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Abstract

We present and analyze the semantics and static type system for BeCecil, a theoretical (core) language with
multimethods. BeCecil is a simple and orthogonal version of object-oriented languages like Cecil, CLOS, and
Dylan. BeCecil has a new, simple mechanism for information hiding, which allows subclassing and yet can
preserve representation invariants. BeCecil is also block-structured; within a block, one can extend a generic
function with new multimethods, which may come from other generic functions. The inheritance
relationships of objects may be extended in any block, and are statically scoped. The type system separates
classes from types, and inheritance from subtyping. Subtype relationships are also extensible and statically
scoped. These features combine to make BeCecil unusually expressive, while still allowing static
typechecking.

1 Introduction

Object-ariented (OO) languages with multimethods [Bobmival. 86, Moon 86, Chambers 92] offer
increased expressiveness over languages with only singly-dispatched methods, for the following reasons:

« dispatching on all arguments is more flexible and symmetric than dispatching on only the first argument;

« multiple dispatching generalizes and unifies global procedures, singly-dispatched methods, and
(statically) overloaded procedures;

« multiple dispatching resolves complications relating to co- versus contravariant redefinition and “binary
methods” [Bruceet al. 95, Castagna 95].

Multimethods also lead to a style of language that permits objects to be extended at several points in a
program. By making such extensions in a nested scope, one can customize the interface of classes for
particular client applications without polluting the interface as seen by other clients. This style can also
support more role-based or subject-oriented programming models [Shilling & Sweeney 89, Wirfs-Brock &
Johnson 90, Reenskaug & Anderson 92, Harrison & Ossher 93, @sshé&5, Van Hilst & Notkin 96].
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However, in comparison with languages with single-dispatched methods, languages with multimethods
have received little theoretical attention. Work onX&ecalculus [Ghelli 91, Castagret al. 92, Castagna

et al. 95, Castagna 95b] and other languages [Rouaix 90, Ageavahl91, Mugridgeet al. 91, Chambers

& Leavens 94, Chambers & Leavens 95] has given some basic ideas for type systems and type checking
algorithms. Although CLOS [Steele 90, Paepcke 93] and Dylan [Shalit 97, Feinberg 97] are multimethod
languages with module systems, their module systems, which have received little theoretical attention,
either permit encapsulation violations or limit extensibility. Thus the design of (statically typed) module
systems that both allow interesting extensions (e.g., subclasses) and prevent encapsulation violations and
clashes between independently-developed extensions remains an important problem [Cook 90].

We have been developing and experimenting with Cecil, an expressive and practical object-oriented
language based on multimethods [Chambers 92, Chambers 95]. We have gained practical experience with
programming in Cecil by writing an 80,000-line optimizing compiler, Vortex [Detaal. 96]. We recently
presented a static type system, efficient typechecking algorithm, and module system for Cecil [Chambers &
Leavens 95]. As part of our efforts to formalize the module system and generalize the underlying object
model, we are designing a core language, BeCeledlt includes extensible generic functions, inheritance,

and static type checking. BeCecil is intended to directly support the following standard and novel
programming idioms.

« BeCecil supports grototype-based object model that unifies classes and instances in a single
object construct, supports (multiple) inheritance between objects, and supports (mutable) state and
object identity.

» BeCecil supportsnultimethods, collected in (first-class) generic function objects. Each multimethod
case of a generic function can be a nested, lexically-scoped closure; traditional lexically-scoped
functions are modeled by generic function objects with one case. Unlike CLOS or Dylan, multimethods
are not artificially linearized in terms of specificity, which permits ambiguous definitions (that need to
be prevented by the type system). Instance variables are modeled as special kinds of multimethod
implementations, integrating them into the regular message dispatching mechanism. Special message-
sending features modgliper -send-like operations to invoke overridden multimethod cases.

» BeCecil supports atatic type system that separates types from objects and subtyping from code
inheritance (objects conform to the types they implement) and guarantees that all dynamically-
dispatched messages will find a single most-specific matching multimethod case at run-time. The type
system does not force dummy implementations of abstract operations.

» BeCecil supportsextensible, customizable abjects, in that generic functions, superclasses, and
supertypeEcan be added to existing objects or types by external clients of those types. New generic
functions can be constructed that build upon all the cases of existing generic functions, in a sense
producing a customized version of the original generic function. (BeCecil's extensibility is in marked
contrast to the monolithic nature of traditional class declarations in existing object-oriented languages,
and is motivated in part by BeCecil's inclusion of multimethods.)

» BeCecil supportscoping and encapsulation of all declarations, including object, type, inheritance,
subtyping, and multimethod declarations, limiting their static visibility and dynamic effect to a
particular region of program text. In addition to traditional uses of encapsulation of hidden state of
objects, this feature enables clients to make extensions to existing objects in a nested scope, thereby
hiding the extensions from other unrelated clients. (Supporting true scoping of previously-global

" Block-structuredextensibleCecil.
TNew types to which an existing object conforms, and new supertypes of an existing type.
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notions such as the inheritance and subtyping graphs and the set of multimethods in a generic function
was a challenge.)

» BeCecil will support a notion o$eparate typechecking, where modules (named collections of
declarations) can be statically typechecked in isolation from clients, unrelated modules, and even any
extending modules. (Modular typechecking is difficult in the face of multimethods, where ambiguities
can arise between independent additions of multimethod cases to a common generic function.)

BeCecil strives to make extension of existing code as easy and useful as possible without modification and
while preserving static typechecking. This goal leads to multimethods, accessing instance variables solely
through messages, separating types from classes, allowing clients to extend existing objects externally
(along with controlling the scope of the extensions), and type system support for separate typechecking of
separately-developed collections of declarations.

BeCecil currently supports all the desired features listed above except named collections of declarations and
separate typechecking; adding modules and modular typechecking is current work. A proof that our type
system is sound with respect to the dynamic semantics is also current work.

Although BeCecil is intended to be a core subset of Cecil, it does not model all of Cecil directly. In particular
it does not model non-local returns, predicate classes [Chambers 93], and parameterized types.

The rest of this paper is organized as follows. The dynamic semantics is described in three sections. Section
2 gives an overview of language minus its typing aspects, including its syntax and various examples.
Appendix A formally defines the dynamic semantics of the language and Appendix B discusses various
design issues related to the dynamic semantics. Similarly, BeCecil's type system is also described in three
sections. Section 3 gives an overview of the type system, Appendix C formally defines the type system, and
Appendix D discusses various design issues related to the type system. Finally, Section 4 discusses related
work in some detail, and Section 5 offers more discussion and conclusions.

"The appendix sections are available from the URL ftp://ftp.cs.iastate.edu/pub/techreports/TR96-17/appendix.ps.Z
[Chambers & Leavens 96].
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2 Syntax, Overview, Sugars, and Examples for the Untyped Subset of BeCecil

In this section we present the untyped subset of BeCecil. We first present the syntax of this subset, show
how to program standard OO mechanisms, present some syntactic sugars, discuss some small examples, and
conclude with some informal descriptions of subtle points in the semantics and how BeCecil supports
abstract data type (ADT) patterns. We hope that this material will give readers a feel for the language before
the detailed dynamic semantics are presented in Appendix A [Chambers & Leavens 96].

2.1 Syntax

The abstract syntax of BeCecil appears in Figure 2-1 below, except for the syntax of the type system, which
is explained in Section 3. BeCecil is a call-by-value language (based on an indirect [Fri¢cin@a] or

P = Program
RDS; B prelude, followed by a block
RDS::= Recursive-Declaration-Sequence
D* mutual recursion is allowed within D*
B = Block
RDS E the recursive declaration sequence provides context
D = Declaration
obj ect | object: allocates a new object named |
| CN; inherits CN, inheritance: CN directly inherits from CBkl
| CN has GF extension: CN to include the methods of GF
| hide RDSin D*end hide: the declarations of RDS are only visible to the D
CN := Class-Name
I identifier that names an object (a class)
GF := Generic-Function attributes
I identifier: the methods and tables of |
| nmethod(F*) {B} method: likex, a block abstraction
| storage(F*) :=E storage table: new table initialized to value of E
| acceptor(F*) :=1 {B} acceptor: can process an assignment with value |
| GF; & GF, combination: Gk favored over GFEif clash
F = Formal argument
| @CN the specializer for this argument is the class CN
E = Expression
I class name: evaluates to the object denoted by CN
| Eg(AA*) application: evaluates operator then operands left-to-i
| Eg(AA*) := Ejuq assignment: with key AA* and valug,k
| E1; E sequence: evaluates Bhen b
AA = Actual-Argument
E undirected: applicabile if inherits from specializer
| E @CN* directed: applicable if also a GNhherits from specialize

Figure 2-1: Abstract syntax of BeCecil (minus typing aspects). As usual, an agtedsk (
notes zero or more repetitions of the preceding nonterminal. In concrete examples we freel
use parentheses as well as separators such as commas between repeated phrases.
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shared objects) that is, roughly, a superset ok&8aealculus [Ghelli 91, Castagret al. 92, Castagnat al.
95].

2.2 Brief Overview

As a start towards understanding the semantics of BeCecil, we show how to program some standard OO
mechanisms in BeCecil, and then describe how to program some other basic mechanisms.

2.2.1 How to Program Standard OO Mechanisms in BeCecll

An object in BeCecil can be created only by an object declaration. Objects in a program can act as classes
or instances in other OO languages. Each object has a unique identity. For example, the following could be
used to declare a clagwint_rep . (We use the suffix rep , which stands for “representation,” to
distinguish classes from types in examples.)

object Point_rep

An object may be declared to inherit from some other object by an inheritance declaration. One can use
more than one inheritance declaration with the same object named on the left-hand side to achieve multiple
inheritance. For example the following declares Bwiht_rep  inherits from an object nameahy, and
declares another obje€@P_rep (for colored points), that inherits froRoint_rep  and an object named
Color_rep . The object namedny is used in our examples as an object from which (almost) all objects
inherit.

Point_rep inherits any

object CP_rep

CP_rep inherits Point_rep

CP_rep inherits Color_rep
We chose to make BeCecil simpler by not distinguishing the inheritance and “instance-of” relationships. In
this respect BeCecil resembles prototype-based languages [Ungar & Smith 87, Chambers92, Chambers 95,
Blascheck 94, Abadi & Cardelli 96]. Since an instance of a class is just an object that inherits from the class,
instances of classes are created just like subclasses. For example, one could declare amyitamice,
of Point_rep  as follows.

object myPoint

myPoint inherits Point_rep
Objects in BeCecil can also act as generic functions. A generic function in BeCecil is, roughly, a collection
of multimethods, as in CLOS [Steele 90, Paepcke 93], Cecil, or Dylan [Shalit 97, Fedlar®7].
(Unlike CLOS or Dylan, however, the methods in a BeCecil generic function need not all take the same
number of arguments.) For example to declare the generic fuectimh , one would write the following.
In our examples, generic functions inherit from an object naBseekricFun_rep  (which itself inherits
fromany).

object equal

equal inherits GenericFun_rep
Assuming that the generic functiorsandy are implemented for points, the following extensibas()
declaration can be used to extend the generic fun&@ual with a method specialized for two
Point_rep  arguments.

equal has method(pl@Point_rep, p2@Point_rep) {

and(equal(x(p1), x(p2)), equal(y(p1), y(p2)))

An extension declaration is similar tareethod declaration in Cecil, and wefmethod in CLOS. The
formals have the formi@N, wherel is the name of the formal ar@N is the name of the formal’s
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specializerobject. Note that there is a formal for each argument, unlike single-dispatch languages, such as
Smalltalk [Goldberg & Robson 83] or C++ [Stroustrup 91], where there is a distinguished “receiver”
(written self  or this ) that is not mentioned in the list of formals. The body of the method is written
between the curly braces. Method bodies in general contain a block, which consists of a recursive
declaration sequence and an expression, which is evaluated and its value returned as the result of the
method. In the case of the ab@gual method, the block that forms the body has no declarations, but only

an expression, which is evaluated when the method is called, and its value returned.

The expression in the body of the above method calls the generic fuegtian twice, but each time with

integer arguments (the two andy coordinates of the points); thus these calledoal invoke other

methods of the same generic function. Dispatch to methods is dynamic, and based on the ancestry of all the
actual argument objects. A methodaigplicableto a tuple of actuals if each actual inherits from the
corresponding specializer. When a generic function is invoked, the generic function must have a unique,
most-specific method that is applicable to the actuals; that method is then called. For example, the method
above is applicable to two arguments that both inherit fPamt_rep , because the specializers of the
method are botRoint_rep

Instance variables of an object are modeledtbyage tablesA storage table can be thought of as a table,

or relation, that associatkeysto values Keys consist of a tuple of object identities, and a value is a single
object. In BeCecil, a generic function can contain both storage tables and methods; reading a storage table
looks like applying a generic function. In such an application, the key is formed from the identities of the
arguments of the invocation. If no value is currently stored for the given key, the tdfbait valueis

returned. For example, consider the following declarations. These declare two objects that act as instance
variablesx andy. Each instance variable is modeled by a generic function with a storage table attribute.
Each storage table declared can be thought of as an association between points and integers (objects that
inherit fromPoint_rep  and objects that inherit froint_rep ). The identities of points are the keys to

these tables, and the associated integers are the values. The expression fallawiagch storage table
declaration in this example, is the default value.

object x

X inherits GenericFun_rep

x has storage(p@Point_rep) := 0

objecty

y inherits GenericFun_rep

y has storage(p@Point_rep) :=0
SincemyPoint inherits fromPoint_rep , all methods and storage tables that have formal arguments that
are specialized oRoint_rep are applicable tmmyPoint . For example, the expressigfmyPoint)

returns thex coordinate fomyPoint , which at this point is the default value 0.

Storage tables can be modified using an assignment expression; in an assignment, the arguments to the left

of the:= form the key, and the expression to the right ofthayives the value to be associated with that

key. Thus one can set tkecoordinate omyPoint to 3 by using the following assignment expression.
x(myPoint) := 3

BeCecil also has acceptors, which are like methods that can process an assignment. Having acceptors allows

any storage table to be replaced by an acceptor and a method, and also permits the equivalent of “write-

only” fields. When used in an assignment, the key is bound to the formals, and the value to the right of the

:= is bound to the identifier that follows tte in the acceptors declaration. For example, the following

declares a generic functioxy,, with an acceptor that assigns the value given to bothinely coordinates

of the point that forms the key.
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object xy

Xy inherits GenericFun_rep

Xy has acceptor(p@Point_rep) := v {
x(p) = v;
y(p) :==v

Thus, the following expression would return 28.

xy(myPoint) := 14;

plus(x(myPoint), y(myPoint))
Dispatch in assignments is also dynamic, but only considers the specializers of the generic function’s
acceptors and storage tables. A generic function’'s methods are not considered when dispatching an
assignment. Similarly, when dispatching an application, only the applicability of its methods and storage
tables matters.

The pattern of object creation and initialization can be easily encapsulated in a generic function, which
allows one to create new objects dynamically. In BeCecil, it is often convenient to program both an
initializer (as in Modula-3 [Harbison 92, Nelson 91]; these are called constructors in C++) and a separate
primitive constructor (similar to a class method in Smalltalk), so that the initializer can be inherited.
object initialize
initialize inherits GenericFun_rep
initialize hag method(p@Point_rep, i@int_rep, j@int_rep) {
X(p) :=1;
y(p) :=];
p

object mkPoint
mkPoint inherits GenericFun_rep
mkPoint has method(x@int_rep, y@int_rep) {
object res
res inherits Point_rep
initialize(res, x, y)
}
Note that, because the declaratiorrad in mkPoint is inside a nested recursive declaration sequence
(the declarations of the block that forms the body of that method), it creates a new object each time that
method is called. Thus block structure allows one to create objects dynamically, even though objects are

only created by object declarations.

To achieve information hiding, we chose to add just the capability to hide a recursive declaration sequence,
as this gives one the ability to hide generic functions. This capability is found in BeCecil’s hide declaration.

A hide declaration is similar to lcal declaration in Standard ML [Milneet al. 90] in that the
declarations in its recursive declaration sequence are only visible in the declaration sequence that follows
the keywordn . (However, unlike Standard ML, the declarations are all mutually recursive by default.) As

an example, consider the implementation of a gray-scale model of colors, in which the interface presented
to clients allows them to create a color based on gray intensities given as floating-point numbers between
0.0 and 1.0, but for which the hardware uses intensities specified by integers between 0 and 255. Since the
hardware may change, and since we wish to enforce the invariant that every instance has all its intensities
given by integers between 0 and 255, we hide the storage table for instances of this class. Notice how the
code, given below, resembles, say, a C++ class declaration, with a private part that comes before the public
part. (Comments start with two hyphens, and continue to the end of that line, as in Ada [Ada 83] and Cecil.
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We assume that declarations for generic functintensity andpaint , several generic functions to
manipulate integers and floating point numbers, and aRkgi®n_rep are given elsewhere.)

object Grayscale_rep
Grayscale_rep inherits Color_rep
hide
-- private declarations
object scale
scale inherits GenericFun_rep
scale has storage(c@Grayscale_rep) :=0

-- public declarations

initialize has method(c@Grayscale_rep, intensity@float_rep) {
scale(c) := truncate(multiply(min(max(0.0, intensity), 1.0), 255.0));
c

intensity has method(c@Grayscale_rep) {
divide(mkFloat(scale(c)), 255.0)

paint has method(c@Grayscale_rep, r@Region_rep) { ... }
end

intensity has acceptor(c@Grayscale_rep) :=f{
initialize(c, f)

It is worth thinking about how the above code maintains the invariant that, for everymttjatinherits
from Grayscale_rep , the value ofscale (0) is between 0 and 255. In stating this invariant, by
scale (0), we mean the result of the generic funcoale defined in the hidden declarations. (Clients
may define their own generic functi@eale , with a method specialized dBrayscale rep , but
because of static scoping, the generic funditale referred to within the hide declaration is always the
one defined in the private part of the hide declaration.) The storagest¢alde has a default value of O,
which satisfies the invariant. The only way that the storage table can associate the idemtith sbme
other value is by the use of thrtialize method, because no other method in the hide declaration
assigns to that storage table, no method within the hide declaration retugcal¢hegeneric function, and
no code outside the hide declaration can access#iee generic function. Sindeitialize preserves
the invariant, the invariant always holds.

Notice that the argument for the preservation of the invariant given above does not depeoeiran
created by a special generic function, suchmdsGrayscale given below. The generic function
mkGrayscale is something that any client can write, as it is written outside of the hide declaration.

object mkGrayscale
mkGrayscale inherits GenericFun_rep
mkGrayscale has method(intensity@float_rep) {
object res
res inherits Grayscale_rep
initialize(res, intensity)
}
However, a client can, outside the hide declaration, write a declaration of a subclass that does not have the
implicit behavioral properties of an instanceGrayscale_rep  that was created hykGrayscale
This can be done by overriding all the public methods and specializing them on the new subclass. The
prevention of such imposters is discussed in Section 2.6 below.
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2.2.2 Multimethods and Inheritance of Methods

Because BeCecil uses multiple-dispatch instead of single-dispatch, there is no trouble in programming
binary methods [Brucet al. 95] such agqual , as we have seen above. Moreover, the interaction of
multimethods and inheritance is powerful, and avoids the need to write an exponential number of methods
to deal with all the cases [Chambers 92, Castagna 95].

To invoke an overridden method inherited from a superclass in BeCecil, one can use the directed form of
actual arguments. In this form, one writes an expression followed by an a@signd a list of class names.
The method selected must be such that both the object that is the value of the expression and at least one of
the named classes inherit from the corresponding formal parameter’'s specializer. For example, the
following is how one would write a class of gray-scale poifgyPoint_ rep , as a subclass of
Point_ rep andGrayscale rep . Notice how theequal andinitialize methods use directed
actual arguments to call the methods specializeBmnt_rep andGrayscale_rep  as part of their
work. This is similar to the use stiper in Smalltalk, orPoint_rep:: andGrayscale_rep:: in
C++.

object GrayPoint_rep -- grayscale points

GrayPoint_rep inherits Point_rep

GrayPoint_rep inherits Grayscale_rep

initalize has method(gsp@GrayPoint_rep, i@int_rep, j@int_rep,
intensity@float_rep) {

initialize(gsp@Grayscale_rep, intensity); -- calls initialize for Grayscale_rep
initialize(gsp@Point_rep, i, j); -- calls initialize for Point_rep
gsp

object mkGSP
mKGSP inherits GenericFun_rep
mMKGSP has method(i@int_rep, j@int_rep, intensity@float_rep) {

object res
res inherits GrayPoint_rep
initalize(res, i, j, intensity)

}
equal has method(gspl@GrayPoint_rep, gsp2@GrayPoint_rep) {

and(equal(intensity(gspl), intensity(gsp2)),
equal(gspl@Point_rep, gsp2@Point_rep)) -- calls equal for Point_rep

2.2.3 Programming Variables

Storage tables can also be used to program variables in BeCecil. The only trick is to use a tuple of zero
arguments for the key. The table then associates the zero-tuple to some object, which can be changed by an
assignment expression. For example, the following block returns 227.

object my_var

my_var has storage() := 0
my_var() := 226;
plus(my_var(), 1)

2.2.4 Programming First-Class Procedures

Because generic functions are objects, they can be used as first-class procedures. For example, consider the
following generic function that can act as a while-loop. This generic funefiiile has a method that

takes two generic function arguments: a condito)y) &nd a statemens). These generic functions are
expected to have zero-argument methods (thunks) that can be invoked to perform parts of the loop. The
implementation of the method below relies on another higher-order generic fuifi¢tiom, , which takes
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a boolean and a generic function as its arguments, and only calls the generic function with zero arguments
if the boolean is true. The generic functitogp , passed as the second argumeiififime is declared

inside the method fawhile . The usual static closures are made for methods, ana taods within

loop refer to the actual arguments passedhie

object while
while inherits GenericFun_rep
while has method(c@GenericFun_rep, s@GenericFun_rep) {
object loop
loop inherits GenericFun_rep
loop has method() {s(); while(c, s)}
ifTrue(c(), loop)

2.3 Some Useful Sugars

As can be seen from the above examples, BeCecil is a bit tedious to program in, because it is a core
language. So it is helpful to define a few syntactic sugars to make the programming of more interesting
examples easier to write and to read. These sugars also give one some idea of the expressive power of
BeCecil, and can be used to compare BeCecil to other core OO languages, such as the Abadi and Cardelli
calculus [Abadi & Cardelli 95] or Castagna'sobject [Castagna 95b].

In the sugars below, we writ&k[ ko indicate the desugaring of a phr¥s€lt should be understood that if

X is a BeCecil phrase, thdXlLlis just X with its subphrases recursively desugared.) We first discuss
declaration sugars, then formal argument and expression sugars.

2.3.5 Declaration Sugars

The declaration sugars in this section generally produce a sequence of declarations, which are to be inserted
at the point where the sugar occurs. That is, the desugaring does not produce a nested declaration sequence,
but simply several declarations at the same level as the sugar appears. For example, consider the following
sugared declarations.

object o1
ol inheritsy, z, any
object q

The middle declaration above is a sugared declaration form. The desugaring rule for it is the following.

[ENy i nherits CNy,...CN,LI=
CNy i nherits CN;

Cl\loui. nherits CN,

Therefore the desugaring of the above example produces the following sequence of declarations.

object o1

ol inherits y

ol inherits z

ol inherits any

object q
Like the first desugaring rule given above, the following declaration sugar also allows one to more
succinctly declare direct inheritance relationships.

[dbj ect | inherits CNy,...CN,LIZ
obj ect |
U inherits CNl,...,CNnD

10
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In practical examples, it is convenient to have ways to declare objects that are to be used as generic
functions. Hence the following sugars.
Lgf (L=
[dbj ect | inherits GenericFun_rep [l

The following sugar allows one to declare a function with a single method more easily.
un 1(F*) {BY=
Lgf 10J

| has nethod(F*) {[B0

The following sugars allows one to conveniently declare objects that are to be used as variables and as fields
(instance variables). A variable is modeled by a generic function with a zero-argument storage table. A field
is modeled by a generic function with a one-argument storage table. The argument of such a storage table
is the “record,” and the value of that record’s field is returned or updated by invoking or assigning to the
storage table.

War | := EL=
Lgf 1J

| has storage() := (el
[field | of CN:= ELJ=

Lgf 1J

| has storage(x@N) := [EL] wherexis a fresh identifier

2.3.6 Formal Argument Sugar

If the objectany is used as a class from which (almost) all others inherit, as in Cecil and our examples, then
a formal parameter specialized any is effectively not specialized at all. Thus the following sugar for
formal arguments allows one to omit the specializer ifanig.

L=
U @any ]

2.3.7 Expression Sugars

For real programming, it is quite convenient to be able to use blocks as expressions. Such a sugar makes it
easy to have further sugars that made anonymous concrete objects with a given generic function value (like
lambda in Scheme [Clinger & Rees 91]), various flavordetf -expressions, and even Smalltalk-like
thunks, as we shall see. However, unlike the sugars described above, the sugar for block expressions, of the
form{ B}, is not a local expression sugar, as it involves adding new declarations to the block or declaration
list in which the block expression appears. Because such a sugar is somewhat complex to explain, we do
not describe it formally, but instead give an example to clarify how this could be done. Consider the
following.

-- some declarations
plus({var x := 3
times(x(),x())},
{vary =4
fun f(z@int_rep) {y() := plus(y(),5); yO}
;(y())

11
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This would desugar as follows, by adding a new method (named by a fresh identifier) for each nested block,
and a call to that method in the place where the nested block occurred in the original expression.

... --some declarations
fun block1() {
var X .= 3
times(x(),x())

}

fun block2() {
vary =4
fun f(z@int_rep) { y() := plus(y(),5); y() }
f(y()

plus(blockl(), block2())

By iterating this process one can eliminate all such block expressions and still preserve scoping. Using this,

it is even possible to regard sequence expressions as a syntactic sugar [Abadi & Cardelli 95]. However,
because these are not local sugars (they do not operate on expressions in place), we have chosen to include
sequence expressions directly in the syntax of BeCecil. In some sense, it would be simpler to add block
expressions as a primitive to BeCecil, enabling all of these other sugars, but that complicates the proof of
type soundness by making the syntax of expressions and blocks (and hence declarations) mutually
recursive. The present desugared syntax does not allow blocks within expressions, and thus somewhat
simplifies the proof. In what follows, we regard block expressions, of the{f@, as syntactic sugars.

Assuming the sugar for blocks, the first local expression sugar is the following, which creates an “instance”
of a class nameG@N.

[hew CNLI=
[{ object I inherits CN

I
} L] wherel is a fresh identifier (not free I@N).

One can use the following expression sugar to make anonymous concrete objects with a given generic
function attribute (likdambda in Scheme).

[dnon GFLI=
@ obj ect | inherits GenericFun_rep

| has GF
|
}L]  wherel is a fresh identifier

With anonymous generic functions, one can desugar simultaneous and sequential eagerly-eealuated
expressions. (These work for all objects that inherit faom.)

(et I, = E, .. I,=E,in EL=
[danon method(ly, ..., 1) {Eg}) (Ey, ... Ep) L
(et I, = Ey; .; 1y = E, in ELIE

(let I, = E;in ..let I, =E, in El

For writing control structures, it is helpful to have a sugar for making parameterless procedures (thunks).
We adapt part of the syntax for Smalltalk “blocks” for this.
[ B U=
[danon method() { B}

12
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2.4 Some Small Examples

In this section we show some small examples of datatypes programmed in BeCecil.

