equencing C,EFN: T
C,EFM; N: T

C,EFM: T
C,EF AV M : YWT

PolyFunc

C,C+-M: VWT

PolyApp UK
C.E&r M[u] & [pu/V]T

C.EFM: [u/VIT
Pack UK
C,E+ pack{u, Myasav.T ;. Iv.T

C,EFM VT
Unpack C,EU{x: T}FN: S
C.Eropen Masv,x)inN: S

Cufv<iuh,&E- M T
BdPolyFunc TR
C.EFANV < )M V(V <:n).T

C,EFrM: V(W <:p)T
BdPolyApp Cru <:u
C,&+ M [ /v]T

C,Er M [u/VT
BdPack Cru<:v

C,E+F pack{u, Myasa(v* <:v).T : AV <:»).T

C.EFM: AV <: )T
BdUnpack CUV<:u,EU{X: T}FN: S
C.Eropen Masv,x)inN: S

wherev¢ does not appear i

C,.EFM: S
S ubsumption C,EFrS<:T
C,EFrM: T

EFrM: T
Congruence T=T
E-rM: T
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Appendix C

Translation

C.1 Translating Types

TclCl
Teltl

TcllT1 X ... X Tn = Tpeal
TclRef T]

Tellllly: Ta; ...; 1n: Tal}
TclVisObjectType(IVR, M)]
TclObjectType M]

TclClassType(IV, M

C.2 Translating Expressions

II>

II>

II>

II>

II>

II>

C

{ t ifc(t) = t }
Tclc(t)] otherwise

TclTill X ... X TelTnl = TclTnsad
RefTc[T]

{110 TelTal; -..5 In: TelTall}
TlIVR] X (T[IVR] — TclMI)

T X (T = TelM]

TelIV] X (Tel[VisObjectType(IVef, M) — TeM])

The following gives the translation of select8dOL expressions.
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TelC,EFid: T] = id

TelC,EFc: T] £ ¢

TclC,E+ () : Void] = )

TclC,E+valE: T] £ val7¢[[C,EFE: Ref T]

TclC,E+refE: RefT] £ ref J¢[C,EFE: T]

TclC,EFEEL, ..., En): T] 2 T¢lC,CHE: Ty X...XTp - T] (T¢lIC,EFEL: Tq], ..., TclC,EF En: Tnl))
TclC,E+ function(idy @ Ty, ..., idn: Tp): TisBlock: Ty X...XTp > T] =

A(idy : TelTad, ..., idn: TclITal)).7¢clC, & + Block : TJ

where& =&u{id;: Ty, ..., idn: Tn}

TelC.EF {1y T1=Eg; ...; 1n: 1n: Tn=Epl}: {|11: Ty; ... 1n: T} =
{111: TelTill = TelC,EFEL: T1l; ...; In: TelTnll = TelC,E F En : Talll}
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