2.4.8 The Untyped Standard Prelude

To make the examples more interesting, the following are assumed as the prelude for example programs
throughout this section, and throughout Appendix A and Appendix B. The declarations in this “untyped
standard prelude” include that of an objaothing , which can also act as a generic function with no
arguments. This object is used as the return value for procedures that do not wish to return anything. We use
the trick of making this a generic function, so that it can be passed to higher-order functions,fsuch as

The standard prelude also declares some objects to be used as ancestors, and integer and floating point
literals, such as 1, 2, 3, and 4.7. In various examples we will also assume some generic functions with
methods that operate on numbers, sughias , less |, leq , etc.

-- the “untyped standard prelude”
object nothing -- used for methods that do not want to return anything
nothing has method() { nothing }

object any inherits nothing -- superclass of all other classes
object GenericFun_rep inherits any

object number_rep inherits any

object int_rep inherits number_rep

object float_rep inherits number_rep

object 1 inherits int_rep -- numeric literals are considered to be identifiers
object 2 inherits int_rep

object 3 inherits int_rep

obje.(.:.t 4.7 inherits float_rep

2.4.9 Boolean

The Booleans can be coded much as in Smalltalk [Goldberg & Robson 83]. In coding this example we adopt
the position of only hiding storage tables for objects. Thus one cannot guarantee that there are only two
Boolean objects in a program, but allowing all classes to be subclassed is standard for OO languages; for
example in Smalltalk one can make new subclasses of Boolean. (On the other hand, Javaj@b$8G]g

and Dylan have mechanisms that can prevent subclassing.) This point of view has the advantage of allowing
clients to specialize amue andfalse . Havingtrue andfalse also be thunks that return themselves

is useful when one does not need short-circuit evaluation; segulaé method forinterval_rep in

Section 2.4.14.

object boolean_rep inherits any

of if -- implemented by subclasses
gf not -- also implemented by subclasses
of equal -- implemented below

fun ifTrue(b@boolean_rep, c@GenericFun_rep) { if(b, ¢, nothing) }

fun and(b@boolean_rep, c@GenericFun_rep) { if(b, c, false) }

fun or(b@boolean_rep, c@GenericFun_rep) { if(b, true, c) }

object true inherits boolean_rep

true has method() { true } -- useful when a thunk that returns true is desired
if has method(b@true, c@GenericFun_rep, ignored@GenericFun_rep) { c() }

not has method(b@true) { false }

object false inherits boolean_rep
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false has method() { false } -- useful when a thunk that returns false is desired
if has method(b@false, ignored@GenericFun_rep, a@GenericFun_rep) { a() }

not has method(b@false) { true }

equal has method(x@boolean_rep, y@boolean_rep) { false }

equal has method(x@true, y@true) { true }

equal has method(x@false, y@false) { true }

2.4.10 collection

The following is an abstract class for collections. It gives an implementatiength that can be
inherited by concrete objects that implemeaot

object collection_rep inherits any

of isEmpty -- to be implemented by subclasses

of do -- to be implemented by subclasses

fun length(c@collection_rep) {
varres =0
do(c, anon method(x) {res() := plus(res(), 1); nothing});
res()

}

2.4.11 list

The following, and the next several examples below, give an implementation & l&s@Gook [Cook 90].
That is, we use two abstract clasdes, rep andnonempty_rep , a concrete objechil , and a
concrete classons_rep . The abstract cladst _rep defines the protocol for accessing the elements
of a list, and gives a general implementatiod@fthat can be inherited by concrete objects.

object list_rep inherits collection_rep

of head -- to be implemented by subclasses

of tail -- to be implemented by subclasses

do has method(c@list_rep, b@GenericFun_rep) {
if(isEmpty(c), nothing, [b(head(c)); do(tail(c), b)])

2.4.12 nil

Since BeCecil does not distinguish between classes and objects, the empty list can be implemented directly
as a concrete object that inherits fribsh_rep

object nil inherits list_rep

isEmpty has method(n@nil) { true }

tail has method(n@nil) { nil } -- or one could use the trick below...

head has method(n@nil) { head(n) } -- loop forever!

2.4.13 nonempty lists and cons

The following gives the code faronempty rep andcons_rep . We use two classes so that one can
inherit theisEmpty method frormonempty _rep more easily (in other nonempty list representations
that do not want to inherit frormons_rep ). The “fields” ofcons_rep are hidden. The hiding of the
fields makesons_rep like a class with private instance variables, with private meaning the same as in
C++. (It is unclear how to support something like the “protected” notion of C++.) The object
default_list_elem is used for the default value of list elements. We use an initialization method to
allow subclasses @ons_rep to initialize the hidden fields.

object nonempty_rep inherits list_rep

isEmpty has method(I@nonempty_rep) { false }
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object default_list_elem inherits any

object cons_rep inherits nonempty_rep
of initialize -- generic initialization function
hide

field hd of cons_rep := default_list_elem

field tl of cons_rep := nil

in
initialize has method(c@cons_rep, X, [@list_rep) {
hd(c) := x;
ti(c) :=1;
c

}

tail has method(I@cons_rep) { ti(l) }

head has method(I@cons_rep) { hd(l) }

tail has acceptor(l@cons_rep) := new_tail { tI(l) := new_tail }

head has acceptor(lI@cons_rep) := new_head { hd(l) := new_head }
end
fun cons(x, I@list_rep) { initialize(new cons_rep, x, 1) }

The implementation of thequal generic function for lists is broken into three cases, using multimethod
dispatch.

equal has method(x@list_rep, y@list_rep) { false }
equal has method(x@nil, y@nil) { true }

equal has method(x@nonempty_rep, y@nonempty_rep) {
and(equal(hd(x), hd(y)), [equal(tl(x), tI(y))])

2.4.14 interval

The ability to add new implementations of a type without changing existing code is a hallmark of OO
programming. Cook considered another example to show this, namely adding intervals of integers as
another subclass abnempty_rep . Notice how in our example below, tegual method is specialized
to take advantage of knowledge of the representations when both lists are intervals, which results in a faster
method than the default for nonempty lists given above. Another thing to notice about this example is the
programming of thassign andclone methods; these are used in the next example below. Finally, notice
that the coding of initialize maintains the invariant for all objeatshat inherit frominterval_rep ,
lower (0) < upper (0).
object interval_rep inherits nonempty_rep
hide
field lower of interval_rep :=0
field upper of interval_rep :=0
in
initialize has method(i@interval_rep, lb@int_rep, ub@int_rep) {
lower(i) := min(lb, ub);
upper(i) := max(lb, ub);
|

}

gf assign -- like C++ assignment operator

assign has method(I@interval_rep, r@interval_rep) {
lower(l) := lower(r);
upper(l) := upper(r);
I

}
tail has method(l@interval_rep) {
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let lower_plus_1 = plus(lower(l), 1)

in if(greater(lower_plus_1, upper(l)),
[nil],
[var res := clone(l)
lower(res()) := lower_plus_1;
res()

D

head has method(I@interval_rep) { lower(l) }
equal has method(x@interval_rep, y@interval_rep) {
and(equal(lower(x), lower(y)), equal(upper(x), upper(y)))

end
fun mkinterval(lb@int_rep, ub@int_rep) {
initialize(new interval_rep, Ib, ub)

of clone
clone has method(r@interval_rep) { assign(new interval_rep, r) }

2.4.15 gray_interval

The following example, which builds on thgerval andGrayscale_rep  examples above, shows

how to use directed actuals to inherit methods. Directed actuals are used all the methods except
mkGraylnterval and clone . The directed actuals prevent recursion, mucltswgeer would in
Smalltalk, orinterval_rep::equal would in C++. By overridingassign andclone , thetail

method is inherited without further rewriting.

object gray_interval_rep inherits interval_rep, Grayscale_rep
initialize has method(gi@gray_interval_rep, Ib@int_rep, ub@int_rep,
intensity@float_rep) {
initialize(gi@Grayscale_rep, intensity);
initialize(gi@interval_rep, Ib, ub)

assign has method(l@gray_interval_rep, r@gray_interval_rep) {
initialize(I@Grayscale_rep, intensity(r));
assign(l@interval_rep, r@interval_rep)

fun mkGraylinterval(lb@int_rep, ub@int_rep, intensity@float_rep) {
initialize(new gray_interval_rep, Ib, ub, intensity)
}

clone has method(gi@gray_interval_rep) {
assign(new gray_interval_rep, gi)

equal has method(x@gray_interval_rep, y@gray_interval_rep) {
and(equal(intensity(x), intensity(y)),
equal(x@interval_rep, y@interval_rep))

2.4.16 arrayl

The following example shows how a storage table with two arguments can be used as a one-dimensional
array. The clasarrayl _rep implements one-dimensional arrays of floats. The funetioie used in
this example was described in Section 2.2.4. Notice that the use of both an acceptor and a method for the
generic function sub allows one to use a pleasing notation for array subscripting, while still allowing bounds
checking. For example, one can wrgab(myArray,3):=47.0

object arrayl_rep inherits collection_rep
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hide
object a_stor inherits any
a_stor has storage(a@arrayl_rep, i@int_rep) := 0.0
field max_i of arrayl _rep:=9

in
initialize has method(a@arrayl_rep, n@int_rep) {
max_i(a) :=n;
do(a, anon method(i){a_stor(a,i) := 0.0});
a
}

isEmpty has method(a@arrayl_rep) {less(max_i(a), 0)}
do has method(a@arrayl_rep, b@GenericFun_rep) {
foreach(a, anon method(i){b(a_stor(a,i))})

}

fun foreach(a@arrayl_rep, b@GenericFun_rep) {
vari:=0
while([leq(i,max_i)], [b(i); i() := plus(i(), 1)])

gf sub  -- short for “subscript”

sub has method(a@arrayl_rep, i@int_rep) {
ifTrue(and(leq(0,i), [leq(i, max_i(a))]),
[a_stor(a, i)])
}
sub has acceptor(a@arrayl_rep, i@int_rep) := e {
ifTrue(and(leq(0,i), [leq(i, max_i(a))]),
[a_stor(a, i) :=€; a])
}

end
fun mkArray(n@int_rep) { initialize(new arrayl_rep, n) }

2.5 Block Structure, Extensions, and Customization in Nested Scopes

BeCecil is designed to enable objects to be extensible. In this section we discuss how methods and
inheritance relationships can be extended, and how these extensions are effected by nested scoping. We also
describe how, in a nested recursive declaration sequence, one can customize that recursive declaration
seqguence’s view of generic functions.

The concept of “scope” is a bit tricky with hide declarations in BeCecil, hence we avoid that term except
when making general statements about “nested scopes”. There are two more precise concepts that we use
instead. The first is the usual notion of Wbility of a declaration; this is the area of the program text in

which the declaration has effect. We also speak of area of visibility of a name, meaning the area in which
the declaration that introduced the name is visible. The second is the concepbofamof an object
declaration; this is the area of the program text in which one may use extéasi@uléclarations that add

methods or storage tables to the object’s generic function value. We abuse terminology and refer to the
contour of a name, meaning the contour of the name’s object declaration. Contours correspond to recursive
declaration sequences in the syntax, because only within the recursive declaration sequence where an object
is declared can it be extended.

The reason that an object can only be extended within the recursive declaration sequence in which it is
declared is that otherwise an object might be extended in two different ways in different nested contours.
Since the hidden declarations of a hide declaration form a recursive declaration sequence, this means that
privacy is based on generic functions, not individual methods, in BeCecil. That is, one cannot extend the
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object x
hide

object hidden_1
hidden_1 inherits x
hidden_1 inherits y

hid L ——1+— contour ofhidden_2

e
object hidden_2 LT
| nidden_2 inherits hidden_1 | area of visibility ofhidden_2
ob{;—zpt public_2
: public_2 inherits hidden_2
en

object hidden_1_also
hidden_1_also inherits public_2

in > -
object public_1 \ — area of visibility ofhidden_1

public_1 inherits hidden_1 public 2,
public_1 inherits public_2 ™~ . hidden_1_also
. : - [—— contour ofhidden_1
public_1 inherits y public 2
x has method() {...} hidden_1_also
grl;jdect , — [®—area of visibility ofx, public_1 ,y

‘\contour ofx, public_1 ,y

Figure 2-2: lllustration of the contours and areas of visibility of some declarations.

same generic function in both parts of a hide declaration. In this respect, BeCecil follows CLOS and Dylan,
which also base privacy on generic functions.

As an example and further explanation of these concepts, consider Figure 2-2. In this figure there are two
hide declarations within an outer recursive declaration sequence. The visibility of hidden declarations in a
hide is not surprising. For exampledden_2 is visible within the entire hide declaration in which it is
declared, including the public (non-hidden) part. The public declarations of a hide declaration are visible
within all of the surrounding recursive declaration sequence. Thus, a declaration need only be put in the
public part of a hide declaration if it needs to see the hidden declarations. To simplify things a bit, neither
set of declarations in a hide declaration may shadow the other. Since recursive declaration sequences allow
mutual recursionpublic_1 s visible within the outermost recursive declaration sequence; for example,

it is visible where the declaration of objectesides. Since in this example no names are redeclared, there
are no holes in the visibility of any of the declarations in Figure 2-2.

In Figure 2-2, one can exteidden_2 only within the recursive declaration sequence in which it is
declared. The contour of this recursive declaration sequence is the smd— ¥ ( ) that surrounds its
declaration. Althoughidden_2 is visible in the public part of that hide declaration, it cannot be extended
there, because that is not part of the same recursive declaration sequence. The block that forms the body of
the method fox at the bottom of the outermost hide declaration in the fizZZ4 () also is not part of the
recursive declaration sequence in whicis declared, and thuscannot be extended there.

However, BeCecil does provide mechanisms, based or#walculus, for customizing generic functions

within a nested contour. The identifier and combination generic function attributes allow one to use the

generic function value of another object (perhaps declared in a surrounding contour), when customizing a
nested contour’s view of a generic function. For example, suppose one wants to deougthenethod

by calling it with several different inputs, and that one wants to print a message before and after it is called
with arguments that inherit frointerval_rep . Then one could write the following, which defines a
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generic functiorequal2 , which has all the methods efiual , except that the method specialized on two
interval_rep arguments is replaced by the debugging version. (Note that recursive calls from within
the methods ofqual are not sent tequal2 , and would not be even if the name wegeal , because
with static scoping the namegjual in such methods refers to the generic function defined in the outer
contour.)

fun debug_equal() {

of equal2

equal2 has equal & method(l1@interval_rep, I2@interval_rep) {
print(“calling equal with args ", 11, 12);
var res ;= equal(l1, 12);
print(“the call returned ", res());
res();

... equal2(...) ...

The block structure of BeCecil also effects inheritance. As as start towards explaining this interaction, it is
important to first look at the effect of an inheritance declaration, disregarding block structure for the
moment. The only dynamic effect of an inheritance declaration is on the applicability and relative specificity
of methods, storage tables, and acceptors for objects that can see it. To ease this kind of discussion, let us
call something that is either a method, storage table, or acceagaee &pecificity of cases is based on the
pointwise extension of an inheritance relation to the specializers of cases. That is;ascasepecific as

c, if they have the same number of formals, and if the specializefseath inherit (directly or indirectly)

from the corresponding specializeraf We say that, overrides g, or ¢, is more specific thangif c; is

as specific as, but their specializers are different. Let us also call a case that is either a method or a storage
table aninvocable Recall that, among a generic function’s invocables, the most specific one that is
applicable to the actual arguments is used. For example, in the following block, the last method is called,
because it is more specific than the others.

equal has method(nl@number_rep, n2@int_rep) {...}

equal has method(n1@int_rep, n2@number_rep) {...}

equal has method(n1@int_rep, n2@int_rep) {...} -- this one is called

equal(7,7)
A generic function must use some inheritance relation to decide the applicability and specificity of its cases.
What inheritance relation should it use? If a programming language only allows inheritance relations to be
defined at the top-level, then there is no problem, but in BeCecil, objects and their inheritance relations may
be defined in several places. We investigated several alternatives (see Section B.8 for a discussion of them),
but to reason statically about a program, and in particular to permit static type checking, the inheritance
relation used cannot vary dynamically. Thus the inheritance relation used is the one that is defined in the
recursive declaration sequence (and surrounding contours) where the generic function is defined. For this
reason, each object contains the this inheritance relation.

The inheritance relation recorded within an object also serves another purpose, in that it defines the object’s
ancestry. The problem solved by this is that dynamically created objects do not appear in the inheritance
relations of generic functions that are not declared in recursive declaration sequences where the object’s
declaration is visible. For example, consider the following code. The inheritance relation that is recorded in
the objectpush says thaStack _rep inherits fromany, but says nothing about objects created within

the body of . Of course, it cannot, since the body df a nested contour. But then how is the cahiush

in the body of supposed to work? It would seem that the newly created object does not, according to the
inheritance relation recorded fpush, inherit fromStack_rep . This is true, but the objentyStack
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does know that it inherits fro®tack _rep (and fromany ). So the application works if some ancestor of
myStack is known to bestack_rep

object Stack_rep inherits any
of push
push has method(s@Stack_rep, j@int_rep) {...}

fun f() {
object myStack inherits Stack_rep
push(myStack, 27)

}

f0
Now consider a variation on the above example where the generic function and one of the arguments come
from different contours. In the following, the inheritance relationship betw#tack rep and
collection_rep is only known within the functiomested . Insidenested , the generic function
size is declared and assigned to the varigbl€he generic functiogize has an inheritance relation that
knows thatStack rep inherits fromcollection_rep . The variablex is assigned an object that
inherits fromStack_rep , but which does not hawmllection_rep as an ancestor. The application
at the end works, however, because the object stosethds an ancestor that is known to inherit from the
specializer of the generic function storedjifaccording to its inheritance relation).

object collection_rep inherits any
object Stack_rep inherits any

var g := anon method(x@collection_rep) {...}
var x := new Stack_rep
fun nested() {
Stack_rep inherits collection_rep
of size
size has method(s@collection_rep) {...}
g() :=size

fun nested_also() { x() := new Stack_rep }
nested();
nested_also();

90(x0) -- works
So the general rule is that a case is applicable at some formal argument position if some ancestor of the
actual argument is known to inherit from the formal’s specializer, according to the inheritance relation
recorded in the generic function. This is sensible, because it allows one to understand a generic function
(like size in the above example) in the context in which it was declared. It then behaves as it was
understood no matter where it is used. In this sense the semantics for inheritance is static.

2.6 Procedural and ADT Patterns

In BeCecil, one can program not only OO patterns, but also procedural and ADT patterns. Consider first
argument dispatch. BeCecil has dynamic multiple dispatch as its basic application mechanism; that is, the
particular invocable in a generic function that is called is based on the run-time ancestry of all the actual
arguments. However, if one has an object, such as BeGaujl,ghat is the ancestor of (almost) all others,

then by specializing oany, one is effectively not specializing on that argument position. Thus in BeCecil,

one can program as in a single-dispatch language by always specializing on just the first argument of a case,
or one can program in a procedural style by never specializing on any arguments. The following are thus
examples in singly-dispatched OO and procedural styles (respectively).

single_oo_method has method(first@myClass, snd@any, thd@any) {...}
proc_method has method(first@any, second@any, thd@any) {...}
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As Cook points out [Cook 90], one characteristic of ADT languages, such as Ada 83 [Ada 83], CLU [Liskov

et al.81], or Standard ML, is that they completely control the implementation of a particular type of object.
That is, they are able to guarantee behavioral properties of objects of a given type, because they control the
ability to create and modify objects of that type. However, usually objects in such languages are not
extensible (i.e., there is no concept of inheritance). The information hiding used in our previous (OO)
examples always involved hiding generic functions (especially for storage tables). This allows one to
change data structures at will, and also to enforce representation invariants. It thus gives information hiding,
but does not prevent impersonation [Morris 73], since a client can always create a subclass of a given class
and override all the methods that it would otherwise inherit. To see this, consider the following code, which
declares an object that inherits frdBrayscale_rep  (of Section 2.2.1). If the specifications of the
methodsinitialize , intensity  , andpaint include a requirement that they do not loop forever,

then their specifications are not satisfied when their first argumieadl iseven thouglbad inherits from
Grayscale_rep . Thus, behavioral properties cannot be guaranteed to hold for all objects that inherit
from Grayscale_rep

object bad inherits Grayscale_rep

initialize has method(b@bad, f@float_rep) { initialize(b,f) } -- loop forever!
intensity has method(b@bad) { intensity(b) } -- loop forever!
paint has method(b@bad, r@Region_rep) { paint(b,r) } -- loop forever!

Languages like Ada 83 or CLU are able to guarantee such behavioral properties because they are not
extensible; that is, in such a language one can implement a type and prohibit a client from creating instances,
except by using some defined interface. BeCecil also allows this style of programming. If the name of a class
is hidden, then clients cannot create instances directly. Clients also cannot override methods for subclasses
of the class, because clients will not be able to declare subclasses at all. This style of coding trades
extensibility for guaranteed control over instances. For example, the following shows how, by hiding the
nameGS2_rep, one can make a class that is likeyyscale_rep , but prevents imposters. Note that the
acceptor for the generic functiamensity has been moved inside the hide declaration, since otherwise
it could not specialize 08S2_rep .

hide

-- private declarations

object GS2_rep
field scale of GS2_rep :=0 -- sugared version of the previous declaration of scale

-- public declarations

GS2_rep inherits Color_rep

initialize has method(c@GS2_rep, intensity@float_rep) {
scale(c) := truncate(multiply(min(max(0.0, intensity), 1.0), 255));
c

}

gf mkGS2

mkGS2 has method(intensity@float_rep) {
initialize(new GS2_rep, intensity)

}

intensity has method(c@GS2_rep) {
divide(mkFloat(scale(c)), 255.0)

intensity has acceptor(c@GS2_rep) := v { initialize(c, v) }
paint has method(c@GS2_rep, r@Region_rep){ ... }
end

The trade-off between extensibility and such control over subclasses and creation of instances is perhaps
not absolute. One can imagine a language in which subclasses could not override methods of their
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superclasses, or a more complex language than BeCecil in which the code for a subclass’s methods would
have to provably satisfy the specification of the superclass. But this trade-off does seem fundamental in
languages where subclasses have unlimited ability to change inherited behavior and behavioral
specifications are not an enforced part of the program text.

In summary, BeCecil allows one to program in an ADT style that gives every bit as much control over
instances of a class as one would have in a language like Ada 83 or CLU. When doing so, one gives up
extensibility, but that is no worse than in such ADT languages. Indeed, BeCecil is more flexible, because
within a hide declaration, one can use subclassing on the hidden class, even though clients cannot do so.
Finally, in BeCecil one can program in either an ADT style, or an OO style, and both styles can be used in
the same program.
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3 Syntax, Overview, Sugars, and Examples for the BeCecil Type System

In this section we give an overview of the BeCecil type system. We first present the syntax of BeCecil with
its type annotations, give a brief overview of the main ideas, then describe some sugars and small examples.
Finally we describe some subtle points of the type system. All this should give the reader a feel for the type
system before the details are presented in Appendix C [Chambers & Leavens 96].

3.1 Syntax

The syntax of BeCecil with types is given in Figure 3-1. The syntax for generic function attributes has type
annotations added to formal parameters and a type annotation for return types. Also there are several new
declaration forms, and a syntax for type expressions.

3.2 Brief Overview

A type errorin BeCecil occurs when a program applies a generic function to a tuple of actual arguments,
and the generic function either has no case that is applicable to the actuals, or has more than one applicable
case, but not a unique, most-specific one [Chambers & Leavens 95]. If the first kind of error (“message not
understood”) can occur, the generic functioninsomplete If the second kind of error (“message
ambiguous”) can occur, the generic functiom@onsistent

The BeCecil type system is designed to statically prevent such type errors. The philosophy behind the type
system is to leave the dynamic semantics of the language unchanged. To this end, the central notions of the
type system are found only in the static semantics, and have no run-time effect. To allow additional
flexibility, classes are not considered to be types, and inheritance is independent of subtyping. Type
information in BeCecil is largely declared, not inferred, although the generic function types of objects are
inferred from the information given as annotations to formal arguments and return types of method and
storage table attributes. To keep the type system simple, there is no parametric polymorphism; thus the only
kind of polymorphism supported is subtype polymorphism.

3.2.1 Declarations for the Type System

There are four new declarations in the typed version of BeCecil. The first of these is the type declaration,
which declares names for user-defined types. For example, the following declares a new type named
Point .

type Point

Since user-defined type names are intended to describe ADTs, they are considered to have implicit
behavioral specifications. Hence two such declarations always produce different types, even if they declare
the same name in different contours. To achieve this, each declared type name is given a unique identity
within any contour in which it is visible.

Since user-defined type names have implicit behavioral specifications, subtyping among type names is
declared, not inferred. For example, the following declaresRbait is a subtype ofop (used as the
supertype of all user-defined types in our examples), ancCtiatPoint  is a subtype oPoint and

Color .

Point subtypes Top
ColorPoint subtypes Point
ColorPoint subtypes Color

The subtype relation among types is the extension of this declared direct subtyping relation to a reflexive
and transitive relation. BeCecil does not require that this relation be antisymmetric.
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P = RDS; B Program
RDS:= D* Recursive-Declaration-Sequence
B := RDS E Block
D = Declaration
obj ect | object: allocates a new object named |

CN; inherits CN, inheritance: CN directly inherits from CBl

CN has GF extension: CN to include the methods of GF
hi de RDSin D*end hide: the declarations of RDS are only visible to the D
type | type: new named type

TN subtypes T
CN conforns T

subtype: TN is a subtype of T
conformance: CN has the type T

GF := Generic-Function attributes
| identifier: the methods and tables of |
met hod(F*): T {B} method: likeA, a block abstraction

|
| storage(F*) := ET storage table: new table initialized to value of E
| acceptor(F*) :=I:T {B} acceptor: can process an assignment with value |
| GF & GF, combination: GF, favored over GI
F = |1 @CN: T Formal argument
T = Type expression
TN type name: a user-defined type
| (T%) -> Th1 invocable: with arguments T*, returng,
| (T%) 1= Ths1 assignable: with key arguments T* and valyg T
| exact{ET*} exact: all information about an object’s generic functic
| T4 & Ty conjunction: glb of types
| T4 | T disjunction: lub of types
N == | Type-Name
ET := Exact-Type for a generic function
(CT* -> Ths1 exact invocable: with arguments CT*, returng.T
| (CT*) = Tha exact assignable: with key arguments CT* and valug
CT = CN: T Class-and-Type
CN = | Class-Name
E = Expression
I class name: evaluates to the object denoted by CN
| Ep(AA%) application: evaluates operator then operands left-to-I
| Eg(AA*) = E assignment: with key AA* and valug,k
| E1; E sequence: evaluates BEhen b
AA = Actual-Argument
E undirected: applicabile if inherits from specializer
| E @CN* directed: applicable if also a GNhherits from specialize

Figure 3-1: Syntax for BeCecil with type checking aspects added. The nontdriainal
identifier.
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The connection between the world of objects and the world of types is established by a conformance
declaration. Conformance is a relation between objects and types, which says that the object has the given
type. For example the following declaration says that the oBnt_rep  conforms to the typBoint .

This declaration makeRoint_rep  a prototype (or concrete object): it can be used in any place that any
other object that conforms Boint can be used.

Point_rep conforms Point

Conformance of formal parameters to types, as well as conformance of the results of methods to types, is
asserted with the usual colon (:) notation. For example, the following is the extension declaration for the
mkPoint method.

mkPoint has method(i@int_rep:int, j@int_rep:int): Point { ... }

Several conformance declarations may be given for the same object. Thus an object may have several types.
For example, the following declarations say tmgtColorPoint  conforms both to the tygeoint , and
the typeColor .

myColorPoint conforms Point

myColorPoint conforms Color
An object may conform to a type either directly or indirectly. Direct conformance relationships are declared
in the program text, as above. For examphgColorPoint  directly conforms taPoint . Indirect
conformance relationships take subtyping into account. The pGikisenforms to Theans that eithéZN
directly conforms td, or thatCNdirectly conforms to some tyfe, andT, is a subtype of. For example,
myColorPoint  conforms tolop. Note that ifCN; inherits fromCN, andCN conforms tdT, this doesiot
mean thatCN,; conforms toT; inheritance relationships have nothing to do with conformance, and
subclasses are not required to be subtypes, nor vice versa.

Not every object has to be declared to conform to a user-defined type. It is perfectly legitimate to give no
conformance declarations for an object. Such an object isathstract in the sense that it cannot be used
as an object in expressions.

The type expressions in BeCecil are inductively defined, with user-defined type names as the basis. There
are three kinds of types that directly describe the generic function value of an object. The most familiar is
the invocable type, which consists of a list of argument types, an asrdyahd a return type. For example,

the following declares that the generic function equal can be called with two point arguments, and returns
a boolean.

equal conforms (Point, Point) -> boolean

The assignable type is written with a list of types that describe the key, an assignment symlwold a
type that describes the value being assigned. For example, the following declares that the generic function
y can process an assignment with a single key ofRget , and a value of typiat

y conforms (Point) := int
The final kind of type that describes the generic function value of an object is an exact type. This consists
of the keywordexact , and a set of exact invocable and assignable types, each of which contains
information about the class of their formal arguments. For example, the following declares a variable and
explicitly gives its exact type.

gf myVar
myVar has storage() := 27:int
myVar conforms exact{()->int, ():=int}

Exact types contain information about each and every case for an object. Hence an object may only conform
to one exact type. The exact types of all objects declared in a program are inferred by BeCecil from the type
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annotations given for method, and storage, and acceptor attributes of extension declarations. This helps
make the language less error-prone, since conformance declarations to exact types, such as the one above,
are redundant. It also helps make the language more extensible, since writing down an exact type for an
object means that it cannot be extended with any more cases. However, it is sometimes useful to write down
an exact type for a formal argument, since an identifier can only be used as a generic function attribute if it
conforms to an exact type.

The type system also has conjunction (greatest-lower-bound) types, written with an am@sand (
disjunctive types (least-upper-bound) types, written with a vertical baflie conjunctior8&Tis the least
specific type that subtypes b@randT. This type is different than any user-defined tyggahdT are not
ordered by the subtyping relation. One use of a conjunctive type is collapsing several conformance
declarations into one. For example, the first two declarations below are equivalent to the third.

x conforms (Point) -> int
x conforms (Point) ;= int
x conforms (Point) -> int & (Point) := int

The disjunctiorS|T is the most specific type that is a supertype of BahdT.

While subtyping for user-defined type names is declared, subtyping for generic function types is structural.
Exact types have no interesting subtypes (because there is no way that the information could be more exact).
However, an exact type can be translated into a supertype that is a conjunction of inexact generic function
types. For example, suppose that the type system has inferred that the exact tgpgh@following.

exact{(Point_rep:Point)->int, (Point_rep:Point):=int}
Then the exact type information forcan be forgotten by passing to the following supertype.

(Point) -> int & (Point) := int
Because exact types for generic functions are inferred, and because they have inexact types as supertypes,
it is not normally necessary to declare that generic functions conform to inexact generic function types.
However, such declarations do have their uses, in particular, when declaring the types of abstract (deferred)
methods or storage tables that are to be implemented for all objects that conform to a given type. For
example, the type of the generic functibn would be declared as follows, enabling the type system to
check that it is implemented for all objects that conform to the bgmean . (Such conformance
declarations are similar to tegnature  declarations in Cecil [Chambers 95, Chambers & Leavens 95].)

if conforms (boolean, ()->Top, ()->Top) -> Top

As a complete example, we show the typed version dPtiet example from Section 2.2 (without the
use of any syntactic sugars).

type Point

Point subtypes Top

object Point_rep

Point_rep inherits any

Point_rep conforms Point -- Point_rep is a prototype

object equal

equal inherits GenericFun_rep

equal has method(pl@Point_rep:Point, p2@Point_rep:Point): boolean {
and(equal(x(p1), x(p2)), equal(y(pl), y(p2)))

object x

X inherits GenericFun_rep

x has storage(p@Point_rep:Point) := O:int
objecty
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y inherits GenericFun_rep
y has storage(p@Point_rep:Point) := 0:int
object initialize
inititalize inherits GenericFun_rep
initialize has method(p@Point_rep:Point,
i@int_rep:int, j@int_rep:int): Point {
x(p) :=1;
y(p) :=];
p
}

object mkPoint
mkPoint inherits GenericFun_rep
mkPoint has method(x@int_rep:int, y@int_rep:int): Point{
object res
res inherits Point_rep
res conforms Point
initialize(res, X, y)
}
The way that the type system infers generic function types and checks applications only allows one to pass
actual arguments to a case if they conform to its declared argument types. Therefore each formal's
specializer and declared type independently constrain what kinds of arguments can be passed to it. Thus a
formal’'s specializer need not conform to its declared type. For example, one can write the following, even
thoughany does not conform tmt

object double
double inherits GenericFun_rep
double has method(x@any:int):int { plus(x, x) }

3.2.2 Client-side and Implementation-side Checks

Type checking can be divided into two parts [Chambers & Leavens c88ht-side checks and
implementation-sidehecks. Client-side checks are principally that each generic function application (and
assignment) is type-correct, by comparing the types of the actuals and the type of the generic function. Other
such checks are that the type of the body of a method conforms to the declared result type of the method.
Such type checks are straightforward, except for applications that use directed actuals. For directed actuals,
the generic function must be statically known, so that its exact type and inheritance relation can be used to
check that all possible tuples of objects, which match the actual argument types, will find a unique most-
specific method.

Implementation side checks are that for each declared object, for each invocalblE*jypeT, to which

that object conforms, and for each tuple of argument objects that conforiis tioe object’s set of
invocables has at least one (completeness) and no more than one (consistency) invocable that is applicable
to the actuals; furthermore, the tuple of arguments must conform to the types of this invocable’s formals and
its result type must be a subtype of the result type (fonformance). A similar check must also be made

for each object and each assignable tyde):= T, , to which each object conforms.

In the following example consider implementation-side checks for the declared digecendf . The

object bar does not conform to any invocable or assignable type, and thus trivially passes the
implementation-side checks. The objeatonforms to the invocable typ@ar)->int . There is just one

tuple of objects,kar ), that conforms to the tuple of argument types, and it is such that the single method
given forf is applicable. Furthermore, this method has the required return type. Hence this example satisfies
the implementation-side checks.

type Bar
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object bar
bar inherits any
bar conforms Bar

object f

f inherits GenericFun_rep

f has method(x@bar:Bar): int{ 3}
It is interesting to see how implementation-side checking effectively checks that each subtype has
appropriate methods to satisfy the usual rules for structural subtyping. Suppose the following declarations
are added to the above example.

type Foo

object foo
foo inherits any
foo conforms Foo

Foo subtypes Bar -- really?

Does the example still pass the implementation-side type checks with these additional declarations? No,
because now there is a tuple of objedts) (), that conforms to the tuple of argument typed fabut for

which there is no applicable method. Howevelpd were declared to inherit frobar , then the method

would be applicable, so the checks would be passed. Alternatively, one could fix the example by declaring
another method for f, such as the one below.

f has method(y@foo:Bar): int { 4 } -- one way to fix the above example

Another interesting aspect of the implementation-side checks is how they enforce a “monotonicity”
[Reynolds 80], “regularity” [Goguen & Meseguer 87], or “consistency” [Agraatal.91] condition on the

types of the methods in a generic function. This condition says that if a generic function conforms to two
types,( Tq,...,Ty)-> T, and( S,,...,.S§)-> S, and if for each, § is a subtype of;, thenS must be a subtype

of T, . To see how this is enforced, suppose that, for &l a subtype of;. Then( T4,...,T))-> T, is a
subtype of( S;,...,§)-> T, by the usual contravariant subtyping rule for function types [Cardelli 88].
Therefore, if an object conforms{dy,...,T,)-> T, it must also conform t0S,,...,S)-> T, . Thus methods

that can be called with a tuple of arguments of (yBg...,S) must return a result that conformslja So

any method that is declared to take a tuple of arguments of §pe,S,) must have a declared result type,

S, that is a subtype 4f, .

The practical consequence of this condition is that programmers have to be careful to not make the result
types of methods too specific, relative to their declared argument types. For example, consider the following
declarations.

object negate

negate inherits GenericFun_rep

negate has method(x@int_rep:number): int {...} -- these do not type check

negate has method(x@float_rep:number): float {...}
With these declarations, the code does not pass the implementation-side type checksnbgateise
conforms to the invocable tygieumber)->int |, and the last method above does not retuintarwhen
passed aumber. The code would pass the checks if the two methods both had a declared return type of
number. The code would also pass the type checks if both the methods had declared more specific
argument typedrft andfloat ).

A generic function can also fail to pass the implementation-side checks if a more specific method uses a
more general result type than another method that it specializes, as in the following example, where the
second method overrides the first for arguments that inheritffoainrep . Again the code would type
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check if both methods returned the same type; however, this example cannot be fixed by changing the
second method’s formal argument typdloat

object truncate

truncate inherits GenericFun_rep

truncate has method(x@number_rep:number): int {...} -- these do not type check
truncate has method(x@float_rep:number): number {...}

3.3 Syntactic Sugars

The syntactic sugars for the type system add to the sugars of Section 2.3, except where they are noted as
replacements.

3.3.3 Typed Declaration Sugars
The first declaration sugar allows one to declare a conformance relationship at the same time that one
declares several inheritance relationships.

[ENy i nherits CNy,...CN, conforms TLIS=
[ENy i nherits CNy,...CN,L]
CNy conforms T

Because of the convention we have been using of naming classes with names of ¥edéprnand the
corresponding typX, one often wishes, for example, to declare that an object inkerig¢p and conforms

to X at the same time. This is particularly useful for declaring “instances.” The following sugar is similar to
one in Cecil that serves a similar purpose.

[dbj ect | isa TNy,..TN,LI=
[dbject | inherits TN, rep ..,TN, rep conforns TN; & ... & TN,[]
The following sugars makes it easier to declare subtype relationships.
[N, subtypes TNy,...TN,LI=
TNy subtypes TN,
TN, subtypes TN,
[flype | subtypes TNy,...TN,LI=
type |
[ subtypes TNy,...TN,[]

The following sugar makes it easier to declare abstract generic functions, by allowing one to declare the
name and its type at the same time. This sugar relies on the sugar for declaring generic functions from
Section 2.3.

[df | conforms TLI=

Lgf 10J

| conforns (3]
The following sugars are replacements for the sugars of Section 2.3. They add type information to the
previous sugars.
ar 11T := EL=

Lgf 1J
| has storage() := el 30
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un 1(F*): T {BY L=
Lgf 1

| has nethod(F*): T {B}[]
[field 1: T, of CN. Ty : = ELI=

Lgf 10J

| has storage(x@N: [ToD) := [ELI[T,L]  wherexis a fresh identifier

3.3.4 Typed Formal Argument Sugars
As in Cecll, it is convenient to be able to write the specializer and type information for formal arguments in
an abbreviated form.

W@ TNL=
I @TN_rep: TN

Recall that if the specializer @y, it can be omitted.
. th=
| @any : EH
The following allows one to not mention the speciali2enericFun_rep  when a formal argument has
an invocable type.
He(m)->T U=
| @ GenericFun_rep : ([O*[0)-> Ei'n+1D
For example, we have the following expansion into BeCecil.

[¥True has method(b@:boolean, c@:()->Top): Top {...} 0
ifTrue has method(b@boolean_rep:boolean,
c@GenericFun_rep:()->Top): Top {...}

3.3.5 Typed Expression Sugars
The following sugar replaces the untyped version of the sugaefegiven in Section 2.3.7.

Lhew cN: TLIE

[{ object I inherits CN conforms T
|

} [J wherel is a fresh identifier
When creating a new object of a type nam&that is to inherit from a class nameéN_rep one can use
the following sugar.
Lhew i sa TNLI=
[dew TN_rep TNLJ
The expression sugars for the two formdedf carry over into the typed version of BeCecil if one adds
appropriate type annotations based on the minimal inferred types of the expressions involved. Similarly the

expression sugar for Smalltalk-like blocks carries over by adding the returfdggde the desugared form
given in Section 2.3.7.

3.4 Some Small Examples

In this section we show some small examples of BeCecil code with types. For purposes of giving examples,
we assume that the following declarations are used as the standard prelude for all example programs from
now on. We continue to assume various other generic functions that operate on numbers as well.
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-- the “typed standard prelude”
type Top

type void subtypes Top -- type of methods that do not want to return anything
object nothing conforms void
nothing has method(): void { nothing }

object any inherits nothing -- abstract superclass of all other classes
object GenericFun_rep inherits any

type number subtypes Top

type int subtypes number

type float subtypes number

object number_rep inherits any
object int_rep inherits number_rep
object float_rep inherits number_rep
object 1 isa int

object 2 isa int

object 3 isa int

obje.(.:.t 4.7 isa float

3.4.6 Boolean

We add type declarations to the Booleans, from Section 3.4.6, as follows. The code has been changed in
places to use the generic functiflexp instead off . This is becausé can return something of any
type, and so is only useful as a statement (when one cares about type checking). The generic function
ifExp works for booleans, but if it is to function as a true if-expression, then it must be extended for each
type of result. However, these problems could easily be solved by adding parametric polymorphism to
BeCecil's type system.

type boolean subtypes Top

object boolean_rep inherits any -- abstract class

-- the following 3 generic functions are to be implemented by conformers
of if conforms (boolean, ()->Top, ()->Top) -> Top

gf ifExp conforms (boolean, ()->boolean, ()->boolean) -> boolean

gf not conforms (boolean) -> boolean

of equal conforms (boolean, boolean) -> boolean -- implemented below
fun ifTrue(b@:boolean, c@:()->Top): Top {if(b, c, nothing) }

fun and(b@:boolean, c@:()->boolean): boolean { ifExp(b, c(), false) }

fun or(b@:boolean, c@:()->boolean): boolean { ifExp(b, true, c()) }

object true isa boolean

true has method(): boolean { true }

if has method(b@true:boolean, c@:()->Top, a@:()->Top): Top {c() }

ifExp has method(b@true:boolean, c@:()->boolean, a@:()->boolean): boolean {

c()

not has method(b@true:boolean): boolean { false }

object false isa boolean
false has method():boolean { false }

if has method(b@false:boolean, c@:()->Top, a@:()->Top): Top{a() }
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ifExp has method(b@false:boolean, c@:()->boolean, a@:()->boolean): boolean {

a()

not has method(b@false:boolean): boolean { true }

equal has method(x@:boolean, y@:boolean): boolean { false }
equal has method(x@true:boolean, y@true:boolean): boolean{ true }
equal has method(x@false:boolean, y@false:boolean): boolean { true }

3.4.7 collection

The following example shows how to add type declarations to the collection type that was given previously.
Notice thatcollection_rep does not itself conform to any type, and hence is an abstract class.

type collection subtypes Top
type collElem subtypes Top

object collection_rep inherits any -- abstract class
gf isEmpty conforms (collection) -> boolean -- to be implemented by conformers
gf do conforms (collection, (collElem)->void) -> void -- this one too

fun length(c@:collection): int {
varres:int:=0
do(c, anon method(x:collElem):Top {res() := plus(res(), 1)});
res()

}
3.4.8 list

In the following, notice hovequal is not declared as here, as it has been declared above. However, unlike
the untyped version of this example, its type is noted here.

type list subtypes collection

type listElem subtypes collElem
object default_list_elem inherits any conforms listElem

object list_rep inherits collection_rep -- abstract class

of head conforms (list) -> listElem -- to be implemented by conformers
of tail conforms (list) -> list -- to be implemented by conformers
equal conforms (list,list) -> boolean -- to be implemented by conformers

do has method(c@:list, b@:(collElem)->void): void {
ifisEmpty(c), nothing, [b(head(c)); do(tail(c), b)])

3.4.9 nil

We do not declare a subtypelist  for the empty list, as there seems to be no good reason to do so. Notice
how the non-sugared form of formal arguments is used in the code below.

object nil isa list

isEmpty has method (n@nil:collection):boolean { true }

tail has method(n@nil:list):list { nil }

head has method(n@nil:list):listElem { head(n) } -- loop forever!

3.4.10 nonempty lists

The following gives the code folonempty _rep , with type information added.

object nonempty_rep inherits list_rep -- abstract class
isEmpty has method(I@nonempty_rep:collection) { false }
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3.4.11 cons

As with the empty list, we do not declare a subtypéstf for lists implemented bgons _rep . We
declare an initialization generic function to allow initialization of lists. Recall that the object
default_list_elem is used as the default list element.

of initialize conforms (list, listElem, list) -> void
object default_list_elem inherits any conforms listElem

object cons_rep inherits nonempty_rep conforms list
hide
field hd:listElem of cons_rep:list := default_list_elem
field tl:list of cons_rep:list := nil

in
initialize has method(c@cons_rep:list, x:listElem, l:list): list {
hd(c) := x;
tiic) :=1;
c
tail has method(I@cons_rep:list): list {ti(I)}
head has method(I@cons_rep:list): listElem {hd(l)}
tail has acceptor(I@cons_rep:list) := new_tail:list {
tl(l) := new_tail
head has acceptor(I@cons_rep:list) := new_head:listElem {
hd(l) := new_head
end

fun cons(x:listElem, l:list): list {
initialize(new cons_rep:list, x, 1)
}

equal has method(x@:list, y@:list): boolean{false}
equal has method(x@nil:list, y@nil:list) {true}

equal has method(x@nonempty_rep:list, y@nonempty_rep:list): boolean {
and(equal(hd(x), hd(y)), anon method():boolean{equal(tl(x), ti(y))})

Adding type information to the interval list example of Section 2.4 is left as an exercise for the reader.
3.4.12 link

Since BeCecil does not have parametric polymorphism, using the type list results in a loss of information
about the type of the elements in tl®# , since when extracted they are only known to have the type
listElem . Hence the following type is sometimes useful, as will be seen alithe example below.

type link subtypes Top
object link_rep inherits any conforms link
object nil conforms link
hide
field nxt:link of link_rep:link := nil
in
initialize has method(I@:link, next@:link): link { nxt(l) := next; 1}
of next
next has method(I@:link): link { nxt(l) }
next has method(I@:link) := v:link { nxt(l) :=v }
end
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3.4.13 alist

The following example, one way to implement association lists, shows some interesting uses of private
inheritance and subtyping; in the hidden declaratiairs, rep is made to inherit frofink_rep  and
to subtypdink . Notice also thanil is also made to conform to thést  type.

type alist subtypes collection
type key subtypes Top
object default_key conforms key
type value subtypes collElem
object default_value conforms value
nil conforms alist
do has method(c@nil:alist, b@:(collElem)->void): void { nothing }
object alist_rep inherits collection_rep conforms alist
hide
alist_rep isa link
field ky:key of alist_rep_rep:alist := default_key
field vl:value of alist_rep:alist := default_value

in
initialize has method(al@:alist, k:key, v:value, next@:alist): alist {
ky(al) := k;
vi@al) :=v;
initialize(al@link_rep, next);
al
}

iSEmpty has method(al@:alist): boolean { false }

do has method(c@:alist, b@:(collElem)->void): void {
b(vi(al));
do(next(al), b)

of assoc
assoc has method(k:key, al@nil:alist, v:value): value { v }
assoc has method(k:key, al@:alist, v:value): value {
var res: value := v
if(equal(k, ky(al)),
[res() := vi(al)],
[res() := assoc(k, next(al), v)]);
res()

}

end

fun acons(k:key, v:value, next@:alist): alist {
initialize(new alist_rep:alist, k, v, next)
}

3.4.14 Named Subtypes of Generic Function Types

In BeCecil, user-defined type names can be thought of as having implicit behavioral specifications attached.
The following example shows how to declare a type that is supposed to represent integer-valued functions
that square their arguments.

type squarer subtypes (int) -> int
One declares that a generic function conforms to this type explicitly, as follows. Note that if an object was
declared to conform te@quarer without having an integer-valued method, it would not pass the
implementation-side checks.

of square conforms squarer
square has method(x@:int): int { times(x, x) }
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Although the type system does not check sloatare satisfies the implicit behavioral specification, it does
propagate knowledge about what objects have been asserted to conformstpugnee . For example,
the functionis_right_triangle , defined below, requires itsargument to conform to squarer.
fun is_right_triangle(a@:int, b@:int, c@:int,
f@GenericFun_rep:squarer): boolean {
equal(plus(f(a), f(b)), f(c))

For example, the following application would type check.
is_right_triangle(3,4,5,square)

3.5 Some Details

The type system of BeCecil deals with the following features not discussed in [Chambers & Leavens 95]:
« directed actual arguments,
 extensible generic functions,
« first-class generic functions,
* hide declarations, and
« nested contours with local inheritance, object, and extension declarations.

Directed actual arguments are handled by requiring applications with directed actual arguments to be to
statically-known generic functions. This is in the spirit of OO languages, which do not allow one to extract

arbitrary methods of objects and call them. The information that is used to type check such an application
consists of the exact type information for the generic function and the inheritance relation that was closed
with the generic function when it was created. This allows the type system to mimic the dynamic semantics.

For the purpose of extending a generic function, cases can be extracted from an object if the object’s exact
type is known (its identity is not required). This is the main reason for having exact types in the syntax of
type expressions.

First-class generic functions are handled by including types for them in the language. The type checking
rules are well-known and straightforward.

Hide declarations themselves cause no difficulty for the type system, other than the fact that they introduce
nested contours, which do cause problems. We discuss these problems below.

Nested contours in BeCecil require careful attention if they are not to make the type system unsound, and
if they are to be useful. To help keep the type system simple and understandable, the type system is designed
so that it does not use any information from nested contours, other than their type correctness, when
checking a recursive declaration sequence. To put this another way, the type system assumes that the only
objects and inheritance relationships that it needs to consider are those declared either in the contour where
the objects and generic function attributes it is checking are declared or in surrounding contours, but not
those in nested contours. However, this assumption might make the type system unsound, because in a
nested contour, one could declare that a new object conforms to an argument type:

« when the new object does not inherit from the set of objects that were assumed to conform to that type
(“types acquiring new conformers”), thus causing incompleteness, or

« when the new object inherits from two objects that were assumed to conform to that type and were
assumed to not have common descendents (“relating unrelated conformers”), causing inconsistency.
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Our names for these problems are given in the parenthetical remarks in each of the above bullets. Note that
the above problems, possibly in combination, are the only ways that type unsoundness might arise due to
nested contours (assuming that the implementation-side checks for the surrounding contour are carried out
correctly, and that client-side checking is done as usual). Thus the main difficulty in designing a sound type
system for BeCecil is preventing these problems without rendering nested contours useless.

To illustrate the problem of types acquiring unknown conformers, consider the following (type incorrect)
BeCecil block. In the block, the generic functiequal seems to be completely implemented (if one
considers only the top-level declarations), because there is an implementation for the only object that
conforms to its argument type. However, the assumption that only objects that inheFirftom_rep
conform to the typd is falsified in the body of the functiomested , becausénother T rep is a
object that conforms t®, and it does not inherit frofirst T rep

type T

gf equal conforms (T, T) -> boolean

object First_T_rep inherits any conforms T
equal has method(pl@First T rep:T, p2@First_T_rep:T): boolean { true }
fun nested():T {

object Another_T_rep inherits any conforms T

Another_T_rep

equal(nested(), First_T_rep) -- not understood!

To illustrate the problem of relating unrelated conformers, consider the following (type incorrect) block.
The top-level recursive declaration sequence is checked, as usual using information in that contour, so it
seems that the generic functiequal is implemented consistently: the argument will either inherit from
Origin  orRed, but not both, as far as that contour is concerned. But in the funetited at the end,
the objecRed_Origin  does inherit from both objects. Thus the cakbqoial , although seemingly fine,
results in a message ambiguous error.

type Comparable

gf equal conforms (Comparable, Comparable) -> boolean

type ImPoint subtypes Comparable -- points that are not necessarily mutable

object Origin inherits any conforms ImPoint

equal has method(p1@Origin:Comparable, p2@Origin:Comparable):boolean {
true
}

type Color subtypes Comparable
object Red inherits any conforms Color
equal has method(pl@Red:Comparable, p2@Red:Comparable):boolean { true }
var mylmPoint;ImPoint ;= Origin
fun nested(): void {
object Red_Origin inherits Red, Origin conforms ImPoint & Color
mylmPoint() := Red_Origin;
nothing
}

nested();

equal(mylmPoint(), mylmPoint()) -- ambiguous!
Our idea for making the type system sound, and thus turning these run-time errors into type errors, is to
simply prevent both of these problems from happening. To do this, for each declared typ&Nyaine,
type system tracks two pieces of information. To prevent the problem of types acquiring new conformers,
it tracks the set of objects that are known to conforifiNdn the recursive declaration sequence in which
it was declared; this set is called tbenformers of TNTo prevent the problem of related unrelated
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conformers, it tracks the inheritance relation of the recursive declaration sequence inTINhiGs
declared; this is called theheritance relation of TN

Like inheritance, conformance and subtyping are also scoped in BeCecil. We say that a relationship, such
as thatCN conforms torN, isvisiblein an contoufSif that relationship holds in the type context given by

the declarations db (and surrounding contours). A declaration of an object or type nawshk in a

contour if it is not shadowed.

The restrictions needed for soundness in the presence of nested contours are that in ever$ ¢hatour,
following must hold.

» Suppose that the relationsi@, conforms torNis visible inS, and that the declaratitype TNdoes
not appear its. Then there must be some objédh, such tha€CN, is a member of the set of conformers
of TN, and the relationshi@N, inherits fromCN, is visible inS

» Suppose that the relationsi@, conforms tol'Nis visible inS and that the declaratitype TNdoes
not appear irS Then for all object€N, andCN, if both CN, andCN; are conformers ofN, and if
both of the relationship€N; inherits fromCN, and CN; inherits fromCN; are visible in§ then
according to the inheritance relationTd,, eitherCN, inherits fromCN; or vice versa.

The first rule above can be further simplified by omitting the check that the declaration of the type name
does not appear in the contour, and letting objects declared to conform in the same contour as the type name
trivially satisfy the rule. However, the second rule cannot be simplified in this way, as otherwise multiple
inheritance would be prohibited. In an algorithm implementing these rules, one would want to only check
new conformance relationships, excluding those that were already present in a surrounding contour.

As an example of how these rules permit one to use inheritance in a nested contour, consider the following.
The example is permitted by our rules, as the two ancestors of thefloppygt declared within the nested
contourbarnum , Elephant_rep  andCircusPerf , each conforms to a different type, and the two
types are unrelated. If howeve&ijrcusPerf  was declared as a subtypeHiephant_rep  within

barnum , then the nested contour would be illegal.

type Elephant subtypes Top
object Elephant_rep inherits any conforms Elephant
fun haul(e@:Elephant, thing:Top, distance@:int): void { ... }
type CircusPerf subtypes Top
object CircusPerf_rep inherits any conforms CircusPerf
fun space_for_act(cp@:CircusPerf): int{ ... }
fun barnum(): void {
type CircusElephant subtypes Elephant, CircusPerf
object floppy inherits Elephant_rep, CircusPerf_rep
floppy conforms CircusElephant
object wagon inherits any conforms Top
haul(floppy, wagon, space_for_act(floppy))
}

barnum()
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4 Related Work

BeCecil bears a great deal of similarity to Cecil [Chambers 92, Chambers 95]. However, there are several
differences from Cecil that are worth pointing out. The major differences in the dynamic semantics are the
presence, in BeCecil, of the hide declaration and block structure. A more minor difference is the first-class
nature of generic functions in BeCecil. In BeCecil, assignment and generic functions are more integrated
than in Cecil, but the ability to replace a storage table with an acceptor and a method follows Cecil, in which
a field named is accessed through two methadsindset_f . (CLOS, Dylan, Self, and other languages

also present instance variables to clients as methods.)

The type system of BeCecil relies heavily on our previous work on type systems for multimethod languages
[Chambers & Leavens 94, Chambers & Leavens 95]. The major extensions with respect to that work are the
inclusion of block structure, hide declarations, and directed actual arguments (which allows inheritance of
methods). Another difference is the absence, in BeCecil, of a notation for declaring that objects are abstract
or concrete. There are also some more subtle differences in assumptions; for example, the type system of
BeCecil does not assume that there is a type that is the supertype of all other types, or that there is a class
that is the superclass of all other classes (although we have used such a type and class in our examples).
However, Cecil itself has a type system with parametric polymorphism.

In the rest of this section we discuss the relation of BeCecil to other languages with multimethods, Abadi
and Cardelli's imperative object calculus, and to other OO languages with block structure.

4.1 The A&-Calculus

With respect to work on multi-method semantics, the most closely-related workii&-tradculus [Ghelli
91, Castagnat al. 92, Castagnat al. 95]. TheA&-calculus is a statically-typed foundational calculus for
multimethod languages, from which BeCecil draws several ideas.

In some respects, thi&-calculus is simpler than BeCecil, while in other respects BeCecil is simpler. For
example, in th&&-calculus, generic functions are applied differently than regular functions, but in BeCecil,
there is only one kind of function. On the other hand, BeCecil allows new objects and new inheritance
relationships to be declared, even in nested scopes. N&tbalculus, the classes (which are also types)
and their inheritance/subtyping relationships are considered to be constants (predeclared).

Although, in BeCecil& is used only in declarations as a way to combine generic function attributes, it
performs a similar function to tl&operator in th@&-calculus. To make this point more clearly, we show

how the combination operatérof theA&-calculus can be defined as an expression sugar in BeCecil. As

for attributes, this combination takes the cases of both expressions, but for those that clash (have the same
specializers), only the cases of the second generic function’s methods remain in the result. Note that the
result of such an expression has an exact type in BeCecil, and so it can be used in further combination
expressions, just as in th&-calculus.

[&F, & GF,LI=

@ obj ect | inherits GenericFun_rep
| has GF; & GF,

I
} D wherel is a fresh identifier

The A&-calculus also has a way to write a generic function with no methods. This is another sugar in
BeCecil.
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[émptyI=
[{ object I inherits GenericFun_rep

|

yd

A major difference from BeCecil is that th&-calculus does not deal with mutation. In some sensk&he

calculus is indifferent to the presence of operators such as assignment, being a calculus that is primarily
concerned with generic functions and their invocation. However, the semantics\&ftladéculus would

have to change to allow for mutable storage. One way this could be done is showN&m thalculus
[Castagna 96b]. In this calculus there are locations, which have reference types (much as in ME)"¢The
calculus also has conversion functions, which are used to create specializable locations; this permits the
modeling of covariantly-specialized instance variables. It is unclear whether this can be modeled in
BeCecil, but there seems no obvious way to do it, as the type system would need to be changed.)

The type system for BeCecil uses several ideas that are also used in type syster&-chthelus. Like
theA&-calculus, BeCecil does not allow for dynamic inheritance and its typing rules are based on a declared
subtyping relation between atomic types. The emphasis on generic function typing, and the subtyping rules
for generic functions, are adapted from Al8ecalculus.

It is interesting to compare the treatment of generic function types in BeCecil awdd ¢héculus. Thea&-

calculus types for generic functions are most closely related to the exact types in BeCecil. HoweXer, the
calculus does not permit a generic function type to have supertypes that are single arrow types (the types of
non-overloaded functions), because, in M&calculus, generic functions are applied differently than
regular functions. In BeCecil, since there is only one kind of function, and an exact type has single arrow
types as supertypes. In BeCecil, one may also forget exact type information about a generic function using
subsumption; one first translates the exact type into an inexact type, and then one may use a rule that is the
same as the rule for subtyping generic function types ih&healculus. In BeCecil, there are no dynamic
consequences to this forgetting process (that is, each case in the generic function is still used exactly as
before). The\&-calculus also allows supertypes of generic function types; however, forgetting information
about branches can have dynamic consequences, because the type indexes in a generic function type are
used to select a particular method.

The difference in the treatment of generic function types reflects a more fundamental difference in the two
type systems: in BeCecil classes and types are distinguished, as well as inheritance and subtyging. The
calculus does not make these distinctions, and thus its type system is not separated from its dynamic
semantics. In BeCecil, the dynamic semantics is independent of the type system. This separation does lead
to complications in the type system of BeCecil, but the result is that BeCecil gives programmers added
flexibility.

One way to prove the soundness of the BeCecil type system would be to translate BeCecili&to the
calculus. We chose not to do so as the translation would not be direct, because the type sysien of the
calculus does not deal with nested scopes, mutation, or a separation of types and classes.

In summary, although there is a subset of BeCecil that is similar #d&Healculus, the following are the
main differences.

» BeCecil treats imperative features, such as assignment.
» BeCecil has encapsulation.
» BeCecil does not require that all objects and inheritance relationships be visible globally.
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» BeCecil's dynamic semantics does not rely on its type system.
» BeCecil separates the concepts of types and classes, and subtypes and subclasses.

4.2 Castagna’s A_object

The languag@_object [Castagna 95b] is a meta-language for reasoning about OO programs. In particular,
A_object is used to describe the semantics of an (unnamed) toy OO language which is “a mix of Objective-
C and CLOS” (page 2). While BeCecil could be compared either to the toy language abjert, BeCecil

is more likeA_object, and\_object has nearly all of the expressive power of the toy language.

The main differences between object and the&-calculus are that ir\_object one can declare new
classes and inheritance/subtyping relationships, and there is some provision for extending the methods of a
generic function that allows for functional update of existing methods (i.e., a new generic function is
produced). While one can declare new classes and subtype/inheritance relationshijpbjac program,

all such declarations are global to the main computation, unlike those in BeCeail,adnect does not

allow mutation. IP\_object there is also some provision for reasoning about information hiding, but unlike
BeCecil, information hiding is not enforced. (In the toy language, however, information hiding is enforced.
The construct for information hiding is the explicit declaration of the interface of a class (the protocol of its
objects), and this is enforced by the type system. Thus information hiding in the toy language is quite similar
to the hide mechanism of BeCeci.)object also has two primitivesperce andsuper , that are used

for inheritance of methods.

Since classes and types are not separatediibject, itssuper mechanism involves the type system. The

use ofsuper allows one to achieve an effect similar to that of directed actuals in BeCecil. It can be used
more freely than directed actuals in BeCecil because of the lack of block structuobjact. In BeCecil

one could perform the equivalentaaferce by creating a new proxy object, however this proxy will have

a different object identity than the original object (a concept not presgnbbject), and thus will not be
wholly satisfactory for the same reasons that proxy objects are not wholly satisfactory in standard OO
languages.

Unlike BeCecil, objects ii_object are records containing instance variables. In BeCecil, the fields of an
object are not part of an object’s valdeobject is also class-based. BeCecil does not make a distinction
between classes and instances.

Since it is like the\&-calculus,A_object shares several other important differences from BeCecil. These
include the distinction between two kinds of applications and the main points summarized above.

4.3 Polyglot

Polyglot, a CLOS-like database type system [Agraatall. 91], is the only other statically-typed language

with multimethods and mutation of which we are aware. The main differences between Polyglot and
BeCecil are that Polyglot requires that all objects and inheritance relationships be visible globally, Polyglot
does not separate the notions of type and class or subtype and subclass, and Polyglot does not have a way
to declare the types of generic functions apart from their implementations.

In stating the type system of BeCecil in Appendix C, we have not tried to describe a type checking
algorithm, but rather to describe rules that would guarantee type soundness. However, BeCecil shares an
idea from the Polyglot algorithm in that it also divides the typechecking problem into implementation-side
and client-side checks. In Polyglot, the implementation-side checks impossiatencyondition on the

return types of methods of a generic function, which says that more specific methods have more specific
return types. (This condition is the same as that used in the category-sorted algebras of Reynolds [Reynolds
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80] and in order-sorted algebras [Goguen & Meseguer 87].) The implementation-side checks also require
that each set of methods that eomfusablg(i.e., that might handle the same call) is totally ordered by the
programmer. Client-side checks thus only need to find a single most-specific multimethod that is applicable
to the static types of the arguments in the call, and the consistency condition ensures that at run time the
result will be a subtype of the result type of this method. Compared to BeCecil, however, their type system
depends on a number of restrictive assumptions:

* The methods of a generic function must be totally ordered by the programmer within each confusable
set. Graph-based method lookup semantics found in most object-oriented languages with multiple
inheritance [Snyder 86], where the method overriding relationship only forms a partial order, cannot be
handled. BeCecil does not make any such assumption, but detects whether any ambiguously-defined
messages are sent.

» Because Polyglot has no way to declare the type of a generic function aside from giving its methods,
and because Polyglot has no other way to distinguish between concrete and abstract classes, there is no
way to declare an “abstract” or “deferred” method.

* Inheritance and subtyping are synonymous in Polyglot. This makes code less flexible, because it
prevents a class from inheriting code from some other class without being required to be a subtype
[Snyder 86]. It also means that one cannot distinguish the specializer of an argument from its type, and
thus one must specialize on all arguments. In BeCecil, one can use a specializer that is distinct from the
formal argument type; because the specializer also does not have to conform to the argument type, one
can use the specializany, and thus effectively not specialize on that argument.

4.4 Kea

Kea is a higher-order, polymorphic, purely-functional language supporting multimethods [Muggraige

91]. Objects in Kea contain various properties, which can be thought of as fields, unlike BeCecil.
Information hiding is based on a class mechanism; a class has a declared public interface, and only within
a class can other properties of an object be accessed. The hide declaration in BeCecil is similar.

Like Polyglot, code inheritance and subtyping in Kea are unified. Kea'’s type checking includes the notion
that a collection of methods must behaustiveandunambiguousand these notions appear in our type
system as well. The semantics of typechecking in Kea is also specified formally. As with Polyglot, our
contribution in the area of typechecking relative to Kea is that we typecheck several important language
features not found in Kea, including mutable state, separate subtyping and inheritance graphs (which allow
abstract classes), and block structure.

45 Rouaix's Work

Rouaix’s work [Rouaix 90] also describes a higher-order, polymorphic, purely-functional language. This
language has no mutable state variables, and does not have information hiding or block structure. This work
uses a type inference system that is quite different than the type system of BeCecil. Like BeCecil, the
language’s dynamic semantics is specified separately from its type system. However, since there are no type
declarations, there is no way to declare abstract or deferred methods.

4.6 CLOS and Dylan

Both the Common Lisp Object System (CLOS) [Steele 90, Paepcke 93] and Dylan [Shalit 97, Ftinberg

al. 97] are languages with generic functions and module systems. Unlike BeCecil, the generic functions in
these languages must all have the same number of (required) arguments. Both module systems provide
name-space management, allowing generic functions to be made local or private to packages (although
encapsulation is only advisory in Common Lisp and can be circumvented). CLOS allows one to add
methods to a generic function, either by making a lexical binding in a nested scope, or by modifying the
generic function destructively. Dylan also allows one to declare methods in nested scopes. In these
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languages inheritance relationships cannot be scoped separately from objects, and CLOS also allows
inheritance relationships to be modified as the program runs. In both languages generic functions are not
integrated with objects as they are in BeCecil. Both of these languages are also dynamically typed.

4.7 Abadi and Cardelli’'s Imperative Object Calculus

Abadi and Cardelli have defined an imperative object calculus,ciImp- [Abadi & Cardelli 95] [Abadi &
Cardelli 96, chapters 10 and 11], that consists of “objects”, single-dispatch methods (as in Smalltalk
[Goldberg & Robson 83] or Self [Ungar & Smith 87]), “method update, object cloning, and local
definitions” [Abadi & Cardelli 95, page 1]. They view method update as a “tamed” version of dynamic
inheritance. See Section B.10 for why we use storage tables instead of method update in BeCecil.

Although Imp~< and BeCecil are not really comparable, because; Imp- does not support multiple dispatch
or inheritance, one can use Imp- to test of the claim that BeCecil is able to express features of the OO
paradigm, by translating Imp- into BeCecil. The main interest is how to encode in BeCegil Imp- objects,
which are records of methods, since BeCecil's objects are not usually thought of as containing their own
methods. However, one can encode an §mp- object as a generic function that has storage tables specialized
on each label of the record, where labels are considered to be objects that do not inherit from each other
[Castagna 95b, Section 4.3]. Each such storage table would contain a generic function that encodes the
corresponding method. This translation could be formalized with the following sugars. (In theasagdrs,

b are expressions,is an identifier, antlis a label. The first is the sugar for the lmp- object expression,
which creates an object, and the third is for method replacement.)

(1= (%)) by, ... ln=¢ (%)) b L=
{4 of |

| has storage(x@)

anon nethod(x;) { by }

anon net hod(x, { b, }

i"has st or age( x@,)

I
} D wherex andl| are fresh.

EXIEE

Wet 1=ain(i()y nd
[A 1= ¢(x b=

(a1 U: = [Anon method(x) { b} U
[d] one(a) L=

(et 1, = a

in{ of I

| has I,

I
} D wherel is different thar,.

Note that the anonymous methods in the translations do not specialize on their argument. This is because
the methods of Imp- are not multimethods, and so have no need of specialization. We do not include type
information in these sugars, because in knp- the types are not declared, and because Imp- does not have
user-defined type names. We leave a closer connection between the type systems as future work.

The translation given above assumes some way to code labels as objects in BeCecil. Labels have the
property that they are not shadowed by locally-bound variables, and thus form a second namespace.
However, this can be easily handled by “name mangling” in the translation of labels into BeCecil identifiers.
For example, one might translate labels and identifiers ofdmp- into BeCecil as follows.
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L= label |
L= variable_  x

4.8 Block Structure

Few OO languages feature block structure to any significant extent. We know of no other statically typed
OO languages with both multimethods and block structure. (Dylan allows one to define methods in nested
blocks, but not classes or inheritance relationships. CLOS has lexical closures, but classes and inheritance
relationships are global.) C++ [Stroustrup 91] has some amount of block structure, in that one can declare
classes within blocks. However, C++ is designed to carefully avoid making static closures for methods.

The main OO languages that allow the full use of block structure are Simula 67 [Birewiatl&3] and

Beta [Madseret al. 93, Chapter 8]. In Beta there are “fewer restrictions on the use of block structure than
in Simula” [Madseret al. 93, page 139]. Beta allows one to define local procedures and classes inside the
bodies of other definitions, including procedure and class definitions. We believe that BeCecil supports all
the patterns of programming that can be accomplished in Beta in a fairly direct way.

Most interesting to us is the interaction of block structure and inheritance. What happens when one defines

a class in a local contour that inherits from a class in a surrounding contour? If an instance of the class is
passed out of the local contour, is this inheritance relationship preserved? In Beta, the inheritance
relationship is preserved; for example, messages sent to the object are handled by the superclass if the
object’'s own class does not override them. Similarly, in BeCecil, an inheritance relationship declared in an
inner block is preserved by objects created in that block. In BeCecil, the situation is a bit more complex,
because of the separation of types and classes, and because inheritance relationships can be declared apart
from the declaration of objects.
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5 Discussion and Conclusions

In this section we discuss the expressive power of BeCecil, the importance of separating the study of a
language’s dynamic semantics from its type system, and current work. We finish with some conclusions that
describe the contributions of this work.

5.1 The Expressive Power of BeCecil

BeCecil is an expressive language. In particular it is able to express in a direct fashion typical patterns of
OO0 programming, including encapsulating state, extending behavior without modifying existing code, and
subtype polymorphism. To demonstrate this claim, we have presented several examples, including those
that show how to program:

* points with state and object identity,

 grayscale colors that encapsulate state that satisfies an invariant,

* grayscale points that inherit state and behavior from grayscale colors and points,
* booleans and lists that use subtype polymorphism and abstract classes.

Such examples are standard in the literature on OO programming; e.g., the Boolean example is taken from
Smalltalk [Goldberg & Robson 83], and the list example is taken from Cook’s paper comparing ADT and
OO styles [Cook 90]. Such examples demonstrate that BeCecil qualifies as an OO programming language,
despite using different mechanisms than Smalltalk or C++ for objects, instance variables, message passing,
classes, and inheritance.

These new mechanisms support new patterns that are not possible or feasible with single-dispatching. For
example, multimethods solve part of the binary method problem [Etuak95] by giving efficient and

direct access to multiple objects when processing a message. BeCecil also supports programming in an
abstract data type (ADT) style, where one has complete control over the creation of instances of a class,
while still permitting the use of OO patterns within such a class. This is not possible in most purely OO
languages, and a mix of styles like this is not possible in most ADT languages either. However, the ability
to mix styles comes not from a large number of features, but from the combination of a very small number
of orthogonal features.

5.2 The Importance of Dynamic Semantics

Although we designed BeCecil so that it could be statically type checked, we also adopted as a design
principle that the language should make sense apart from its type system. While this technique is not new,
it does have several benefits. The main benefit is a separation of concerns, which allows each part of the
language design to be more highly polished. A prime example of this is the hide declaration in BeCecil. The
hide declaration can hide information, and can even prevent impersonation, without any help from the type
system. In this respect it differs from CLU [Lisket al. 81] (and from theabstype mechanism of
Standard ML [Milneret al. 90]), which achieves information hiding primarily by a difference between the
types of objects as seen by the ADT implementation and its clients. BeCecil’s hide declaration can be seen
as a highly simplified and focussed version of the module mechanisms in CLOS or Dylan, which also
provide information hiding for multimethod languages without the aid of a type system. Another polished
feature of the BeCecil dynamic semantics is the treatment of inheritance in nested blocks.

5.3 Current Work

The most pressing current work is the proof that the type system of BeCecil is sound.
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We are also working on a module system for BeCecil that will allow separate typechecking of modules and
combining independently-developed modules [Chambers & Leavens 95]. This module system allows one
module to import another module, or to extend it. Modules that extend some other module are called
extension modulesExtension modules can, effectively, insert declarations into the same recursive
declaration sequence as the modules they extend. This is necessary because the dynamic semantics of
BeCecil can only permit extensions to objects declared in the same recursive declaration sequence, and
because the type system needs to restrict what can be done in nested blocks. Our previous work did not
formalize when one needed to use an extension module, and what privileges were gained by extension
module. It is now clear that the privilege gained by an extension module is the ability to effectively insert
declarations into the extended module’s recursive declaration sequence. Hence one needs to use an
extension module to gain this privilege, and does not need to otherwise.

5.4 Conclusions

We have described a new and simple mechanism for information hiding in multimethod languages. This
mechanism does not compromise extensibility and can preserve representation invariants. BeCecil also
supports programming in a mix of OO and ADT encapsulation styles. The ADT style gives the ability to
hide data structures and preserve invariants plus full control over objects that inherit from a given class (by
giving up some measure of extensibility). As CLOS and Dylan also have mechanisms for information
hiding, our contribution in this area is the simplicity of our mechanism, and the analysis of its semantics and
programming properties. This analysis settles the problem of information hiding for languages with
multimethods noted by Cook [Cook 90].

BeCecil also demonstrates how to achieve a high degree of extensibility in an OO language with
multimethods. In BeCecil, generic functions can be extended with new methods, and objects can be
extended with new inheritance relationships by adding new declarations. Existing declarations do not have
to be edited at all. We have also shown that it is possible for extensions to be made in nested blocks, where
one can declare new classes and new inheritance and subtyping relationships. In a nested block, the
extension mechanisms of BeCecil also allow one to customize and tailor generic functions defined in
surrounding blocks. While the mechanism for combining the methods of a generic function is based on the
A&-calculus, we have worked out the details of method combination in the presence of nested blocks. A
main contribution is the semantics of static inheritance and subtyping in nested blocks, which is flexible and
entirely new.

BeCecil also demonstrates how simple and orthogonal features can interact in powerful and beneficial ways.
For example, generic functions can subsume several other mechanisms in programming languages,
including procedures (dispatched on zero arguments), singly-dispatched methods (dispatched on one
argument), and multimethods. The use of generic functions and the integration of generic functions and
objects allows one to program with higher-order procedures without sacrificing simplicity. Storage tables,
which are new with this work, are another example of such a feature, as they generalize variables, instance
variables (fields), and arrays.

Finally, BeCecil provides another way to understand OO programming languages, because it is an OO
programming language with very different mechanisms than the usual singly-dispatched languages. For
example, in BeCecil, an object does not contain either the methods that apply to it or its instance variables.
Despite this, we have shown that in such a language one can program standard OO examples in a
straightforward fashion. We believe that the study of such novel ways to achieve the benefits of OO
programming languages can only lead to increased understanding of the design issues and semantics of such
languages.
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Appendix A Dynamic Semantics

The dynamic semantics of BeCecil is mainly concerned with the following domains: objects, inheritance
relations, generic function cases, closures, storage tables, and contexts. Objects are characterized by their
identity, their inheritance relation, and their sets of cases. Each object has two sets of cases: a set of
invocables and a set of assignables; methods and storage tables are invocable, storage tables and acceptors
are assignable. Closures are used to represent both methods and acceptors. An object’s set of cases together
with its inheritance relation can be used as a generic function. Objects can be named by declarations, and
nothing else is a first-class domain in BeCecil. Objects can act as classes if they are statically known (i.e.,
named in an object declaration).

The domains used to describe the dynamic semantics are summarized in Figure A-1 below. The sequents
used in the semantics are summarized in Figures A-2 and A-15. The rules in general (for example, see
Figure A-3) have a label enclosed in square brackets ([]), several sequents above a horizontal line, and a
single sequent below the line, and a set of non-sequent side conditions to the right following the word
“where” [Winskel 93]. The sequents above the line are hypotheses of the rule, and the sequent below the
line is its conclusion. A rule with no hypotheses is an axiom (or axiom scheme). The side conditions must

v [ ExpressibleValue = Object

vv O ValueVec = ExpressibleValue*

d 0O DenotableValue =xlass(Objec) + arg(Objec)

s [ StorableValue = Object

o [ Object = Objectldx Inheritsx InvocableSek AssignableSet
id O Objectld = Nat

ids [0 ObjectldSet = Powers@Dbjectld

idv 0 ObjectldVec = Objectld*

t O Inherits = FiniteRe]Objectld Objectld

is O InvocableSet = PowerS€Casg

agsl] AssignableSet = PowerSgiCasg

¢ 0 Case = Objectld*x Branch

cs [0 CaseSet = PowerSeiCase

b 0O Branch = Closuret StorageTable

k 0O Closure =closur e(ldentifier* x Blockx Contex}

st [0 StorageTable =storage(Location

t 0O Table =table(FiniteFurfObjectld*, StorableValuex StorableValug
aa 0 ActualArgPair = ExpressibleValue PowersegiObjectld

aavl ActualArgPairVec = ActualArgPair*

K O Context = Environmenk Inherits

n O Environment = FiniteFufidentifier, DenotableValde

¢ [ Elaborated = ObjldEnw Inheritsx HasEnv

w [0 ObjldEnv = FiniteFurjldentifier, Objectid

h 0 HasEnv = FiniteFufObjectld InvocableSex AssignableSgt
oc [0 ObjCounter =ocounter (Objectld

o 0O Store = FiniteFurfiLocation, StoredValle

sv [ StoredValue = ObjCounter Table

I 0O Location = Nat

Figure A-1: Domains for the dynamic semantics of BeCecil. The dorRaiiteFunand
FiniteRel| and operations o@tore Location andEnvironmentare described in Appendix
E.
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type
assumes works on produces defined
prototype sequent (inherits) (arguments) (synthesizes) | in Figure
| }-idq Sjnpida Inherits Objectldx Objectld A-3
|- id; Dancestoro) Objectldx Object A-4
o | invokgb,vg [0 v/o' | Store Branch ExpressibleValue | A-6

x ExpressibleValue* | x Store

o |- assigrib,vss) 0 o' | Store Branch Store A-8
x ExpressibleValue*
x StorableValue

L FC1<inh C2 Inherits Casex Case A-9

| |- cq overrides ¢ Inherits Casex Case A-10

| |- ¢ applies-to aav Inherits Casex ActualArgPair* A-11

(1,aaV) |- ¢ is-best-for cs| Inherits Casex PowerSdiCase A-13
x ActualArgPair*

Figure A-2: Table of auxiliary sequents for the dynamic semantics. A few helping se-
guents have been omitted. Sequents that define the semantics of each category in the u
typed subset of BeCecil syntax can be found in Figure A-15. For each kind of sequent, the
types it relates are shown on three parts on its row: what it assumes, what it works on (o
relates), and what it produces. Sequents that do not produce any result can be thought
as producing a boolean result (true if it is provable), or as relations on their arguments.

be satisfied for the rule to be validly applied; if they are, and if the hypotheses hold, then the conclusion
holds.

In what follows we describe the semantic domains that are not concerned with type checking, and then
describe the dynamic semantics of BeCecil.

A.1 Dynamic Semantics Domains, Auxiliary Sequents, and Functions

This section presents more explanation of the domains in the dynamic semantics, and describes various
auxiliary functions and sequents used in the semantic rules. We also use some fairly standard notations for
finite functions, stores, environments, and relations; details for these domains are found in Appendix E.

A.1.1 Objects and Object Identities
An objecthas four attributes: its identity, its direct inheritance relation, its invocables set, and its assignable
set. No two objects have the same identity.

We also writeoid(o) for the identity ofo.

oid: Object - Objectld
oid(id, 1, is) = id
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[inh-base] | Fidy Sjpnids where(idq,id,) O 1
[ |id Sjppid

[inh-reflex]

| I— |d1 Sinh |d2 s | I— |d2 Sinh |d3

[inh-trans] | Fidy iy ids

Figure A-3: Axioms and rules for inheritance relationships.

| I—Idz Sinh |d1

[ancestors]
|- id; Dancestoréd,, 1, is)

Figure A-4: Rule for determining membership in an object’s ancestry.

A.1.2 Direct Inheritance, Inheritance Relations, and Ancestry

A direct inheritance relation, is a binary relation on object identities. It models information from
inheritance declarations in BeCecil.

For example, iLarch_rep denotes the objecy and if SpecLang_rep denotes the objeck, then the
declaration below would be recorded by the direct inheritance re{dbal{o, ), oid(0g))} .
Larch_rep inherits SpecLang_rep

The semantics, given in Figure A-3, extends a direct inheritance relatiorme a reflexive and transitive
relation,<j,,, on object identities and objects. This relation is calleshlagritance relation The notation
used, |- id; <y ids, means that, according tpid, is either the same &g, orid; inherits (directly or
indirectly) fromid,.

As described in Appendix E.4yclic(1) is true when is a cyclic relation, an@ is the noncyclic union
operator for relations.

It is often convenient to think of an inheritance relation as a directed graph (with objects identities as nodes,
and direct inheritance relationships as directed edges). For example, Figure A-5 shows an inheritance
relation among objects as such a directed graph. In this picture, for exeerpleep  has as ancestors
text_rep ,string_rep ,font_rep ,any, andnothing

From the direct inheritance relation inside an object, one can determine the @injees®rsThe rule for
determining whether an object identity is an ancestor of another object is given in Figure A-4.

A.1.3 Overview of Generic Functions, Invocables, Assignables, and Generic Function Attributes

A generic functions a function that is generic in the sense that it can work with several different classes of
arguments. A generic function exhibitd hocas opposed to parametric polymorphism. In languages like
CLOS, Dylan, and Cecil, a generic function is an abstraction of a set of methods, together with an

" We disallow cyclic inheritance just to be conventional; there is no necessary reason for disallowing it in BeCecil.
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nothing

GenericFun_rep

vﬁd(

Figure A-5: A picture of an inheritance relation.

inheritance relation. In BeCecil, each object can be treated as a generic function, because it contains an
inheritance relation and possibly empty sets of methods, storage tables, and acceptors. The inheritance
relation is used in selecting which of these apply to a given tuple of arguments, and in selecting which one
of these should be run.

In BeCecil, both methods and storage table attributes can handle applications. Recall that, for brevity, we
call something amvocableif it is method or storage table attribute. Storage table and acceptor attributes
can handle assignments, hence they are cals@jnablesNote that a storage table attribute is both
invocable and assignable. A method, storage table, or acceptor attribute is modeled icaabed a

In the semantics the domain for cases is a pair that contains a tuple of object identitidsaanuth s

branch is either a closure or a storage table. An case’s tuple of object identities is called its tuple of
specializers a generic function uses these specializers to determine the classes of objects to which the
corresponding branch may be applied. Closures are used to model branches that are extracted from both
method and acceptor attributes; storage tables are used for storage table attributes. For example, the method
below is be modeled by an case wittht (rep , int_rep ) as its specializers, and a branch that is a
closure.

method(x@int_rep, y@int_rep) { less(plus(x,y), 3) }
A.1.4 Closures and Storage Tables

A closureconsists of: formals (a tuple of identifiers), a block (code to execute), and a context. The process
of invoking a closure is described by the rule given in Figure A-6. To invoke a closure, a new environment,
n', is formed by binding the actuals to the formals, with each formal shadowing bindings in the
environmenty, that is extracted from the method’s closure. (Thus, this gives static scoping.) The formals
must all have distinct names, otherwise the side condition that forms the envirghmidmot be satisfied,
because the strict equality¥equires that both sides be proper (mon- ) for the relationship to be true. In
this context, the body of the method is evaluated, using the rule for blocks given in Figure A-18, to produce
a value and a new store.

A storage tablas modeled by a location containindadle. A storage table can be “invoked” with an

tuple of arguments; such artuple is called &eyfor the table. Keys are compared pointwise; that is, two

keys are considered equal if they have the same length and the corresponding components have the same
object identity. To each key the table associates@ Informally, a table can be pictured (see Figure A-

7) as havingn+1 columns, and as many rows as there are keys that have been defined, plus a special “default
key” that is associated to the table’s initializer’s value (the “default value”). In each row thene+ig-an

tuple, consisting of a key and its associated value. No two rows have the same key. To invoke the table for
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(') /o B0 vio wheren = 0,

o | invokeclosure((ly,...) ), B, (1)), (vy,...vp) O via' N =sn 8 bind((Iy,...1y),
(arg(vy),...arg(vy))

[invoke
closure]

[invoke wheren = 0,

storage o |- invokestorage(l), (v4,...vp)) U s/o lookup(a, 1) =< table(f, sy),
1] ((oid(vq),....0id(vy)):s) Of
[invoke wheren = 0,

storage 0 |- invokestorage(l), (vy,...vp)) U s/ lookud(o, 1) =¢ table(f, sy),
2] (0id(vy),...0id(v,)) Odorr(f)

Figure A-6: Rule and axioms for invocation. The symhafrreans strict equality, as ex-
plained in the text.

idstring,45 idint 4 idfioat,4.7

idstring 227 | 1int;32 idfoat,0.0

idstring,541 idint,3 idfioat3.14
default key idfoat 0.0

Figure A-7: A picture of a storage table. Hedg,ing 45is the identity of an object that
inherits fromstring_rep , andid;y; 4 is the identity of an object that inherits from

int_rep

wheren = 0,

[assign o |- assigrgstorage(l), (v4,..-Vn), S) 0 0 lookup(o, I) = table(f, sy)

storage] t = table(f[(oid(vq),....0id(vy)) := 9], Sg),
o' =afl :=f]

[assign (') /oFBO Vo wheren = 0,

acceptor] O I assigriclosure((1y,...dp ) B (), M 7SN B bind{dnlne),

(Vi,...¥p), 9 O 0 (arg(vq),...arg(vy),arg(s))

Figure A-8: Axiom and rules for processing assignments.

a given key (i.e., to read the table), one finds the row with the same key, and returns the associated value in
that row; if such a row cannot be found, the default value is returned (see Figure A-6). An example, pictured
in Figure A-7, is a table that accepts two arguments, whose tuple of specializerings fep

int_rep ).

Storage tables can also process assignments. Using the picture in Figure A-7, to assign to a table for a given
key, one finds the row with the same key, and places the desired value in it, discarding the old value; if such
a row cannot be found, a new row is added that associates the given key to the given value. In the formal
model, given in Figure A-8, the whole table is replaced in the store’s mapping for the storage table’s
location.
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| Fidy 1 Siphidz g, -0t Fidy nSjnpida g
[inh-case] wheren=0
U ((idg 1,...Jd1 ), By) Sjpp ((id3 g,...dd5 ), b))

Figure A-9: Rule for extending the inheritance ordering to cases.

lFCiSinnC
I C1Sinh C2 wheren > 0,

[overrides] specializerécy) # specializeréc,)

| |- cq overrides ¢

Figure A-10: Rule for when a case overrides another.

A.1.5 The Model of Acceptors

The case that models an acceptor attribute has a branch that is a closure. This closure takes the value given

in an assignment as its last argument. For example, consider the following acceptor attribute.
acceptor(p@Point_rep) :=v {x(p) :=v; y(p) :=Vv}

This attribute would be modeled by a case such as the following, velgg repis the identity of the

specializer clasBoint_rep , B is the block that forms the body of the acceptor (the code itselfk &snd
an appropriate context.

((idpgint_rep, closure((p,v),B.k))

Note that the tuple of specializers in the above case has a length that is one less than the number of formals
for the closure. This is because the value is passed as the last argument, but is not involved in determining
applicability. The formal rule for how an acceptor processes an assignment is given in Figure A-8.

A.1.6 Orderings on Cases and Case Sets

Given a case;, we writespecializere) for the tuple of specializers of

specializers: Case, Objectld*

specializer@idv, b) =idv
It is often convenient to describe the set of specializer tuples of a set of cases. The following abbreviation
is an instance of the general pointwise extension of functions to sets.

specializerfis) = {idv|c O cs specializeréc) = idv}

As in [Chambers & Leavens 95], we extend an inheritance relation to a partial order on cases. This relation
compares the specializers of cases pointwise. The rule for this relation is given in Figure A-9. This ordering
reflects the method lookup semantics in Cecil. (Other rules might be needed to model other languages, such
as CLOS or Dylan.) For a given direct inheritance relaticmcase, overrides ¢ whenc, is strictly more

specific in this ordering thay. The rule for this relation is given in Figure A-10.

Two caseglashwhen they have exactly the same tuples of specializers. We use the concept of nonclashing
sets of cases to explicitly define what the disjoint union () and overriging ( ) notations for finite functions
(from Appendix E) mean for case sets. These are equivalent definitions, because a set of cases is also a finite
relation between tuples of specializers and branches, as it is a set of pairs of specializer tuples and branches.

nonclashing: Powers@fasg x PowersefCasg — Boolean
nonclashingcs,, cs,) = ((specializerécs;) n specializeriesy)) = {})
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F-id; 4 Oancestorévy), ..., |- id,, 5 Jancestorévy),
l I— idl,asinh idl ) el I— idn,asinh idn,
[applies-to] | |- idsy; 1 OKk-dir idy , ...,1 |- idsgj,, Ok-dir id,, wheren= 0

U ((idy,....idy),b) applies-ta((vy,idsyir 1), -, Un,idSirn))
Figure A-11: Rule for applicability of cases to tuples of actual argument pairs.

[ok-dir- U {} ok-dirid
empty]
ey II—id'Sinhid
([jqk dir | whereid’ O ids
irected] | | ids ok-dir id

Figure A-12: Treatment of directed sets for applicability.

(7 PowersefCasg x PowersefCasg — PowersefCasg
cs; [1 ¢s, =if nonclashingcs,, ¢s)) then cs; O ¢cs, else O

W PowersefCasg x PowersefCasg — PowersefCasg
cs; B ¢s, =cs, O {c| c Ocsy, specializerge) O specializerees,) }

A.1.7 Actual Arguments and Applicability

An actual argument paiKy, idsy;), consists of an expressible valueand a set of object identities. The set
of object identities is thset of directed classgslsy;,, which is either empty or contains the classes named
in the directed form of an actual argument.

A casec applies taa tuple of actual argument pairs if for each actual argument pair, some ancestor of the
value inherits from the corresponding specializecc @nd if, where the corresponding directed set is
nonempty, some directed class inherits from the corresponding specializer. The rules for this are defined in
Figures A-11 and A-12.

For example, a method that hat (rep ,int_rep ) as its specializers is applicable to the actuals (3, 7)

and (3@int_rep , 7@int_rep ). However, according to the inheritance relation in Figure A-5, that
method would not be applicable to the actual®if® rep , 4.7@float_rep ), or to the actuals
(B@int_rep , 4.7@int_rep ) because in both cases the second value has no ancestors that inherit the
method. If the actuals were (3@humber_rep ), then again the method would not be applicable, but this

time because the directed class set given for the second actual has no members that inherit the method. On
the other hand, a method that had (rep , number_rep ) as its specializers would be applicable to all

of these actuals. (There is more discussion on the subtleties of applications in Appendix B.)

A.1.8 Processing Applications and Assignments

To process an application of an object’s generic function value to a tuple of actual argument pairs, the object
can be thought of as acting as follows. It first looks at each case in its invocable set to see which ones are
applicable to the tuples of actual argument pairs extracted from the actuals. In this subset of applicable
cases, it looks for a unique case that overrides all of the other cases. (For both applicability and for ordering
cases, it uses its own inheritance relation. The inheritance relation of the actual arguments is used only to
determine their ancestry.) The rules for finding the most specific case in a set, given a direct inheritance
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(1, aay |- ¢ better-than ¢ wherecs ={c' | ¢’ 0is, | |- c applies-to aay,

c [cs,

{cq, ..., G} =csS,
n=1

[is-best-for] (1, aay c.b-,etter-than &

(1, aay |- ¢ is-best-for cs

Figure A-13: Rule for when a case is the unique most-specific that applies to a tuple of ac
tual argument pairs.

[better- (1, aay |- ¢ better-than ¢
than-eq]
[better- | |- coverrides €
wherec # '
than] (1, aaV) | ¢ better-than t

Figure A-14:Rules for when one case is better than another. Note that these rules are m
tually exclusive.

relation and a tuple of actual argument pairs, are given in Figures A-13 and A-14. Once found, the unique,
best case is invoked as described above (see Section A.1.4).

There are two errors that can arise in the processing of an application. If there are no applicable cases, then
the error “message not understood” occurs. If there is not a unique most-specific case, then the error

“message ambiguous” occurs. These errors are not modeled explicitly by the semantics, instead the

processing of such an application will get “stuck” because the rule [is-best-for] will not apply.

The generic function of an object can also process an assignment. To do this for a tuple of actual argument
pairs and a desired value, it acts as follows. If first goes through the process of determining a unique most-
specific case. It does this as described above with the key of the assignment playing the role of the actual
parameters; however, it uses its set of assignables instead of its set of invocables. (Note that a storage table
will be in both sets.) Once found, the uniqgue most-specific case is given control, as described in Figure A-
8. Errors can occur if there is not a unique most-specific case, as for processing an application.

A.1.9 Contexts, Environments, and Denotable Values

A contextrecords information from declarations that can be used by other declarations or expressions. A
context is modeled as a pair of an environment and a direct inheritance relation. Environments map
identifiers to denotable values (see Appendix E.3 for more details on environments). Denotable values are
objects.

A.1.10 Elaborateds

An elaboratedrecords information from the elaboration of declarations. It is a kind of context used
internally by the semantics. An elaborated is capable of recording information from any sequence of
declarations. An elaborated is modeled as a triple of an “object-id-environment,” a direct inheritance
relation, and a “has-environment.” An object-id-environment is a finite function from identifiers to object
identities. A has-environment is a finite function from object identities to pairs of invocable and assignable
sets; this tracks information from the extensioas() declarations in BeCecil.

The operatord is used to collapse the elaborateds produced by declarations at the same level into a single
elaborated. The object-id-environment is merged using the disjoint-union opeérator, , which disallows
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({3 {})/oinit - RDSU K/0pe,
KIOpre B O VIO’ where

rogram
lprog ] Gimit=1 lidcounter OCOUNter (0)}

F RDS; BO vig'

Figure A-16: Dynamic semantics for programs. The conditions are explained in the text, as
are details of the sequents.

duplicate object bindings. The non-cyclic union operagor, , is used to merge the direct inheritance
relations. However, for the has-environment, if the same object identity is bound to two pairs of invocable
and assignable sets, then the sets are simply unioned togethis; (J is, andags=ags, [ ags). If we

had used the disjoint union operator for this, then clashes among the invocables or assignables bound to the
same identifier would cause errors at this time (that is, when two elaborateds are combined). Instead, the
regular union allows such potential errors, which may generate a “message ambiguous” error if, for
example, two clashing invocables are both applicable to a given tuple of actual argument pairs.

(I DElaboratedx Elaborated- Elaborated
(W, 1, h)) B (0, 15, hy) = (0 [ Wy, 11 B 15, blendGfghy, hy))
blendGfs: HasEnx HasEnv- HasEny;
blendGf¢h,, hy) ={(id:(is,ag9) | (id:(is1,ags)) Ohy, (id:(isy,ag9s)) Ohy, is = is; O isy, ags= agg U ags)}
0 {(id: (is1,a9)) | (id:(is1,29s)) Ohy, id Odom(hy)}
0 {(id: (isp,a99)) | (id:(isp,ags)) Ohy, id Odom(hy)}
A.1.11 Object Counters and the Store

The storemaps locations to storable values. A storable value is either an object counter or a storage table.
There is only one location that stores an object couRgfunter The value of the counter stored in this
location is used to assign unique identities to objects.

Locations that hold storage tables should be thought of as pointers to blocks of storage reserved for storing
the table.

A.2 Dynamic Semantics

In this section we explain the dynamic semantics rules given in Figures A-16 through A-25. The order of
presentation follows the order of the syntax of Figure 2-1. The rules form a “big step” semantics [Gunter

92] for BeCecil. The judgements used in this semantics are summarized in Figure A-15. The idea behind
the different kinds of arrows used in the judgements is that the arrows of thHé fimerused for judgements

that yield values, arrows of the form are used for judgements that elaborate declarations and yield
contexts or elaborateds, and arrows of the formre use for judgements that yield actual-argument pairs.

The slashes in sequents are used to separate parts of inherited and synthesized attributes. Thus a sequent of
the formk/o, |- B O v/o, can be read as: “assuming the conkeand the store;, one can prove th&

evaluates to the expressible valuwith side-effects recorded in the new stogef

A.2.12 Programs

The dynamic semantics for BeCecil programs is given in Figure A-16. The evaluation of a program
produces an expressible value and a final store.

A BeCecil program consists of a recursive declaration sequence, which represent a “standard prelude”
(containing objects that are considered to be built-in to the language), and a block. The declarations in the
standard prelude are elaborated starting from an empty context with an initiabgorEhe initial store is
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type
rototvpe sequent  2SSumes works on produces defined in
P yp 9 (inherits) (category) (synthesizes) Figure
FPO Vo Program ExpressibleValue A-16
x Store
k/o |- RDSO K'/a’ Context Recursive- Context A-17
x Store Declaration- x Store
Sequence
k/oFBO vio' Context Block ExpressibleValue A-18
x Store x Store
k/o | D* O /o’ Context Declaratiort Elaboratedx Store A-19
x Store
k/o DO glo’ Context Declaration Elaboratedk Store A-20
x Store
N CNO¢assO Environment | Class-Name Object A-21
kK/o |- GF O (is,ag9/c’ | Context Generic-Function InvocableSet A-22
x Store x AssignableSet
x Store
k/oFEO vio' Context Expression ExpressibleValue A-23
x Store x Store
nkEIdv Environment | Identifier ExpressibleValue A-24
kK/o | AAQ (v, ids)/o’ Context Actual-Argument ExpressibleValue A-25
x Store x Powerset(Objectld)
x Store

Figure A-15: Table of sequents for the dynamic semantics. This table includes a sequen
for each syntactic category; see Figure A-2 for auxiliary sequents. For each kind of se-
qguent, the types it relates are shown in three parts on its row: what it assumes, what i
works on, and what it produces (or, in the jargon, what it inherits, what syntactic categories
it manipulates, and what it synthesizes).

empty except that it maps the location for the object counter to an object counter containing 0. The details
of the elaboration process are described below. This elaboration produces aicaamebstoregy e, Which
are used to evaluate the block.

A.2.13 Recursive Declaration Sequences

The elaboration of a recursive declaration sequence in an assumed context and store produces a context and
a new store. The formal rule is given in Figure A-17.

Technically, the semantics of forming the contégt,l'), from a recursive declaration sequence is a bit
tricky. The main trick that allows mutual recursion among the declarations is that the context assumed for
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')/ ogD* O (w, 1, h)/o’ wherel’ =g1g ® 1,
[rec-decl- R—=-cleseGfsWitfw, 1, h),
sequence] (Noto)/opHD* O (n',1") /o’ n'=ng&n,

- hasOrphang, 1, h)
Figure A-17: Dynamic semantics of recursive declaration sequences.

Ko/Op - RDSO K/o,

[block] K/oFEO Vo

Ko/og RDS E v/a'

Figure A-18: Dynamic semantics for blocks.

the elaboration of the declaration sequel(iggl’), is the same context as that produced by as part of the
result of the rule. (One way to think of this is that the reader mustrpick to satisfy the rule.)

The elaboration of a declaration sequerizg, like the elaboration of an individual declaration, does not
produce a context, but an elaborated (see Section A.1.10). This elab@satdr), contains all the
information from the declarations Dv, but invocables and assignables still have to be combined with the
objects they extend, and these objects must also be closed with the appropriate direct inheritance relation.
The contexi(n’,l") is formed from this elaborated in two steps. First, the direct inheritance reigtisn,

formed as the noncyclic union of the surrounding contour’s inheritance relagioand the direct
inheritance from the elaborated declarations. Recall that the notagjors, & strict equality relation,
meaning it only holds if both sides are proper (mon- ). Thag g ® | means that is the union ofy and

1, and that the union is not cyclic.

Then an environmenty, is formed. In this environment, the objects declared in the recursive declaration
sequence are closed with the inheritance relatipand the information from the has-environménilhe
auxiliary function for doing this is defined below.

closeGfsWith: ObjldEn¥ Inheritsx HasEnv— Environment
closeGfsWitlw, 1, h) ={(l: class(id, 1, is, ag9) | (l:id) Dw, (id: (is,ag9) 0h}
B {(I:class(id, 1, {}, {})) | (::id) Ow, id Odon(h)}
The environment)' is formed fromn as described in the rule. In this environment, the declaratiaps in
shadow those in the surrounding contour’s environnmgt,

It is possible that an object identity bound to an extension in the has-environment is not one of the objects
declared in the recursive declaration sequence. This could happen, for example, if one tried to extend an
object declared in a surrounding contour. We call such extensions “orphans.” An orphaned extension is an
error in BeCecil. See Section B.3 for a discussion on why orphans are considered errors.

hasOrphans: Elaborated. Boolean

hasOrphangw, t, h) = (0d . id Odon(h) Oid Oranggw))
A.2.14 Blocks

The evaluation of a block in an assumed context and store produces an expressible value and a new store.
The formal semantic rule is given in Figure A-18.

" Orphans could just be ignored, but programs containing them are clearly malformed, and so that would be confusing.
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Ko/Og D10 €1/04, ..., Kg/On-1 - Dn O €4/0,
[declaration wheren=0;
sequence] Kg/og I (D ...Dp) O €'/op, € =sHing1,..4 &

Figure A-19: Dynamic semantics of declaration sequences.

In a block, of the fornRDS E the recursive declaration sequeRi2Sis elaborated as described above to
produce a new contexk, and a new storeg, that records any side effects in the elaboration of the
declarations. This context and store are used to evaluate the expiession,

A.2.15 Declaration Sequences

The elaboration of a declaration sequence in an assumed context and store produces an elaborated and a new
store. The formal semantics is given in Figure A-19.

In a declaration sequence, the individual declarations each elaborate to an elaborated and a new store. (The
store is needed because some declarations have side-effects, such as allocation and initialization of storage
tables.)

When a declaration sequence is complete, the elaborateds that result from the elaboration of individual
declarations are collapsed into a single elaborated, which combines all of their information. The error
checking that is done at this time is the following.

» Each identifiett is bound to at most one object.
» The union of the direct inheritance relations must not have any cycles.

The operation for actually combining the elaborateds produced dsclarations is the disjoint union
operator on elaborateds, . The error checking is done by using strict equglityt(re side condition, as
the operator returns if such an error is present.

The side-effects happen left-to-right in a declaration sequence, including allocation of storage. Thus,
although declaration sequences in BeCecil are always mutually recursive, one cannot use storage tables
until they are initialized. For example, in the following, the useiofan expression before its storage table
is allocated causes an error. (In the formal semantics, this errors occur when the elaboration gets “stuck.”)
y has storage() := plus(x(), 1) -- error (uninitialized)!
x has storage() := 3
In the above example, reordering the declarations makes the error go away. Another way to fix the error is
to delay the execution of the expression, by using a method instead of a storage table.

y has method() { plus(x(), 1) }
x has storage() := 3

object x

x inherits GenericFun_rep
objecty

y inherits GenericFun_rep

y0

Except for side-effects, the order of declarations in a declaration sequence does not matter. For example, the
declarations in the block above could be arbitrarily reordered, without affecting the final value.
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wherelookul(0, ligcounted =s
kK/o |- object | O ({lid}, {},{})/o ocounter (id),
0'=0[ligcountes= Ocounter (id+1)]

[object
declaration]

N CNy UglassO1, N F CNp Ugjass02

[inherits_ (N.1)/o |- CNy i nherits CN, [ yvherei_dl = oid(0y),

deClaratlon] ({} ,{ (idl, |d2)} ,{})/0 |d2 = Old(Oz)
NEFCNOgassO  (n,1)/o FGF O (is,ag9/ao’,

[extension

declaration] ~ (N.)/0 - CNhas GFO ({}, {}, {id:(is.agg})e’  Vhereid =oid(0)

(Nolg) 0g FRDSO (n',1")/o,
hide (') o FD* O (o' 1" h")c’

where

Figure A-20: Dynamic semantics of declarations.

A.2.16 Declarations

The elaboration of a declaration in an assumed context and store produces an elaborated and a new store.
The formal semantics is given in Figure A-20.

An object declaration, of the forabj ect I, is elaborated by allocating a fresh object identity, and binding
the identifien to it.

An inheritance declaration, of the for@N; i nherits CN,, is elaborated by producing a direct
inheritance relation that relates the first class named to the second.

An extension declaration, of the fol@N has GF, the generic function attribut@F is elaborated to a pair
of an invocable set and an assignable set. This pair is bound to the ide@titynathe has-environment.

In a hide declaration, of the forim de RDSi n D* end, both sets of declarations are mutually recursive
with each other. However, only the effect of the public declaratidnss seen in the resulting elaborated,
as the recursive declaration sequeRBsSis hidden. The declarationst see each other as usual, because
they are part of a larger recursive declaration sequence, but they also see the hidden de&&ratitimes,
hidden declaration®DS also see the declarationddn, which appear through the surrounding context (as
the surrounding contour is formed by a recursive declaration sequence). This is illustrated by the following
example, in which bothven andodd can call each other.

hide

object even

even inherits GenericFun_rep
even has method(i@int_rep) { or(equal(i,0), [odd(minus(i,1))] }

object odd

odd inherits GenericFun_rep

odd has method(i@int_rep) { or(equal(i,1), [even(minus(i,1))] }
end
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[class name] NFI0OgassO where (:class(0)) 00 n
Figure A-21: Dynamic semantics of class names.

The side condition in the rule for the hide declaration prohibits declaring the same object in both parts of a
hide declaration. The reason for this is that it allows the declarations in the public part of the hide declaration
to see each other through the surrounding contour’ s context.

As in CLOS and Dylan, hiding is not done on a per-method basis, but on a per-object (i.e., generic function)
basis. That is, if a generic function is hidden, so are all of its methods. Thus it would be misleading to allow
one to swap the places of the extension declaratioresér andodd in the above example, as it would

look like the method foodd was being hidden, when it must be public if the obgeitt is public. The
semantic rule for BeCecil checks for this by only allowing extension declarations to appear in the same part
of a hide declaration as the object declarations they refer to.

The objects declared in the hidden declarations of a hide declaration are closed with the direct inheritance
relation of their recursive declaration sequence (with the hidden declarations added to the surrounding
contour’s inheritance relation), just as if they were the declarations in a block. In the rule given in Figure A-
20, they are closed with the direct inheritance relatio@n the other hand, the direct inheritance relation
closed with the objects declared in the public pgjtié the one from their own recursive declaration
sequence, which does not include the hidden inheritance declarations. See Section 2.5 for more discussion
on this topic.

A.2.17 Class Names

A class name is looked up in the assumed environment, and its value is returned. The formal axiom is given
in Figure A-21. Note that the identifier in question must denote a class, not an argument.

A.2.18 Generic Function Attributes

The evaluation of a generic function attribute in an assumed context and store produces an pair of an
invocable set and an assignable set, and a new store. The formal semantics is given in Figure A-22.

An identifier attribute, of the fory produces a pair of sets containing the cases of the object dendted by
with each storage table being allocated a fresh location. The auxiliary functions that allocate new locations
and make copies of each storage table are defined below.
copyStorageCaseSek Store - (CaseSek Storg
copyStorag€ cy,...Cq}, 0) =
let ((¢'q,...C'n),0p) = copylist(cy,...Cn), 0) in ({C'q,...C' 1}, Op)
copylist Casé x Store - (Case*x Storg
copylis{(),0) = (0.0)
copylis{(cy,Cy,...Cp),0) =
let ((c'1,01) =copyXcy,0) inlet ((¢'s,...C'H),0,) = copylis{(Cy,...£n),01) in ((C'1,C'5,...L'1),0p)
copyl Casex Store - (Casex Storg
copyX(idv,closure((l4,...l\p),B,K)), 0) = ((idv,closure((ly,... 1 1),B,K)), 0)
copyX(idv,storage(l)), o) =
let (I',0") = allocatg(o, lookufo,l)) in ((idv,storage(l")), ')
Since each storage table is in both the invocable and assignable sets, care must be taken to only make a copy
of the storage tables in one of these.
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where
. — , ags ={(idv,b) | b Jis', b=storage(l)}
attribute] (n,)/c 10 (isags)/c 0 {(idvib) | b Dags
b=closure((ly,... 1), B, K)}
N F CNy UglassO - N F CNy DglassOn .
wheren>0Q
method . o .
([elttribute] (n.0)/o et hod(1,@N,,...I,@N,) { B} is = { ((0id(0y),....0id(0)),
0 (is{})o closure((l,...}p), B, K))}
N F CNy UgjassO - N F CNy UlassOns
(n)/o FED vio' wheren =0,
[storage hey=alecatdetable({}, v)),
attribute] (n,)/o |-storage(1;@Ny,... |,@N,) : = cs={((oid(0,),...,0id(0p)),
O (csc9lo” storage(l))}
N F CNy UgjassO - N I CNy HglassOn
[acceptor wheren=> 0,
attribute] (n.)/o f-acceptor (1;@Ny,...|,@Ny) : =1 {B} ags={((0id(0y),...0id(0y,)),
U ({},ag9/o closure((lq,....p1), B, K))}
[com- K/o |- GF, O (isg,ag99)/07,
bined Kloq | GF, O (isy,209)/05 whereis =is; 8 is,,
. c\no— og% E ag%
-attribute] klo - GF; & GF, O (is,ags/o,

Figure A-22: Dynamic semantics of generic function attributes.

A method attribute, of the forrmet hod( F*) { B} , produces a pair whose invocable set contains a single
case. Its specializers are determined by the forfrals he formals have the forh@CN, whereCN names

the formal'sspecializer The invocable’s specializer tuple is the tuple, in order, of the identities of these
specializers.

The closure of this case, when called, will evaluate the bBck a context that extends the enclosing
context by binding each formal directly to the given actual. (Details are given in the semantics of application
expressions below.) For example, the following acts like the identity function dfdakeulus.

method(x@any) {x}

A storage table attribute, of the fors or age( F*) : =E, produces a pair of sets, both of which contain
the same case. The specializers of this case are determined by the ferpadsabove. The branch of the
case is a storage table with the result of the initializer expredSi@s its default value. The initializer
expression is first evaluated, then the location containing the table is allocated.

An acceptor attribute, of the formccept or ( F*) : =1 { B}, produces a pair of sets whose assignable set
contains a single case. The specializers of this case are determined by the Fdrraalapove. The branch
of the case is a closure. This closure has as its tuple of formals the identiefsliowed byl.
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Figure A-23: Dynamic semantics of expressions.

The closure of this case, when used in an assignment of a value to a key, will evaluate thg biaek,
context that extends the enclosing context by binding each formal directly to the corresponding key, and by
binding the value identifiet, to the value. (Details are given in the semantics of assignment expressions
below.)

A combination attribute, of the forr@F; & GF,, produces a pair of invocable and assignable sets that
contains the cases 6f, and those fronGF; that do not clash with those @F,. (Recall that cases clash

when they have the same specializers. Thus, if there are no clashes, then the cases of both generic functions
are found in the resulting pair of sets.)

A.2.19 Expressions

The evaluation of an expression in an assumed context and store produces an expressible value and a new
store. The formal semantics is given in Figure A-23.

An identifier used as an expression simply produces the value to which it is bound in the surrounding
context. (See Figure A-24 for the rule used in the hypothesis.)

In an applicationfEy(AA*), first the operatoig, and then théctual-Argumers, AA*, are evaluated left-
to-right. TheActual-Argumerd each produce actual argument pairs, as described below, which are made
into a tuple. The invocable set of the generic function denotég} 3/used to search for a unique most-
specific applicable case. Note that the inheritance relation assumed for the segrtmeisnheritance
relation ofEg. If is found, the most specific case’s branch is invoked (using rules given in Figure A-6).
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For example, the following block returns 27.

object f

f inherits GenericFun_rep

f has method(x@int _rep ,y@int _rep ){y}

(3, 27@int_rep)
In the following block, the application produces a “message ambiguous” error, because there are two
applicable methods in the generic function being applied, and neither is more specific than the other.

object f
f inherits GenericFun_rep
f has method(x@int _re p,y@any) {x}
f has method(x@any, y@int _rep ) {y}
f(3, 27) -- message ambiguous error!
However, this ambiguity could be resolved by using directed actual arguments. For example, the following

application would call the second method defined above.

f(3@any, 27)
An expression of the forfgy( AA*) : =E, 41 IS an assignment expression. It first evaluates the opdfgtor,
then the operand®A*, in left-to-right order, and then evaluates the desired vElug, The tuple of the
operands’ identities forms a key. The key is used to search for a unique most-specific case in the assignable
set of the generic function denotedHy This unique most specific case is then called upon to perform the
assignment. The result of the expression is the valkg. of

As an example, the following expression returns 227. It does this by first updating the table for the key 2,
this table is returned by the method in the generic function vafiretof , and it is then asked for the value
of the table for that key (2) in the outermost expression, which is an application.

object my_table

my_table inherits field_rep

my_table has storage(x@int_rep) := 641
first has method() {my_table(2) := 227}

(first())(2)
An expression of the forr;; E, evaluates the two expressions in sequence, and returns the value of the
second one.

A.2.20 ldentifiers

An identifier is looked up in the assumed environment, and its value is returned. The formal axiom is given
in Figure A-24. Unlike class names, an identifier can denote either a class or an argument.

A.2.21 Actual Arguments

The evaluation of an actual argument in an assumed context and store produces an actual argument pair and
a new store. Recall that an actual argument pair, writeds;,), consists of an expressible valueand a
set of directed classadsy;,. The formal rule is given in Figure A-25.

For an undirected actual argument, of the f&@nthe expression is evaluated to produce an expressible
value,v, and an actual argument pair is formed using the empty set for the set of directed classes.

For a directed actual argument, of the f&@LCN*, E is evaluated to produce an expressible valu€he
actual argument pair is formed fronand the identities of the classell*.

66



BeCecil Chambers & Leavens

[identifier 1] nklOo where (:class(0)) 00 n
[identifier 2] nkldo where (;arg(0)) 0 n

Figure A-24: Dynamic semantics of identifiers.
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Figure A-25: Dynamic semantics of actual arguments.

67



BeCecil Chambers & Leavens

Appendix B Design Decisions and Alternatives for the Untyped Subset of BeCecll

In this section we describe various design decisions and alternatives for the untyped subset of BeCecil.

B.1 Focus on Extensions, Nested Scopes, and Information Hiding

Although we are ultimately interested in module systems that achieve namespace control, information
hiding, and that allow integration of independently developed code [Chambers & Leavens 95], we decided
to separate concerns by focusing first on information hiding, and leaving namespace control and concerns
about integration to a later stage of our investigation. Our earlier module system ideas seemed too complex
to deal with in depth, if we also wanted to investigate the issues of extensibility and nested scopes. Nested
scopes, or something like the hide declaration of BeCecil, are also an important part of the semantics of
module systems. We do believe, however, that aside from the integration problems of modules, the addition
of namespace control poses no fundamental complications.

B.2 Generic Functions are Named, not Methods

One thing we learned from the dynamic semantics, and from a study of Dylan, CLOS, e gheulus,

is that the primary semantic entity is not a multimethod but a generic function. In BeCecil, an object is
simply a generic function with a unigue identity. The alternative view would be that multimethod cases
themselves could be named; but this would mean that the same name would be used for different things in
the same contour, or, more reasonably, that names for cases would consist of an identifier and a tuple of
specializers. Let us call such a nammessage naméiowever, if message names were used, then one
would be able to call an individual method, using its message name, which would not take dynamic dispatch
and inheritance into account.

Since it is possible to have a generic function containing a single method, there is no loss in expressive
power in naming generic functions. Indeed, there is a gain in expressive power from using named generic
functions. This gain comes because one can shadow an entire generic function by redeclaring its name in a
nested contour, whereas to do the equivalent with message names would require several declarations (in
general). Also, one would not have the same power by shadowing individual message names, because if one
added more methods with the same name in a surrounding contour, then to achieve the same shadowing,
one would have to write yet more declarations in the nested contour.

B.3 No Changes to Generic Function Values of Objects in Nested Contours

In BeCecil, one can extend the direct inheritance relation in any contour, but it seems that one cannot
directly extend a generic function (by adding new cases) in a nested contour. This may prompt one to ask
why the extension declarations cannot act on generic functions declared in surrounding contours.

The first answer is that one can achieve the same effect without changing the generic function values of
objects defined in surrounding contours. That is, it is possible in a nested contour to make a new generic
function with the same name as the one in the surrounding contour, but with some branches of its generic
function replaced and new ones added. The following example shows how, in a nested block, to replace one
method and add another to the generic function value of an dhject,

object f
f has method() {3}
f has method(x@int_rep) {4}
object nested
nested has method() {
object f_new
f new has f & method(x@int_rep){5} -- replace one of 's methods
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f_new has method(y@float_rep}{6} -- add yet another method
object more_nested
more_nested has method() {
object f
fhas f_new
f(f(3.7)) -- returns 5

more_nested()

nested()

The second answer is that, in the semantics, one wants the generic function value of an object to be a
property of the object itself, not a property of a contour. If the generic function value of an object were a
property of a contour, that would permit each contour to extend the value by adding new branches, etc., but
it would also make it difficult for a program to pass the generic function value of an object from one contour
to another. So it seems desirable to make the generic function value of an object a property of the object,
instead of its contour. (It still might be possible to allow mutation of the generic function value of an object,
but we do not know how to type check such dynamic updates, and they seem hard to coordinate.)

B.4 Use of Declarations instead of Expressions

In BeCecil, there are as many declaration forms as expressions. We originally sought a core language with
just expressions, but the division between declarations and expressions seems useful. The primary reason is
that we wanted to avoid the complexities of dynamic inheritance. To do this, we wanted to have inheritance
relationships be statically known. One way to do this would have been to make the declaration of parents
part of the construction of objects (which still could have been an expression). But we also wanted to allow
for inheritance relationships to be extensible, and if they were made part of object construction forms, then
the inheritance relationships of objects would be fixed at the moment of their cre@tiolaration forms

allow inheritance relationships to be made apart from the construction of objects, while ensuring that the
requisite information is statically known.

Declaration forms also allow the definition of an object's methods to be textually spread throughout a
program (as in the module system we hope to study), instead of having to be assembled by the programmer
(as in thea&-calculus). Declaration forms also avoid the problem of tracking negative information (as in
extensible record calculi), which would be needed if an object’s methods could be extended dynamically.

Finally, as can be seen from the patterns and sugars described in Section 2, there is no loss of expressiveness
in using declaration forms, because of BeCecil’s block structure.

B.5 Distinction between Class Names and Identifiers

In some places in the grammar for BeCecil, a class n@Mes required instead of an identifier. The exact
distinction is that a class name is required when the identity associated with the name must be statically
known. Class names are required in the syntax in places to avoid the complexities of dynamic inheritance
or dynamic object extensions. However, when an object is used for its generic function value, its identity
does not need to be known; hence for identifiers are allowed to be used as generic function attributes.

" In BeCecil, the ancestry of an object is fixed by the inheritance relation of the recursive declaration sequence in which
itis declared, so itis, in some sense, fixed at the time of the object’s creation. However, it may yet participate in other
inheritance relationships in nested contours.
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B.6 Mutual Recursion in Declarations

The declarations in a block, and in the private part of a hide declaration in BeCecil, are allowed to be
mutually recursive. One might consider that this is unnecessarily complex for a core language. In particular,
because object declarations resemble “forward” declarations (as in Pascal), one might think that there is no
absolute need for mutual recursion in declarations. In this section we discuss the reasons that led us to prefer
mutual recursion in BeCecil, although the arguments are not indisputable.

One thing that is needed in BeCecil is the concept of a single “checkpoint” in each declaration sequence
where type checking is done. This checkpoint is needed because each object’s methods and storage tables
have to be checked for consistency and completeness [Chambers & Leavens95], which can only be done
once all the methods and storage tables associated with an object have been seen. For example, consider the
following declaration sequence. This sequence will define a consistent set of mettaaldic fobut if one

tried to check this after processing each declaration, then there would be points, such as the one marked with
the comment, where the declarations processed thus far would be inconsistent (or incomplete, if one had
type declarations).

object complex_rep inherits any

object cartesian_rep inherits complex_rep

object polar_rep inherits complex_rep

object addc inherits GenericFun_rep

addc has method(x@cartesian_rep, y@complex_rep) {...}

addc has method(x@complex_rep, y@polar_rep) {...}

-- the above is not consistent by itself

addc has method(x@complex_rep, y@complex_rep) {...}

addc has method(x@polar_rep, y@polar_rep) {...}
The above justifies the notion of a declaration sequence as a syntactic construct in BeCecil. Having such
declaration sequences makes it easy for language designers to consider mutual recursion as a possibility.
Allowing mutual recursion is convenient for programming, in that it allows declarations to be introduced in
any order. But that alone is not a sufficient justification for the use mutual recursion in a core language like
BeCecil, considering that the semantics is more complex than it would be otherwise. However, there is an
additional reason for mutual recursion, namely that it is needed if hide declarations are to adequately mimic
the encapsulation aspects of modules. The problem is that in a hide declaration the hidden declarations come
before the declarations that are not hidden; thus mutual recursion is especially convenient, at least for the
hide declaration, to ensure that the methods in each part of a hide declaration can call those in the other part.
While it is possible to put object declarations for the generic functions that are not to be hidden before the
hide declaration, doing so would not allow a single hide declaration to model a single module. (Rearranging
the hide declaration so that the non-hidden part was elaborated first would not allow public declarations to
depend on the hidden ones at all, unless the hide declaration was mutually recursive.)

Since it is sensible to allow mutual recursion in declaration sequences, and since it is especially convenient
for hide declarations, and since Cecil itself allows mutual recursion, we decided to put up with the extra
complexity involved.

B.7 The Model of Objects

We considered several models for the dynamic semantics of objects in BeCecil. The current semantics is
that an object is a generic function (a set of invocables, a set of assignables, and an inheritance relation) that
has a unique identity.

A fundamentally different semantics would have been to have two different kinds of values: objects and
generic functions. In this case objects would not have any value at all, aside from their identity. However,
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unless generic functions were treated differently than objects, there would be no point in making the
distinction. For example, one could say that generic functions did not inherit from any objects, which would
prohibit them from being stored or passed around. But if that were the case, the language would be rigidly
first-order, and other constructs would have to be added to handle control structures, etc.

At various points, we considered using the store to track various parts of objects: their ancestry, their generic
function cases, or both. However, since these aspects of objects do not change once all the declarations in
recursive declaration sequence are processed, there is no reason to use the store for these aspects of objects.
On the other hand, if one had wanted a semantics in which method cases could be replaced at run-time, then

it would be necessary to keep the generic function cases of an object in the store. With storage tables, there
is not a great need for method replacement (at least in a theoretical sense), because storage tables can contain
generic functions, but this is an avenue we did not explore. (See Section B.10 for more about storage tables.)

B.8 Inheritance

We originally experimented with a language in which inheritance relationships were stored in objects, and
could be changed at run-time. However, this kind of dynamic inheritance has well-known problems for type
checking. In the context of BeCecil, it would mean that implementation-side type checking would be

impossible to perform statically in a reasonable fashion. Hence inheritance in BeCecil is statically declared.

Notice that, in the semantics for applications, the inheritance relation of the calling contour (the contour
where the text of the call appears) plays no role. For example, in the following, the inheritance relationship
declared in the functionested3 does not affect the application of the valuegydb the value ok. The
only inheritance relations used are those recorded (imhich determines its ancestry) andgir{which
determines the applicability and relative specificity of its cases.

varg:=...

var X = ...

fun nested1() { ... g() :

fun nested2() { ... x() :

fun nested3() {
foo_rep inherits baz_rep

90(0)

}

nested1();

nested2();

nested3()
An alternative semantics would be to union the inheritance relation of the actual arguments with the calling
contour’s inheritance relation, for purposes of determining each object’s ancestors. The problem is that this
would allow an object to be passed as an actual argument to a method, but inside of the method the object
would no longer inherit from the specializer given for its formal argument.

I n
—

Another alternative would be to have some more complex way of combining the inheritance relations of the
actual arguments with those of the calling contour. For example, one might take the ancestors of the actual
that are known in the calling contour, and all of their ancestors according to the calling contour’s inheritance
relation. However, this would potentially result in a large amount of information loss versus the current
semantics, as the calling contour would be filtering out information about objects and inheritance
relationships that both actual arguments and the generic function being called could know about. We leave
the investigation of such combinations as an area for future work.
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B.9 Extension vs. Inheritance

The notion of extending an object’s generic function cases is an orthogonal notion from inheritance, which
gives BeCecil a flexibility that is appropriate for a core language. For example, one can either copy cases
from several other objects without saying which ones have preference (by using two separate extension
declarations), or have some methods shadow others (by using a single declaration with a combination
attribute). Combination attributes are as inXBecalculus, but can involve named objects. This additional
flexibility is useful to allow renaming of generic functions, and explicit combinations of named entities.

B.10 Storage Tables

Storage tables are a generalization of variables, fields, and arrays. However, storage tables are somewhat
complex for a core language, and so we have considered several alternatives for them.

One alternative would be to replace storage tables with the simpler constructs that they generalize: local
variables, fields (instance variables), and arrays. This is what is done, for example, in Smalltalk and Cecil
itself. However, this does not seem to simplify things to any great extent in terms of describing the core
language.

Another alternative, which we considered at some length, would be to delete storage tables from BeCecll,
and to instead use method replacement, as in Abadi and Cardelli's Theory of Objects [Abadi & Cardelli 96].
This would require a semantic change, in that the cases of an object’s generic function value would have to
be found by the use of a location and the store, making the semantics of recursive environments more
complex. We consider the relevant syntactic sugars below to give the idea of how this alternative would
work out.

By itself, method replacement would take the place of variables. For example, one would have the following
syntactic sugar for the declaration of a variable using this alternative. In the sugars discussed below, we have
tried to keep the meaning as close as possible to the sugars in Section 2.3, to allow better comparison. Note,
however, that in this sugar, the initialization expression is not eagerly evaluated, as it was previously.

War | := EL=
Lgf 10J

I, has met hod(){ [EL}

In this alternative, the sugar for assignment to a variable, given belov&:uses the primitive operator

for replacing a method. To do such a method replacement, in general, it would be necessary to have exact
information about the specializers of an object’s methods. However, since a zero-argument method has no
specializers, one could, as a special case, allow such updates to arbitrary expressions, even if exact
information about specializers was not known.

Evar() L= EvaIDE
met IvaI: Eva| in
Eyar & = et hod() {1 4} L] wherel, 4 is a fresh identifier
In this alternative, to model fields (and more interesting kinds of storage tables), BeCecil would also need
a primitive that tested equality of object identities. If that were done, then some model of the booleans would
have to be built-in to BeCecil. Adding the booleans to BeCecil's initial context would be only a small

complication, however. The following would be the appropriate syntactic sugar for declaring a field of an
object.
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(field | of CN:=ELJ=

Lgf 1J

| has nethod(x@N) {L[ELY, wherexis a fresh identifier

The syntactic sugar for field updates would probably be something like the following, ineghistused
as the equality primitive on objects (a test of object identities).

[Eqa( Eobj@Nop) : = Eyald=
et Iohj = Eopji Ival = Eval
in {
gf old_fld
0|d_ﬂd has Eﬂd

funnew_fld (x@Ngy) { if(  eq(x, lop). [lval . [0ld_fid(  x)]) }
Efg & =new_fld ;
Etid

yO  wherex, lonj: @andly, are fresh identifiers.

This sugar is somewhat more clumsy than the assignment primitive in BeCecil, because the sugar requires
the class nam€N,,; to be given. This class name is needed as the specializer for fumetvofid  that

is used in the sugar, as otherwise it would not be clear which meth&gyafhould be replaced.
Furthermore, unlike storage tables, the type system would require exact information about the set of cases
for Eqq to ensure that this was really a replacement, which would make the BeCecil a bit less flexible.
However, it seems that this alternative would work, and we leave its exploration as future work.

B.11 Initialization of Storage

Many languages do not allow initialization of variables in declaration forms, or (as in Modula-3), interpret
such initializations as syntactic sugar for code that is to be executed at the beginning of a block, before the
usual code is executed. This was not an important semantic point for us, but we believe that all storage
should be initialized, if nothing else, to avoid dealing with nonproper values in the semantics, or having to
allocate storage before it is initialized.

B.12 Copying of Storage Tables during Extensions

Consider the following example declarations.

object x

x has storage() := 3

objecty

y has x
What should be the meaning of these declarations? In the current semantics, the storage table allocated for
X is copied when the identifigris used as a generic function attributeyfofhus in the current semantics,
y() andx() are not aliases. For example, after execut(hig4 , the value ok() would still be 3. An
alternative semantics would be to makdnave the same storage tablesxasvithout allocating a new
location fory’s storage table. This alternative would make andy() aliases.

Although preventing aliasing may make programs easier to reason about, the current semantics may also
make BeCecil less expressive. We believe that there are times when, in a nested contour, one wants to make
a customized version of a generic function that shares storage tables with the original. But as yet we have
too little experience with this aspect of BeCecil to make a firm decision about the semantics. It may turn out
that, in a real language based on BeCecil, one needs two primitives, one with each semantics.
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B.13 No Linearization

In BeCecil, as in Cecil but unlike CLOS or Dylan, there is no linearization of the inheritance relationship,
and thus the ordering imposed on a set of applicable cases is not total. This results in the language
recognizing as errors situations that would not be errors in CLOS or Dylan. In particular, when there is more
than one method that is applicable to a given tuple of actual arguments, there are situations in which the
CLOS or Dylan ordering would pick one method out of a set of applicable methods that, according to the
BeCecil or Cecil semantics, are mutually incomparable (i.e., none overrides the others).

First, it should be noted that the BeCecil semantics could easily be revised to accommodate linearizations,
as in CLOS or Dylan, by redefining the extension of an inheritance ordering to cases. We did not choose to
do this, however, because we are philosophically opposed to such linearizations. That is, we believe that no
one fixed ordering of such (for us) incomparable cases will always be right for all situations. If one accepts
that premise, then one concludes that the language might, at least warn the user about all such situations, or
provide a tool to find them. From that point of view, our type system is a tool that can be used to give such
warnings or find such situations.
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Appendix C  Static Semantics

C.1 Domains for the Static Semantics

The static semantics (type system) of BeCecil is mainly concerned with the following domains: classes,
named types, type attributes, inheritance relations, conformance relations, subtype relations, type contexts,
and type elaborated€lassesare objects that are statically known (i.e., named in an object declaration), as
opposed to formal arguments.

The domains used in the static semantics are summarized in Figure C-1. The sequents used in the static
semantics are summarized in Figures C-2 and C-16. In what follows we describe the semantic domains that
have not already been discussed, and then the type checking rules.

cl U Class

id 0O Objectld

ids 00 ObjectldSet
idv O ObjectldVec

p 0O NamedType
tid O Typeld

. U TypeEnv

6 0O TypeDenotable
T O TypeAttribute

v O TypeAttributeVec
it 0O InvocableType
at [0 AssignableType
et [ ExactType

ics 0 InvokeCaseSet
acs[] AssignCaseSet
ec [0 ExactCase
ecsU ExactCaseSet
eb O ExactBranch

O ConjunctiveType
O DisjunctiveType
O Subtypes

O Inherits

O Conforms

O TypeContext

O ClassInfo

O Typelnfo

O TypeElaborated
00 HasTypes

ta O TypedActual

aa [ ActualArgPair
aavl ActualArgPairVec

ITIMEe B8 XX -~ NoQ

=class(Objectld
= Nat

= Powers@Dbjectld

= Objectld*

mnamedtype(Typeld

= Nat

= FiniteFufldentifier, TypeDenotable

= Class formal(TypeAttributg + NamedType

= NamedTypelnvocableType AssignableType ExactType
+ ConjunctiveType- DisjunctiveType

= TypeAttribute*
arrow(TypeAttributé x TypeAttribute
assignable(TypeAttributé x TypeAttributg
=exact(InvokeCaseSet AssignCaseSet
= Power¢EkactCasg
= Power@exactCasg
= Objectld% ExactBranch
= PowergEkactCasg
= InvocableTypeAssignableType
andtype(PowerSgfTypeAttributg)
ortype(PowerSgfTypeAttributg)
= FiniteRETypeld TypeAttributé
= FiniteRe]Objectld Objectld
= FiniteR¢Dbjectld TypeAttributg
= TypeEnvInheritsx Classinfox Conformsx Subtypes Typelnfo
= FiniteFupObjectld Inheritd
= FiniteFupTypeld, Inheritsx PowersefObjectld]
= TypeEnvInheritsx HasTypes Conformsx Subtypes
= FiniteFufObjectld InvokeCaseSet AssignCaseSkt
= TypeAttribute PowersefObjectld
= Objectldx PowersefObjectld
= ActualArgPair*

Figure C-1: Domains for the static semantics of BeCecil. The dofaeinsFun, FiniteR-
el, and operations on them are described in Appendix E.
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type
assumes works on produces | defined
prototype sequent : ) : o
(inherits) (arguments) | (synthesizes) in Figure
L Fidq Sjppids Inherits (Objectld+ wild) A-3, C-20
x Objectld
T |- T is-well-formed TypeEnv TypeAttribute C-4,C-5
CFTSgupT2 Subtypes TypeAttribute C-6
x TypeAttribute
X Fid<it Conforms (Objectld+ wild) C-8,C-21
x Subtypes x TypeAttribute
(x,Q) I id one-exact-type Conforms Objectld C-9
x Subtypes
| - eq Sjhn et Inherits ExactCase C-10
x ExactCase
| |- ec, overrides eg Inherits ExactCase C-11
x ExactCase
| |- ec applies-to aav Inherits ExactCase C-12
x ActualArgPair
(1, aay) |- ec is-best-for ec§  Inherits ExactCase C-13
x ActualArgPairr | x ExactCaseSgt
(X.¢,1) | ids type-info-iap | Conforms Powerset Typelnfo C-15
x Subtypes Objectld
x Inherits

Figure C-2: Table of auxiliary sequents for the static semantics. A few helping definitions
have been omitted. Sequents that define the static semantics of each category in the BeCe
grammar can be found in Figure C-16. For each kind of sequent, the types it relates ar
shown in three parts in its row: what it assumes, what it works on (or relates) and what i
produces. Sequents that do not produce any result can be thought of as producing a boole
result (true if it is provable), or as relations on their arguments.

C.2 Static Semantics Domains and Auxiliary Functions

This section explains the domains in the static semantics, and describes various auxiliary functions used in
the type checking rules.

C.2.1 Type Denotables, Class and Type Identities
A type denotableecords information about classes, formal arguments, and named types.

As far as the type system is concerned, batlassand anamed typé&ave only a single intrinsic attribute:
their identity. No two classes or named types have the same identity.
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Syntax ) SemanticsT)
TN namedtype(tid)
(T T) -> Ton arrow((tq,---n), Tn+1)
(TpeTw) 0= To assignable((ty, ..t Tne1)
exact { (CN: T) - >T, (CN: T) : =T} | exact({((id),arrow((r),1))} {((id),assignable((1).1))})
T,&T), andtype({ty, 1o})
Tl T ortype({ty, 12})
(CNy: Tq,...CNy: Tp) -> Togq ((idq,...Jdy), arrow((ty,... ), Th+1))
(CNp: T1,..CNy: T) 1= T ((idy,...idp,), assignable((tq,... 1), Th+1))

Figure C-3: Correspondence between syntax for types and type domains.

C.2.2 Type Environments

A type environmeris a finite function from identifiers to type denotables. We use the same notation for type
environments as for environments. (See Section E.3 for details.) It will sometimes be useful to extract the
class and type name parts of a type environment separately.

classesTypeEnv- FiniteFur{ldentifier, Objectld
classeén) = {(I:id) | (I: class(id)) Org

types TypeEnv- FiniteFur{ldentifier, Typeld
typegm) = {(I:tid) | (I: namedtype(tid)) O1g

C.2.3 Models of Types

Because type names (and classes) have unique identities, the domains used to model types in the static
semantics are not the same as the syntax of types. The correspondence is given in Figure C-3.

The identities in a type attribute cannot be random. Instead, they must be object and type identities that are
known in a given type environment. The rules that check this well-formedness condition for type attributes
are given in Figures C-4 and C-5. These rules are used to check that type of a block is well-formed with
respect to the type environment in which the block is checked (see Section C.3.12).

C.2.4 Direct Subtype and Subtype Relations

A direct subtype relatiort, is a binary relation that relates the identities of named types to type attributes.
It models information fronsubt ypes declarations in BeCecil.

For example, iftarch denotesnamedtype(tid;) and if SpecLang denotesnamedtype(tidg), then the
declaration below would be recorded by the direct subtype refdtidp, namedtype(tidg))} .

Larch subtypes SpecLang
The static semantics extends a direct subtype reldtido,be a reflexive and transitive relatiag,, on
type attributes, as shown in Figure C-6. We also extend a subtype relation to relate tuples pointwise in Figure
C-7. The rule [sub-gf] is taken from th&-calculus [Ghelli 91, Castagret al. 92, Castagnat al. 95]. The
rule [sub-arrow] was originally described by Cardelli [Cardelli 88].
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[wf-namedtype] T | namedtype(tid) is-well-formed where
tid O rang€typegm))

T | 14 is-well-formed ..., T} T, is-well-formed
1t} 1, is-well-formed
[wf-arrow] wheren =0
Tt arrow((ty,....Tp),T,) is-well-formed

T 14 is-well-formed ..., T} 1, is-well-formed
1t} 1, is-well-formed
[wf-assignable] wheren=-0
T |- assignable((ty,....Ty),T,) is-well-formed

T | 14 is-well-formed ..., Tt} 1, is-well-formed

[wi-andtype] n} andtype({1y,...1}) is-well-formed wherenz 1
T} 1, is-well-formed ..., |- T, is-well-formed
[wi-ortype] Tk ortype({Ty,...T}) is-well-formed wherenz 1
T} eq is-well-formed ..., Tt} eg, is-well-formed
[wi-exact] |- ec, is-well-formed ..., Tt |- ec,, is-well-formed wheren=0,m= 0

T} exact({ec,...£G} .{eCy,...eCn}) is-well-formed
Figure C-4: Rules for well-formedness of types. These depend on the rules given below.

T arrow((ty,....Ty),T,) is-well-formed wheren= 0.

Qi .i0{1,..n} O
idiOranggclasseén)))

[wi-ec-arrow] Ttk ((idy,...id,).arrow((ty,...T).1,) is-well-formed

T | assignable((ty,....Tp),T;) is-well-formed wheren = 0,
(I r1r1 n

\I_ll.:l_llJ. ..... L) =]

Tt ((idy,...idy),assignable((ty,... 1,),T;)) is-well-formed id, Jrange(classeén)))

[wf-ec-assign-
able]

Figure C-5: Rules for well-formedness of exact cases.

[subtypes- CFT1SeupT's - CF ThSgupT'n

tuple]

wharan > 0
whetref=v

LF (T T) Sy (T2 T')

Figure C-7: Rule for pointwise subtyping of tuples.
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[sub-base] (| namedtype(tid) <q T where(tid,t) 0
[sub-refl] (T <gupT

(FTiSqupTe, CFToSgupTa
[sub-trans]

(FTiSsupT3

CFT<gupTys (T <gypTh
[sub-and1] wherer > 0
(T <gypandtype({Ty,...,Tn})

[sub-and2] C | andtype({ty,..., Tn}) SsupTi wheren=>0,1; O {14,..., T}

CF T SsupT -+ CF Tn SsubT
[sub-orl] wherer > 0
Clortype({Ty,.... Tn}) SgupT

[sub-or2] CF T <gyportype({ty,..., To}) wheren=0,7; O{1y,..., T}
CFT1<supTe CF U <subTh
[sub- CFTr <supT’ wheren >0
arrow]
CFarrow((ty,...T),Tp) Sgypa row((T'y,....T ). T'y)
CFT'1SsubTe CF Tn SsubTh
[sub- CFT'r <supTr
assign- {F assgnable((Ty,...T), T,) wheren =0
able] <
' =sub
assignable((t'y,...,T"), T'p)
[sub- (| exact({ (idvy,ity),...,(dv,,it)},
exact- {(idv'p,aty),...,(dV' paty)}) wheren=0, m= 0
translate] Ssubandtype({ity,...itn, aty,... aty})
Z I— itf(l) SSUbit'n' cery Z I— itf(n) Ssubit’n’ wherek=0,| =0, m=0,n= 0, 0= 0,
(| atyq) Ssypat'y, - (F alye) Ssupato (Oi O{1,...,n} . (OF(i) Of1,...K} .
it — arrow(Tv. 1)
b | el A W R | )
[sub-gf] (| andtype({ity,...ity, aty,...al, Tq,....T}) andity) = arrow(tvg), Tsiy)),
Ssub (0j B{1,....0p . (BOG) B{L,....1} .
andtype({it'y,...it'n, at'y,...at o, T1,...T}) at;j = assignable(tv',T'j)

andatg(j) = assignable(Tv'g(j),T'g(j)r)))
Figure C-6: Axioms and inference rules for the subtype relation.

C.2.5 Direct Conformance and Conformance Relations

A direct conformance relation is a binary relation that relates object identities to type attributes. It models
information fromconf or ns declarations in BeCecil.
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(FT SgupT
[conforms] where(id,t") Ox

X0 Fid<t
Figure C-8:Inference rule for conformance.

(X,Q) |- id one-exact-type wheres={(ics,ac9 | (x,{) |- id <: exact(ics,ac9},
Is|=1

Figure C-9: Rule for checking that a class has just one exact type.

[one-exact]

For example, ifLarch_rep denotesclass(id,) and if Larch denotes the type attributg, then the
declaration below would be recorded by the direct conformance refdidpny, )} .

Larch_rep conforms Larch
Figure C-8 extends a direct conformance relat{pto a relationg:, that takes subtyping into account.

C.2.6 Exact Types for Generic Functions and Exact Cases

An exact typecontains all the information about an object’s generic function value. That is, an@bject
conforms to an exact typet, just when the object’s generic function value has all the invocable and
assignable cases describedtirand no additional cases. Because this information is exactofost, one

can conclude that some cases are not present in the generic function valdénisfkind of negative
information cannot be obtained from inexact types, because subtyping can be used to forget the types of
some cases. Because of this requirement, exact types do not have interesting subtypes. Since a given object
conforms to only one exact type, the following declarations are in error.

-- at least one of these is wrong
foo conforms exact{(int_rep:int)->int}
foo conforms exact{(int_rep:int)->int, (myclass:mytype)->foo}

The rule for checking that an object conforms to just one each type is given in Figure C-9.

As noted above, a programer would not normally declare conformance to an exact type, since the exact type
of an object’s generic function value is inferred by the type system.

An exact type is composed of a pair of setsnancable case seind amassignable case sdfach is a set
of exact caseawhich are contain a tuple of specializers anéxact branchAn exact branch is either an
invocable type or an assignable type. In the invocable case set the exact branches are all for invocable types,
and similarly in the assignable case set the exact branches are all assignable types. Given an egact case,
we write specializer&q) for the tuple of specializers et, argtypeged for the tuple of argument types of
eq andrestypéeg for the result type odc

specializers: ExactCase Objectld*

specializer§idy,...id,), eb)) = (idy,...idp)

argtypes: ExactCase TypeAttribute*

argtypes$(id,,...idy,), arrow(tv,T,))) = v

argtypes(id,,...id,), assignable(tv,t,))) = v

restype: ExactCase TypeAttribute

restypé(id,,...idy), arrow(tv,t,))) = 1,

restypé(id,,...id,), assignable(tv,t,))) =T,
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| Fidy 1 Siphidz,g, -0t Fidy nSjppidz g
[inh-eb] wheren=0

tF((idy g,.--dd7 ), €0y) Sipp ((id2,1,---id2 1), 1)
Figure C-10: Rule for extending a direct inheritance relation to an ordering on exact cases

|- eq Sinh e wheren =0

overrides-eb - .
[ ] | | e, overrides eg specializergec)) # specializeréec,)

Figure C-11: Rule for when one exact case overrides another.

As for cases in the dynamic semantics, we extend an inheritance relation to a partial order on exact cases by
comparing their specializers pointwise. The rule for this relation is given in Figure C-10. The rule for when
one exact case overrides another is also analogous to the rule for invocables. It is given in Figure C-11.

As with invocables, two exact casgdashwhen they have the same tuples of specializers. We also give
analogous definitions for the disjoint uniam () and overridiag ( ) notations for sets of exact cases.

nonclashing: Powers@ExactCasgx PowersefExactCasg — Boolean

nonclashingecs, ecs) = ((specializergecs) n specializergecs)) = {})

(0] CPowersefExactCasg x PowersefExactCasg -~ PowersefExactCasg

ecs [ ecs =if nonclashingecs, ecs) then ecg [ ecs else O

B PowersefExactCasgx PowersefExactCasg — PowersefExactCasg

ecg B ecs =ecs U {ec| ecUecs, specializergec) U specializergecs) }
The rules for when an exact case applies to a tuple of actual argument pairs are given in Figure C-12; this
is nearly identical to a similar rule in the dynamic semantics, and uses a helping definition from the dynamic
semantics. Also similar to the dynamic semantics are the rules for finding the most specific exact case in a
set of exact cases; these rules are given in Figures C-13 and C-14.

C.2.7 Type Contexts, Type Information, and Type Environments

A type contextecords information from declarations that can be used in type checking. A type context is
modeled as a tuple of a type environment, a direct inheritance relation, some information about classes, a
direct conformance relation, a direct subtype relation, and some information about type names. We
sometimes use the following auxiliary functions to extract parts of a type context.

tenv. TypeContext- TypeEnv

teny(t, 1, @, X, (W) =TT

directSubtypesTypeContext. Subtypes

directSubtypgst, 1, @, X, {,W) =
Recall, from the informal discussion in Section 3, that the information kept for each type name is the
inheritance relation of the recursive declaration sequence in which the hame was declared, and the set of
objects that are known to conform to it in the recursive declaration sequence in which it was declared. The
way in which the type information for a set of declared classes is formed from a direct conformance relation,
a direct subtypes relation, and a direct inheritance relation is given in Figure C-15.

Similarly, for each class, the inheritance relation of the recursive declaration sequence in which it was
declared is kept.
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l I— idl,aSinh idl . I— idn,asinh idn,
| |- idsgjq Ok-diridy , ...,1 |- idsgj, Ok-dir idp,

[applies-to] wheren =0

b ((idy....Jd,), eb) applies-to((idy aidsyi; ), ---, (dn aidSyicn)

Figure C-12: Rule for when an exact case applies to a tuple of typed actuals. See Figur
A-12 for the rules fook-dir.

(1, aay |- ec better-than e¢ whereecs ={ec | ec Oecs | |- ec applies-to agy,
eclUecs,

{eq, ..., e¢} =ecs,

n=1

[is-best-for] (1, aay ec“b.étter-than er

(1, aay |- ec is-best-for ecs

Figure C-13: Rule for when an exact case is best in a set for a given inheritance relatior
and assumed tuple of typed actuals.

[better- (1, aay |- ec better-than ec
than-reflex]

[better- | |- ec overrides €c

than] (1, aa\) |- ec better-than éc

Figure C-14: Axiom and rule for when one actual is better than others. Note that these art
mutually exclusive.

whereec# ec

wheren= 0,
.y X2 F {idg,...id,} type-info-isy @i .i O{1,..0} O
ltype-info-is] ids ={ide | (6.0) F ide<:id}),
=i 01, Gd(,ids))}

Figure C-15: Rule for finding the type information for a set of types.

C.2.8 Type Elaborateds

A type elaboratedecords type information from the elaboration of declarations. It is a kind of type context
used internally by the semantics. It differs from a type context in that it lacks the type information
component, and instead contains a “has-type-environment” that records information from exterssion (
declarations in BeCecil. The following is sometimes used to extract the type environment of a type
elaborated.

tenv TypeElaborated- TypeEnv

ten(r, 1, p, H, X, Q) =T
The operatord is used to collapse the type elaborateds produced by declarations at the same level into a
single elaborated. For finite functions, and thus for the type environment, is a disjoint union operator. As
for type contexts, the noncyclic union of the direct inheritance relations is used. The direct conformance
relations are simply unioned together, as are the direct subtype relations. However, for the has-type-
environment, if the same object identity has two pairs of invocable and assignable case sets, then the
corresponding sets of cases must not clash, to ensure that certain obvious “message ambiguous” errors
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cannot occur. Hence disjoint union is used for blending the has-type-environments, as described in the
auxiliary functionblendGfType®elow.
[0 [TypeElaboratedk TypeElaborated- TypeElaborateg,
(T, 1, Hy, X1, Q) O (T, 12, Hp, X2, {0) =
(Ty O T, 11 B 15, blendGiType@dy, Hy), X1 0 X2, (1 O {y)
blendGfTypes: HasTypesHasTypes- HasTypes;
blendGfType@#,, Hy) ={(id:(ics,ac9 | (id:(ics;,acs)) OH;, (id:(icsy,acsy)) OH,,
ics =ics; [J ics,, acs=acs, [ acs}
01 {(id: (icsy,acs)) | (id:(icsy,acs)) OH4, id Odom(Hy)}
01 {(id:(icsp,ace)) | (id:(icsy,acs)) OHo, id Odom(H4)}

C.3 Type Checking Rules

In this section we explain the type checking rules given in Figures C-22 through C-38. The order of
presentation follows the order of the syntax of Figure 3-1. The table in Figure C-16 gives an overview of
the types of sequents used in the type system.

C.3.9 Implementation-Side Type Checks

For each class declared, its generic function value must conformingly, completely, and consistently
implement the inexact types that it conforms to. In BeCecil, this means that for every inexact generic
function type that a class conforms to, if there are classes that conform to the argument types, then there
must be a unique, most-specific applicable case that can handle a possible call that type checks against that
inexact type. The check for arrow types is a translation of the condition given in [Chambers & Leavens 95,
Section 4.2]. The check for assignable types takes into account that the “result type” for an assignable type
really describes the value used in an assignment, and hence describes an additional argument.

The rules for implementation-side type checking are given in Figures C-17 to C-19. The rule in Figure C-
17 generates all the inexact types that a given class conforms to, and then uses the rule given in Figure C-
18 to check that each such inexact type is implemented. The rule given in Figure C-18 generates all tuples
of wildcards or classes that conform to the argument types of the inexact type in question, using the
following auxiliary functions, and tests that for each possible tuple, there is a single best exact case and that
the best exact case passes the conformance tests. Wildcards, writteth ase needed because the type
system places no restrictions on conformance to invocable, assignable, or exact types; hence regardless of
whether there are classes in the assumed type context that conforms to such types, there is always the
possibility that there will be such one. However, such conformance relationships may also be declared in
the assumed type context, and thus invocables may be specialized on particular objects having some such
type; thus the first auxiliary function below allows for both wildcards and declared classes that conform to
such types. Technically, wildcards are used whenever a type has a subtype that is an invocable, assignable,
or exact type. This is sensible because every such type allows arguments that are not restricted to known
classes by the type system.

conformers TypeEnw Conformsx Subtypes TypeAttribute-. PowersetObjectld+ wild)
conformersr, x, ¢, 1) = {id. | id. O ranggclasseén)), (x.¢) |- id; <: 1}
O {wild | { |- arrow(tv,T;) <g,pT} O {wild | ( |- assignable(tv,1,) <gpT}
O {wild | { |- exact(ebg <g T}

Tuples of wildcards and conforming classes are generated using the following auxiliary function.

conformers TypeEnw Conformsx Subtypes TypeAttribute*— Powersef(Objectld+ wild)*)
conformersr, X, ¢, (T4,...,Ty)) = {(idy,...,id,) |id; O conformerérx,¢,1j), i O {1,...,n}}
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type
rototvpe sequent  2SSUMes works on produces defined
P yp 9 (inherits) (category) (synthesizes) in Figure
(m1,x,Q) F TypeEnv Objectld C-17
id impl-type-checks| X Inherits
x Conforms
x Subtypes
FP:1 Program TypeAttribute C-22
K FRDSO K TypeContext Recursive- TypeContext C-23
Declaration-
Sequence
K | (1t1,X,0) nests-ok TypeContext TypeEnv C-24
x Inherits
x Conforms
x Subtypes
KFB:t TypeContext Block TypeAttribute C-27
KEFD*0O § TypeContext Declaration TypeElaborated C-28
KFEDO g TypeContext Declaration TypeElaborated C-29
T CNO¢jassT TypeEnv Class-Name TypeAttribute C-30
KF GF O (ics,ac9 TypeContext Generic-Function InvokeCaseSet C-31
x AssignCaseSet
nFTOT TypeContext Type-expressior] TypeAttribute C-32,C-33
TtE TN Dype T TypeEnv Type-Name TypeAttribute C-34
KFE:t TypeContext Expression TypeAttribute C-35, C-36
nH106 TypeEnv Identifier TypeDenotable C-37
K AAO(t, ids) TypeContext Acutal-Argument  TypeAttribute C-38
x Powerset(Objectld)

Figure C-16: Sequents used in the static semantics. This table includes sequents for imple
mentation-side type checking and a sequent for every syntactic category; see Figure C-:
for auxiliary sequents. For each kind of sequent, the types it relates are shown in three part
on its row; what it assumes, what it works on, and what it produces.

To make wildcards act as their name implies, they must inherit from every class and conform to every
suitable type. Thus the axiom in Figure C-20 is added to those already given (Figure A-3) for inheritance
relationships, and we considgf, to be a binary relation on the extended don@ijectid+ wild from

now on. Similarly, the rules in Figure C-21 are added to those already given for conformance relationships.
These rules make wildcards conform to every type for which they can be introducedftiymers We
hereinafter consider conformance relations to also reliddeto type attributes.
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(ro,x,Q) Fid impls i, ..., wheren=0,m= 0,
(t1,x,Q) Fid impls it,, {itq,...it} =
[impl-type- (m1x.Q) - id impls ag, ..., {arrow(tv;,Tj,) | (x.2) Fid <: arrow(tv;,T; )},
checks] (t1,X,Q) Fid impls af, {aty,...at} =
———————————————————{assignable(ty; T ) |
(tt1,X,Q) | id impl-type-checks (X,ZJ) |lrid <: assignable(tv; Tj,)}

Figure C-17: Rule for when an implementation type checks.

(1,x,0) | id implsarrow(tv,T,) for idvy,

[impls- - . wherem= 0,
X, d | ,T,) forid . .
arrow] (1X.Q) - id implsarrow(tv.t,) for idv {idvy,...idv,} = conformerg§mx,¢,Tv)}

(t1,x,Q) Fid implsarrow((Tq,..-tn),T;)

(1,X,0) I id implsassignable(tv,t,) for idvy,
[impls-
assign- (1,x,Q) I id implsassignable(tv,T,) for idv,
able]

wherem= 0,
{idvy,...jdv,} = conformergrx,{,tv)}

(tt1,x,Q) | id implsassignable(tv,t;,)
Figure C-18: Rules for when a class implements an inexact type.

(X,Q) I id <: exact(ics, ac9,

[impls- (,aaV) I (idv, arrow((t'q,...T'),T')) is-best-for ics,

for- QO Fidy<Tq,..(x,Q Fid, < T, wheren = 0,

arrow CETr<supTr aav=((idy{}),....tdn{}))
1]

(1,x,Q) Fid implsarrow((ty,...Ip),T,) for (idy,...id,)

(X,Q) I id <: exact(ics, ac9,
[impls- (1,aaV) | (idv, assignable((t'y,...T'),T',)) is-best-for acs,

for- QO Fidy< Ty, ..(x,Q Fid, < T, wheren = 0,
assign- CF T SqupT' aav=((idy,{}).....adn.{}))
able]

(1,x.0) F id implsassignable((ty,...1,).1,) for (idy,...id,)

Figure C-19: Rules for when a class implements an inexact type for a particular vector of
argument classes.

(€3 {3 {3 {3, {3, {}) FRDSO K,

[tc program] KFB:T

FRDS; B: 1
Figure C-22: Static semantics for programs.

C.3.10 Type Checking Programs

The type checking of a program produces a type for the block that makes up the program’s body. The formal
rule is given in Figure C-22.
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[inh-wild] t | wild sjpid
Figure C-20: Axiom that a wild card inherits from every object.

( Farrow(tv,t,) <gpt
[conforms-wild1]

Q) Fwild<:t
( |- assignable(tv,t;) <gpT

[conforms-wild2]
Q) Fwild<:1

( | exact(ics, acg sgypT
[conforms-wild3]

X0 Fwild<:t
Figure C-21: Rules for when a wild card conforms to a type.

(e x, W) ED* O (1, H,x,0), wheren >0,
(x',¢') |- id, one-exact-type m=TH
' =lg B 1,
(X'.¢') |- id, one-exact-type @={(id:1") | (1: class(id)) 073,
[tc rec- (', x',¢") Fidq impl-type-checks @ =@ o
decl- '=Xo O x O exactConform@tH),
sequence] (', x',2") |— idp, impl-type-checks )Z( - 2(8 0 2( etk
(X'.¢",1") | idsypestype-info-isy, W =sWo Iy,

(Mol 0.%0:X0:C0:Wo) | (T11,X.€) nests-ok -hasOrphangt,H),

* ) . L {idq,...Jd.J =rang€classeén)),
(T[()’IO’%’XOIZO’qJO) I_ D D (T[’!l 1qj!X 1( ,lIJ ) |d5types=r:’aﬂg€(type$1'[))

Figure C-23: Static Semantics of recursive declaration sequences.

The declarations in the recursive declaration sequence that forms the prelude are checked starting from an
empty type context. The details of the checking process are described below. This process produces a type
contexik that is used to check the block.

C.3.11 Type Checking Recursive Declaration Sequences

The type checking of a recursive declaration sequence in an assumed type context produces a new type
context. The formal rule is given in Figure C-23.

As in the dynamic semantics, the rule for checking a recursive declaration sequence is a bit tricky. The
checking of the declaration sequenog, like the checking of an individual declaration, does not produce

a type context, but a type elaborated (see Section C.2.8). The type elalfonaken,(), that results from

the checking of the declaration sequence is used to form a new type cauext,x’,(',y"), in which

names declared iD* shadow those from the assumed context (heheat, 8 1) and in which the other
information is essentially unioned together. Assuming this new type context when checking the declaration
sequence itself allows the declarations to be mutually recursive.

The following auxiliary function uses the type environment and the has-type-environment of the elaborated
to produce a direct conformance relation that contains exact type information for each classd&clared
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(Mo 0.%0.X0:C0:Wo) - RDSO K,
KFE:T,

T is-well-formed
[tc block] el

(Mo 0. %0-X0:Co W) FRDS E: T

(T[!l!(p!XvalIJ) I_ B: T'r Z I_ T SSUbT
[subsume-block]

(mLex.{W) FB:T
Figure C-27: Static semantics for blocks.

exactConforms: TypeEnvHasTypes- Conforms
exactConform@t, H) = {(id:exact(ics,ac9) | (id: (ics,ac9) OH}
O {(id:exact({}.{})) |id Odon({H), id O range(classe&m)}

The class information for each class declaredtnis formed by pairing each class with the direct
inheritance relation’. The direct inheritance relatiohis formed as the noncyclic union of the inheritance
relation of the surrounding contour and the direct inheritance relation of the elaborated. (Recalkthat =
strict equality; hence if the combined inheritance relation is cyclic, the side condition is false.) The process
of extracting the type information for the types declared is given in Figure C-15.

Several checks are performed on the elaborated at this time. Every declared class must have just one exact
type, and each class’s implementation must type check against the inexact types to which it conforms. These
checks are described in Figures C-9 and C-17. As in the dynamic semantics, there is the possibility of
“extension orphans:” object identities bound to extensions in the has-type-environment that are not for
objects declared in the block. This error is checked with the aid of the following auxiliary function.

hasOrphans: TypeEmwHasTypes- Boolean

hasOrphangrt, p, H) = (0d . id Odom(H) Oid O rangeclasseén)))
Recall from Section 3.5 that we also impose certain restrictions on nested contours to ensure that
assumptions used in type checking their surrounding contours remain valid. These restrictions are stated in
Figures C-24 through C-26. The rule foests-okgiven in Figure C-25 checks that for each class that
conforms to a type declared in an outer contour, the class singly-inherits from a class known (in the
surrounding contour) to conform to that type. The rule given in Figure C-25 checks that the class inherits
from some class that is known in the surrounding contour, and that for each pair of classes that it inherits
from, those classes are ordered.

C.3.12 Type Checking Blocks

Type checking a block in an assumed type context produces a type attribute for the block’s value. The formal
rules are given in Figure C-27. The second of these rules merely allows the type produced to be converted
to a supertype. We now explain the details of the first rule.

In a block, of the fornRDS E the recursive declaration sequeRi2Sis checked as described above and
produces a new type contekt, This context is used to check the expresdion,

In a block, the type of the expression cannot involve type names declared in the block itself. This condition
is tested by the sequemj |- T is-well-formed The rules for this sequent are given in Figures C-4 and C-5,
which simply checks that all named types and classeari@ known in the assumed type environnrgnt
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(", Wg) | (idy,tidy) inherits-above, wheren = 0,
" =glg ® 1,
[nests- (V".4o) I (idy tidy,) inherits-above {(idy,tidy),...,Gd tidy)} =
ok] {HichtiehHHramedtype(tid)) O 1,
(Mol 0.0 X0:LoWo) | (TELX,C) nests-ok id0conformerémg 8 1, Xo 0 X, {o 0 ¢,
namedtype(tid))}
Figure C-24: Rule for when a new context nests correctly with respect to an assumed cor
text.
| | id Sjop idg, wheren = 0,
I" |- (idq 1,id; o) ordered (tid:(1",ids)) Oy,
[inherits- id. O ids,
above] " |- (idp, 1idy, ) ordered {(idy 1idy 9),....0dp pidy D)} =
— : {Hidgidp)tiezHids, id,0ids,
(1,W) | (id,tid) inherits-above UFid S idy, | Fid S idg)
Figure C-25: Rule for when a class singly inherits from a class that is known to conform to
a type.
l I— Idl Sinh |d2
[orderedl]
[ | (idq,id5) ordered
| ids S idg
[ordered?2]

l |- (id4,idy) ordered
Figure C-26: Rules for when two objects are ordered by an inheritance relation.

KoF D10 &y, .. Ko Dp O &,

[tc declaration wheren = 0,

sequence] Kok (D1...Dy) 0 & €=sUing,..n &

Figure C-28: Static semantics of declaration sequences.

C.3.13 Type Checking Declaration Sequences

The checking of a declaration sequence in an assumed type context produces a type elaborated. The type
checking rule is given in Figure C-28.

When a declaration sequence is complete, the type elaborateds that result from the checking of the
individual declarations are collapsed into a single type elaborated, which combines all of their information.
The error checking that is done at this time is analogous to that done in the dynamic semantics; it is
accomplished by the disjoint union operator on type elaborateds,

C.3.14 Type Checking Declarations

The checking of a declaration in an assumed type context produces a type elaborated. The formal semantics
is given in Figure C-29.
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[tc object KFobject | O ({l:cassid)}, {},{}.{}.{}) wherert = tenyk),
declaration] id Drange(classer))

TH CNp Ugjassidy, T CNp Ugjassidy
[tc inherits
declaration] (TLL@X.CW)ECNyi nherits CNp O ({}.{(idy, idp)} {} {} {})

: _ T CNOgassid,  (01,@X.¢P) F GF O (icsacy
tc extension

deCIaration] (T[,l a(PaXva'-lJ) I_ CNhas GF[ ({}! {}! {id:(iCS,an}, {}! {})

(Mot 0. %0 X0-loWo) F RDSD (7,1, X, W),

[tc hide (¢ x, ¢y EDbOo € wherett =tenyg),
declaration] (T9.10.90.X0.{o-Wo)l- hi de RDSi n DUend O ¢ o 'IDL,,-;E]I)I!L;-[:(D)
[tc type KFtype | O ({l:namedtype(tid)}, {},{},{},{}) wherert = tenyk),
declaration] tid Orang€gtypegmn))
[tc con- TFCNUOgassid, TMHETOT
forms decla- K ECN confornms TO ({}.{},{},{(d, 0}, {}) wherertt = tenyk)
ration]

TE TN Oyypetid, mHETO T
[te subty_pes . wherett = tenyk)
declaration] KFTN subtypes TO ({},{},{},{}, {(tid, 1)})

Figure C-29: Static semantics of declarations.

An object declaration, of the forabj ect 1, is elaborated by allocating a fresh object identity, and binding
the identifier to it. A type declaration, of the fortrype I, is handled similarly.

An inheritance declaration is elaborated by producing a direct-inheritance relation that relates the first class

named to the second. The rules for elaborating conformance and subtyping declarations are similar. The
classes involved in these rules cannot be formal parameters, since the identity of a formal parameter cannot,
in general, be known statically, and thus is not tracked by the type system.

An extension declaration, of the fo@Nhas GF, is elaborated by evaluating the generic function attribute
GF, obtaining a pair of exact case sets, and then binding the iden@ty tof that pair.

In a hide declaration, of the forim de RDSi n D* end, recall that both sets of declarations are mutually
recursive with each other. As in the dynamic semantics, extension declarations can only appear in the same
part of a hide declaration as the object declarations they refer to. The side condition checks that the same
name is not declared in both parts of the hide declaration.

C.3.15 Static Semantics of Class Names

A class name is looked up in the assumed type context, and its identity is returned. The formal axiom is
given in Figure C-30. Note that the identifier in question must denote a class, not a type or a formal.
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[tc class name] TH | Ogjassid

Figure C-30: Static semantics of class names.

where (:class(id)) O 1t

[tc identi- mi-1 0 class(id),
fier (x,Q) | id <: exact(ics,ac9
attribute (mLeX, W) 1 O (ics,acy
1]
[tc identi- il 1 O formal(t),
p (|1 <gpexact(ics,acy
ier
Z‘;t”b“te (mLex.2W) F1 O (icsacs

Tt CNy Ugjassidy, -, TUF CNp D gjassidn,

nFT, 071, .., tFT, 01, 1T, 071, wheren =0,

(M Lex. Y FB:t =
[tc method r {!l:s.;or ek
auribute] (1, @x,¢.y) |- met hod( 1@ Ny: T, Jn@Ny: T : T {B} O [ {1 sformal (1},
({((idy,...idp),arrow((ty,... Ty, 1))} {}) =T8T

Tt CNp U jassidy, -, T CNp U ¢jassidn,
nFET, 01, ... FT, 01, FT, 07,
(nalaq)'leZlLIJ) I— E Tr
[tc storage

wharan> 0
WwhRetreRi—=u;

attribute]  (TLL@X.LW) st or age(13@Ny: Ty,... [n@Ny: Tp) 1 =E: T, 0 thely,... ), are distinct
({ ((.ldl,...:|dn),ar r.ow((rl,...,Tn),rr))} ,
{((idy,...idp),assignable((ty,... Ty).Tp))})
T F CNy Ogjassidy, - TTE CNy O gjassidn,
nFT, 014, ...,FT, 071, ©FT, 071, vT\[,/h_erenZO,
1 r . -s
gice o (LX) BTy {Iformal(tp} O ...
, P . . e O {I:formal(t,)}
attribute]  (TLOX.LW) Faccept or (13@Ng: Ty, Jq@Ny: Tp) 1 = 11 Ty 3 {Iformal(t.)}
{B} O ({}.{((idy,...idp),assignable((ty,...Tn),T))}) L v
n'=ngmn
[tc combi- K | GF; O (ics,acs), K| GF, O (icsy,acs) where
nation fes= iboj_ = ;\432
attribute] K GF, &GF, 0 ebs acs= acs & acs,

Figure C-31: Static semantics of generic function attributes.

C.3.16 Type Checking Generic Function Attributes

The evaluation of a generic function attribute in an assumed type context produces a set of exact cases. The

formal semantics is given in Figure C-31.
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[tc type name] Tt | DOyypetid where (: namedtype(tid)) O 1t
Figure C-34: Static semantics of type names.

An identifier attribute, of the forrh produces a pair consisting of an invocable case set and an assignable
case set. These are taken from the exact typeNaftice that a formal parameter that has an exact type can

be used as an identifier attribute. This is because with an exact type, the exact type information needed for
this rule is known.

A method attribute produces a pair whose invocable case set contains a single exact case. Its specializers
and argument types are determined by the formals. Storage table attributes are treated similarly, except that
for methods, the block must be checked, while for storage tables, it is the initialization expression that must
be checked. The checking of an acceptor is similar to that of a method, but the block has access to the value
parameter as an additional formal. The type of the block or expression may be a subtype of the stated type,
as allowed by the subsumption rules (given in Figures C-27 and C-36).

A combination attribute, of the for@F; & GF,, produces a pair of exact case sets that contain the exact
cases ofGF, and those fronGF, that do not clash with those @F,. Each set of exact cases produced
includes all the exact cases fradf,. For both the invocables and assignables, if an exact case, of
clashes with an exact case&3R,, then only the exact case fr@#, remains, but the exact cases6f that

do not clash with those @fF, are also included. (Thus, if there are no clashes, then the exact cases of both
generic functions are returned.)

C.3.17 Static Semantics of Type Expressions

The static semantics of a type expression in an assumed type context produces a type attribute. The formal
rules are given in Figures C-32 and C-33.

C.3.18 Static Semantics of Type Names

A type name is looked up in the assumed type environment, and its identity is returned. The formal rule is
given in Figure C-34.

C.3.19 Type Checking Expressions

The checking of an expression in an assumed type context produces a type attribute. The type checking rules
are given in Figures C-35 and C-36.

An identifier used as an expression may either be the name of a class or a formal. If it is a class name that
denotes a class with identifg, then its type is the type to whiahconforms. If it is a formal parameter,

its type is the type to which the formal is bound in the surrounding type context. (The first of these rules
could be made more deterministic by producing the conjunction of all the types to which the name
conforms, but the type system can already generate such a type by using the structural rules for conjunctive

types.)

For type checking an application expression, of the fegA*), there are two cases. If none of the actuals

are directed, then the operatgy, must have an arrow type and each actual argument must have a type that

is the same (or by subsumption, a subtype of) the corresponding formal argument type. Otherwise, the
operator must be a class name, and a more complex process is used to determine whether there is the
possibility of an error in the invocation, and if not, what the result type will be. The idea is that for each
tuple of conforming classes that could be arguments (i.e., that conform to the types of the actuals), there
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[named T TN Oyypetid
type] Tk TN O namedtype(tid)
[arrow nFT 01, ..nET,01, FET,O0T, o
type] Tt (TgenT) - >T, O arrow((Tg,..I).T,)
[assignable MO - T Ta Bt T O Ty wherens o
type] Tt ( Ty, Ty =T, O assignable((ty,...T).Ty)
[and T[I—T]_D Tq, T[I—T2[| L)
type] Tl T; & T, O andtype({Ty, T2})
[Or T[I—T]_D Tq, T[I—Tz[j L)
type] Ty | To O ortype({ty, 12})
Tt ETgqy O (idvy,arrow(tvy,Ty)),
Tt ETyy O (id;},:,arrow(rvn,tn)),
T ETgn+1) U (idVysg,assignable(tVy.g,Ths1)), wheren> 0,k 0,
[exact _ oy fis a bijection
type] T ETf(n+k) O (idVp+k.assignabl&(TVy 1, T+k)) on {1,...n+k},
yp attoftheET;
T[I— exact { ETl, - ETn+k} O are distinct.
exact({(idvy,arrow(tvy,ty)),...,(dvp.arrow(tvy,,t))}
{(idvy,41,assignable(tvy+1,Th+1))
---:Gan+k'aSSignable(TVn+k’Tn+k))})
Figure C-32: Static semantics of type expressions.
T F CNy Oglassidy, -, TTE CNy O gjassidn,
[exact arrow] M T 0T e T T 0 T, T T O T wheren=0

TTE (CNi: Ty, .., CNG:Tp) - >T, O ((idy,...ddp),ar row((Te,.--to),Tp))

T CNy Oejagsidy, -, Tt CNy O ¢lagsidn,

nFT 01, ...,tFTaO 71, T, OT7,

[storage type] wheren >0

T (CNi: Ty, .., CN:Ty) : =T, O ((idy,...idy,),assignable((Tq,....Tn),Tf))
Figure C-33: Static semantics of exact types.

must be a most specific applicable exact case. From the set of all these selected cases, the least upper bound
of their result types is returned as the result type of the invocation.

The auxiliary function zip, used in the rules for applications and assignments with directed actuals, is
defined below.

zip: Objectld x PowersetObjectld* - ActualArgPair
zip((idy,...id),(idsy,...idsy)) = ((dq,idsy),...,(d,idsy))

92



BeCecil Chambers & Leavens

[tc identifier mti-1 0 clasx(id) where
expression 1] TLoX.LW) F 1T (idt)Ox

[tc identifier i1 U formal(t)

expression 2] (mLexiW kit

K| Eg:arrow((ty,...Tn).Tp),

[tc applica-
fion KEAA O, ) s oo KEAA O(T, ) wheren> 0
expression 1] K | Eg(AA,...AA) : T,
(T ,<P,)_(,Z,'~|J) ll Dc_lassido wheren=0,m= 0,
(x.€) | idg <: exact(ics,acs, 1o = Q(ido)

(T[,l,(p,X,Z,LIJ) I_ AAﬂ. D(Tl’ |d51) ! {idVl ..... |de} =
[tc applica- (TLLe.X.4 W) I-AAn O(tp, idsy), (E?O?E)r{r;er@rﬁ}xéyal """" o
tion (10, @avy) | ec is-best-for ics e(.:i ics and
expression 2

P ] (19, @aavy) | eqy is-best-for ics T = argtypegeg) and

b (Teen) SoubTVes oo b (T T) SeupTV 28 = 2IRXIAV; (dSy,...Jdsy))),
T, = ortype({restypéec,), ...,

MLEXLW) 1 (AA...AA) i T, restypéec,)})
KFEp:T,
[tc assign- { 1 sgypassignable((ty,...T),Tn+1),
ment KEFAA O, D), 0 KEAA O, ), wheren = 0,
K Ent1: Thet ¢ =directSubtypdg)

expression 1]

K | Eo(AA,... AAY): =Epiq i T

(Tl',l 1(p1X1Z1l-IJ) I— I |:|C|aSSidO
(X,Q) | idg <: exact(ics,ac9,

(X.0) Fidg<:T, > >
(L @X.L0) F Ady (T, idsy) e
. {idvy,...idvy} =

[tc assign- (n(ln(ﬁ)ipéqé) llJI—) ﬁpgniﬁ”nf?") gohformersr;x,z,(rl ..... 1)),
ment ) (19, @aavy) |- ec, is-best-for acs @i.i0{1,...m O
expression 2] eg O acsand

(1p, @aVy) | eqn’is-best-for acs Tvj =argtypegeg) and

CF @ Tr) SeubTVi -l F (T T) SqupTVim  ri —TESLyP&EG) and
LF Tt SauyTr1s -l F Toss SeubTom aav, = zip(idvi, (idsy,...ids,)))

(LX) 1 (A, AA): =Epuy T

[tc sequence KFEi:T, KEE:T

expression] KFE;; Ey: Ty

Figure C-35: Static semantics of expressions.
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[tc subsume- (MLAXLW) FE:T, (FT Sgypt

expression]

(mLex.iW) FE:T
Figure C-36: Subsumption rule for expressions.

[tc identifier 1] T | O class(id) where (:class(id)) O 1t

[tc identifier 2] ik | O formal(t) where (:formal(t)) O 1t
Figure C-37: Static semantics of identifiers

[tc undirected KFE:T

actual] KFEO(T{})

(mLex.LW FE:T, ,
[tc directed T CN; Ogjassidys - TTF CN,y O gjassidn

wheren=0
actual]

(mtL,@X, (W) F E@CN,...CN, O(1, {idy,...id})
Figure C-38: Static semantics of actual arguments.

For type checking an assignment, the process is similar to type checking an invocation. If none of the actuals
are directed, then the first form may be used, in which the operator must have an assignable type. The actuals
and the value being assigned must be the same as (or subtypes of) the argument and result types of this
assignable type. If some of the actuals are directed, then the operator must again be a class name, and each
selected case must be a storage table with appropriate types for arguments and the result.

A sequence expression has the type of the second expression in the sequence.
There is also a subsumption rule for expressions, given in Figure C-36.

C.3.20 Static Semantics of ldentifiers

An identifier is looked up in the assumed type environment, and a type denotable is returned. The identifier
must denote either a class or a formal. The axioms are given in Figure C-37.

C.3.21 Static Semantics and Type Checking of Actual Arguments

The static semantics of an actual argument in an assumed type context produces a typed actual. A typed
actual is a pair of a type attribute and a set of class identities. The type checking rules are given in Figure
C-38. For both kinds of actuals, the expression must type check, and its type attrisutgturned as part

of the pair. For a directed actual, each named class must be a class, not just a formal parameter with an exact
type, so that its identity is known.
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Appendix D Design Decisions and Alternatives for the BeCecil Type System

In this section we describe some alternatives in the design of the BeCecil type system, and the reasons for
our decisions.

D.1 Separation of types and classes

A fundamental design decision in the type system is the separation of the notions of type and class, and thus
of subtype and subclass. Although it would simplify the type system if it relied on the identification of types
and classes, there are well-known limitations in languages that identify the notions [Snyder 86]. However,

it might be reasonable to only “half” separate the two notions, by making types be classes, but introducing
two notions of inheritance (public and private). For example, in C++, every subtype must be a subclass, but
not all subclasses are subtypes. This compromise also has well-known limitations. However, from the point
of view of a theoretical study, there are two different kinds of relationships in either case (subtyping and
subclassing, or public and private inheritance), and it seems to be cleaner to use the distinction between
subtyping and subclassing. We use the notion of conformance to bridge the gap between the two worlds of
objects and types.

D.2 Structural vs. by Name Subtyping and Conformance

Another fundamental distinction is that between structural and “by name” type checking. This decision
subsumes the finer distinction between structural and by name subtyping. In a language that distinguishes
types and classes, one can also distinguish between structural and by name conformance; that is, does an
object conform to a type simply by virtue of supporting the appropriate methods, or is an explicit declaration

of conformance needed? The advantage of structural notions are that they work well with separate
typechecking and with independent development of code; the disadvantage is that there sometimes there
may be superficial matches (subtype relationships, conformance relationships) where the semantics of the
types involved would say that the types should not be treated as matching. Languages like Modula-3
[Nelson 91, Harbison 92] allow the programmer to have it both ways, using structural relationships by
default and allowing the programmer to explicitly “brand” types to prevent superficial matches.

In BeCecil, a fundamental problem with structural notions of typing, subtyping, and conformance is that
named types and objects have no structure. Inexact types, that is invocable types and assignable types, do
have structure, and there are structural rules that apply to them. There are also structural subtyping rules for
conjunctive and disjunctive types. However, a named type has no such structure. Similarly, except in its
capacity as a generic function, an object itself has no structure on which to base structural conformance
rules. In the absence of such explicit structure, structural rules would have to be based on declared interfaces
(protocols) for types. Such declarations are available in BeCecil, and thus structural subtyping could be
based on the declared types of generic functions that are applicable to the types in question. However, such
a notion is less fixed than similar notions for ADT or single-dispatch OO languages, because there is no
clear distinction between “primitive” and “client” operations that apply to a type. Thus adding a new generic
function that applied to a given type could change many subtype relationships in a program, possibly in
subtle ways. Similarly, one could decide whether an object conforms to a type on the basis of what generic
functions apply to it, but again this could change if new generic functions were defined. Furthermore, type
names, since they correspond to ADTs, seem more likely to want “brands” to prevent superficial matches,
but we wanted to avoid the extra complexity of dealing with both structural and by name relationships for
type names in our theoretical language. For these reasons, we have only investigated by name subtyping and
conformance for type names. We leave the investigation of structural relationships, and ways to explicitly
declare type interfaces as future work.
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D.3 Dealing with Nested Scopes

The trickiest aspect of the type system is in dealing with nested scopes. Recall from the discussion in Section
3 that the problem of types acquiring new conformers can lead to incompleteness, and the problem of
relating unrelated conformers can lead to inconsistency. These problems have two different origins in our
type system. The problem of types acquiring new conformers is caused by our separation of types and
classes (i.e., by our separation of the notions of subtyping and inheritance). If every subtype had to be
implemented by a class that inherited from a class that implemented the supertype in question, then this
problem would disappear. Indeed this would also be a problem in single dispatch languages that had block
structure and separated subtyping and inheritafi¢e problem of relating unrelated conformers is due to
multiple dispatch and our refusal to linearize the type hierarchy. With multiple dispatch and without
linearization, the possibility of inconsistency in handling applications arises.

It may be instructive to briefly consider some ideas that we rejected for making the type system sound in
the face of these problems. An early idea was to recheck that each generic function of a surrounding contour
was properly implemented, in the context of each nested contour; the idea was that if the new object and
inheritance declarations in the nested recursive declaration sequence did not invalidate the assumptions used
in type checking the outer contour, then when objects created in the inner contour were passed out to
surrounding contours, they would not cause problems. This is similar to what is the current type system
does, but it is less conservative, and also less constructive. It is less constructive in the sense that it does not
tell the programmer what situations to avoid in as much detail as our present rule.

Another idea was to prevent the “escape” from nested contours of all objects that did not inherit from classes
known in outer contours. This would be sound, but was too restrictive, as it prevented almost all uses of
inheritance in nested contours. The current rule is less restrictive, because it only prevents the uses of
inheritance in nested contours that may cause the two problems mentioned above.

It should be noted, however, that nested contours are still not very useful. One basic feature of the dynamic
semantics is that from within a nested contour, one cannot extend the generic functions or inheritance
relationships of the surrounding contour in a way that will directly affect the surrounding contour. Thus,
most programs will make most of their declarations at top-level.

D.4 Dealing with Directed Actual Arguments

In type checking applications with directed actual arguments, we chose to require that the operator be
statically known (a class name). The reason for this is that to do the type checking for directed actuals, the
inheritance relation closed with the class is needed to mimic the dynamic semantics.

We briefly considered putting information about the inheritance relation of a generic function into some
form of exact type; the problem is that the classes that might be related by such inheritance relationships
would not necessarily be statically known, which could happen if the generic function was defined in a
contour other than a surrounding contour. Thus it is hard to envision how to write down such inheritance
relations involving unknown class names; even class names that look as if they referred to classes in the
surrounding contour might not be intended to do so. In any case the syntax would be messy and there
seemed no great need for the capability of using directed actuals with unknown generic functions. Indeed it
is somewhat against the spirit of OO programming to be able to invoke a particular method in an unknown
generic function; it would be like extracting and calling a particular method of an unknown object in a
single-dispatch language.

" Beta [Madsen et al. 93] is a block-structured OO language, but does not separate types and class.
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D.5 Inference vs. Declaration for Generic Function Types

The typing rules for BeCecil could either infer the generic function types of objects or require them to be
declared. The present type system infers the exact types of objects (i.e., the types of all generic function
attributes). Thus programmers are not required to declare generic function types for objects, as they can
always be inferred. However, programmers can still declare that generic functions must conform to a given
type, and such declarations are checked against the declared exact types during implementation-side type
checking. This has an advantage, in that one can specify that all objects that conform to a given type must
implement a particular operation.

There is a small disadvantage to inferring inexact types from exact types, however. It is that programmers
have to be careful to not make the result types of methods too specific, relative to their declared argument
types, as described in Section 3.2.2. Language changes that would prevent such problems would be to
require inexact type declarations instead of inferring them, or to allow the programmer to have some way
to turn off the inference for particular methods. This second solution would complicate the language in a
way that does not seem orthogonal, and so was rejected. The first solution seems workable, but would be
farther away from a practical language, because most generic function type declarations would be redundant
with generic function attributes. We leave investigation of this solution as an alternative for future work.

D.6 Object Roles (abstract vs. concrete objects)

In early versions of BeCecil (and in our previous work [Chambers & Leavens 94, Chambers & Leavens
95]), we distinguished twmlesfor objects. Arabstractobject could not be used in an expression, while a
concrete object could be used in an expression. This distinction mimicked the distinction between abstract
and concrete classes in languages such as Eiffel [Meyer 88, Meyer 92], C++, Dylan, and many others.

In a language where classes are types and subclasses generate instances that are subtypes, such a distinction
is necessary. The reason is so that the programmer does not have to implement all methods that are
specialized on abstract classes, since such classes cannot be directly used to create instances. A method that
is not implemented in an abstract class, and which must be overridden in all subclasses is called a “pure
virtual method” in C++, and a “deferred method” in Eiffel. Examples of such methods include the

method in the classic coding of the Booleans with an abstractBiadsan and two subclasse$rue

andFalse [Goldberg & Robson 83]. Forcing the programmer to implement such methods in the abstract
class would cause programmers to write methods that looped or gave errors when called; but such code is
completely worthless. At best such code will never be called, and at worst a run-time error will occur,
essentially reducing what should be a static error to a dynamic error. It is better to follow languages like
C++, where one can declare that an abstract class has some pure virtual methods, and thus inform the type
system that the method does not have to be implemented in that class.

However, a distinction between abstract and concrete objects turned out to be an unnecessary complication
in BeCecil, because in BeCecil objects and types are completely separated. To declare that an object is an
abstract class, one simply does not declare that it conforms to any type. Such an object cannot be used as an
object in an expression (although it can be used as a generic function), and therefore it is abstract. This also
simplifies the type system, which no longer has to deal with abstract objects that conform to various types.

D.7 Should Specializers Conform to Declared Argument Types?

It might seem natural to require that specializers of formal arguments should conform to their declared
argument types. For example, in the following method, the first argument conforms in this way, but the
second does not, becau3enericFun_rep  does not conform t->Top

97



BeCecil Chambers & Leavens

ifTrue has method(b@boolean_rep:boolean,
c@GenericFun_rep:()->Top): Top{...}
Methods that use the specializemy would also not conform to their declared argument type. Such
examples are common, and the usamf in particular is a pattern that makes an argument effectively
“unspecialized” (if every class is assumed to inherit feamp, as in Cecil).

The above discussion shows, however, only that it is a considerable programming convenience to permit
specializers to conform not conform to their declared argument types. One could, less conveniently, declare
a less restrictive type, or a more restrictive specializer class. In a language in which classes and types were
identified (and subtyping is identified with subclassing), such inconveniences would seem more natural.

However, in BeCecil, there is also another reason for permitting specializers that do not conform to their
declared argument types. The reason is that if one programs using an ADT pattern, then one will hide object
names but make conformance relationships public. (See Section 2.6 for an example.) Doing this would
prevent clients from inheriting certain operations, but that is a property of ADT languages (such as Ada 83
and CLU) as well. If one did that, then it would be necessary for client functions to use a specializer other
than the class name, because the class name would be hidden. So to support this ADT pattern of completely
hiding an implementation, and for reasons of convenience, the specializers of formal arguments need not
conform to their declared types.
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Appendix E  Notations for Finite Functions, Stores, Environments, and Relations

E.1 Finite Functions

Finite functions are widely used in semantics to model environments and stores. In this section we describe
notation for finite functions and finite, binary relations. There is an embedding of finite functions into
relations, which we exploit to more easily describe finite functions. This embedding is just the traditional
mathematical view that a functioiy,is the same as its graph, the relafipq f(x)) | x Odomn(f)}.

We first describe finite functions and how to extract their graphs.
f O FiniteFur{A,B| =A - B
dom: FiniteFufA,B] - PowersgtA)
dom(f) ={a|f(a) # O}
graph: FiniteFujA,B] - FiniteRe[A,B]
graph(f) ={(a, b) | a Odon1f), f(a) = b}
Finite relations are modeled as sets of ordered pairs. We consider the en{jtyssegleton sets, and set
union as generators for sets when writing inductive definitions over sets.
R 0O FiniteRe[A,B] = PowersetA x B)
dom: FiniteRdIA,B] - PowersqtA)
domR) ={a|(a, b) OR}
maps: FiniteRq4IA,B] x A - PowersefB)
mapgR, 8 ={b|(a, b) OR}
isFunction: FiniteRdlA,B] — Boolean
isFunctior(R) = (Ja . alddomR) O |mapgR, 9| = 1)

apply: FiniteReJA,B] x A - B

applYR, 9 = if isFunctior(R) O a Odom(R) then (let {b} = mapgR, g inb) else O

toFun: FiniteReJA,B] — FiniteFunA,B]

toFun(R) =Aa . apply{R, 9§
It is well known thatoFun(graph(f)) =f, and that ifisFunctior(R) holds, thergraph(toFun(R)) = R. Thus
throughout the rest of this paper, we freely use this dual point of view, writing definitions from whichever
point of view is suitable, omitting the various usegi@ph andtoFun

Some of the following notation is from David A. Schmidt's bddte Structure of Typed Programming
LanguagegMIT Press, 1994).

[[O= 0t FiniteFufA,B] x Ax B — FiniteFufA,B

fla; :=b] = A&, . if a, = a; then b else f(ay)

disjoint: FiniteRe]A,B] x FiniteRe[A,B] - Boolean
disjoint(f;, f;) = ((dont(f) n dontf)) = {})

[ CFiniteFunA,B] x FiniteFurfA,B] — FiniteFunA,B|
fy o f, =if disjoint(f;, f5) then f; O fo else O

[@HFiniteFunA,B] x FiniteFufA,B] — FiniteFurA,B]
f, 8 f, =Aa .if a Odontf,) then f,(a) elsefy(a)

bind: A* x B* - FiniteFunA,B|

bind((@y,...an), (O1,.--b) ={(a.b))} T ... O {(@nbn)}
Following Schmidt, we also use the notatéoh for the ordered paia( b). Such a pair is called@nding
Thus we have the following abbreviations.

(a:b) Of  =(a, b) Of

{ag:by,...apbrt  ={(ag.by),....(anbo)} .
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E.2 Stores

A storemaps locations to stored values.
o [ Store = FiniteFufiLocation, StoredValde
I 0 Location = Nat

emptystore: Store
emptystore= {}

allocate: Storex StoredValue- Locationx Store
allocatgo,v) = (I, o[l :=V]), wherel O don(o)

lookup Storex Location - StoredValug,
lookupo,l) = o(l)

E.3 Environments

An environmentnaps identifiers to denotable values.

n O Environment = FiniteFufidentifier, DenotableValie
emptyenvEnvironment
emptyenw {}
applyenv Environment Identifier — DenotableValug
applyenyn, 1) = n(l)
E.4 Relations
The following additional operations on the tyfisiteRe[A,A] are also useful.
0 : FiniteRe[A,A] - FiniteRe[A,A
R" =RO{(ay, &) | a; R bandb R a,, for someb (A}
(¥ : FiniteRe[A,A] — FiniteRe[A,A]
R* = R" 0{(a, @) | a Odom(R))}
cyclic: FiniteRe]A,Al - Boolean
cycligR) = (Ca.a OdomR) Da R" a)
[® [FiniteRe[A,A] x FiniteRe[A,Al - FiniteRe[A,A
R; B R, =if cycliqR; 0 Ry) then 0 dse Ry O R,
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