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Abstract

Dynamic messages, as proposed in [Nis98], are first-class
expressions that may occur as messages within programs:
being first-class, they may dynamically be bound to pro-
gram variables, and evaluated to “ordinary” messages
during the computation. We present an extension of
Abadi and Cardelli’s typed calculus FOb .. [AC96] and
a type system that give provision for dynamic messages.
The new type system retains the flexibility and expres-
sive power of the original system of [Nis98] while relying
on a new class of types, called message types, to capture
the desired typing of dynamic messages. We prove type
soundness and the existence of minimum types for the
new system. We also study the formal relationships be-
tween object types and message types, and discuss how
message types can be encoded in terms of object types.

1 Introduction

In most-object oriented languages messages are formed
around a method label — a constant that identifies the
method to be invoked — and a list of arguments for the
invocation. Dynamic messages, as proposed in [Nis98§],
provide additional flexibility by allowing methods to be
invoked by means of expressions that reduce (i.e. eval-
uate) to “ordinary” messages during the computation.
Dynamic messages are thus first-class expressions that
may occur as messages within programs: being first-class,
they may dynamically be bound to program variables,
and hence allow powerful forms of higher-order program-
ming where code (functions or methods) may be written
that abstracts over the methods actually invoked by a
message.

Dynamic messages have been studied in the context of
statically typed formal calculi by S. Nishimura in [Nis98].
In that paper the author presents an untyped object cal-

Dynamic Messages

Silvia Crafa
Dip. di Matematica
Universita di Padova
Via Belzoni 7, 1-35131 Padova, Italy

e-mail: crafas@math.unipd.it

culus with dynamic messages, a sound type system, and
a principal type inference algorithm. While Nishimura’s
type system gives important and elegant foundations for
dynamic messages, the typing discipline that results from
his system seems to depart significantly from the foun-
dational models of objects and object types found in the
previous literature [AC96, Bru94, BSvG95, PT94, Mic90,
FHM94, FM95, BCP97, CHC90]. In his second-order
system, no type is provided that directly represents the
structure of objects and messages. Instead, the type in-
formation is expressed at the kind level: an object type
has the form ¢ :: k, where ¢ is a type variable that indexes
the kind x which, in turn, encodes all the information rel-
ative to the object’s structure. Given this completely flat
type structure, the system does not seem to lend itself to
direct or smooth integration with any of the foundational
models listed above.

The presupposed difficulty discussed above represents
the main motivation of the work we report in this pa-
per. We present an extension of the Abadi and Cardelli’s
typed calculus FOb .. [AC96] and a type system that
give provision for dynamic messages. Unlike in the orig-
inal proposal of [Nis98], the treatment of dynamic mes-
sages in our type system is first-order, thus allowing a
natural integration of the new feature with the original
system for FOb ..

The new type system retains the flexibility and expres-
sive power of the original system of [Nis98] while relying
on a new class of types — that we call message-types — to
capture the desired typing of dynamic messages. Message
types are, in certain respects, similar to the variant-record
[CW85] or sum types found in traditional programming
languages: as we show in the paper (see Section 6) a
formal counterpart of Ghelli’ encoding of sum types into
record types [Ghe90] within F.. can be given to show
that message types can be represented in terms of object

types.

*This paper was initiated and partly developed when the author was at the Department of Mathematics at the University of Padova.



The extension of the type system with message types
scales smoothly from the first-order system to the system
with Self Types and structural rules from [AC96]. We
give a proof of type soundness and of the existence of
minimum types for the most powerful of these systems.

We organize the rest of the paper as follows. In Sec-
tion 2 we review the main concepts and constructs of the
FOb .. calculus of [AC96]. In Section 3, we describe the
extension of this calculus with dynamic messages, intro-
ducing the new class of message-types, and defining the
operational semantics for the extended calculus. In Sec-
tion 4 we describe the typing and subtyping rules for the
new calculus, and illustrate their use with a few examples.
In Section 5 we give the proofs of type soundness and of
existence of minimum types. In Section 6 we then study
a formal relationship between object types and message
types discussing an encoding of the latter in terms of the
former. We conclude in Section 7 with some final remarks.
Two separate appendices collect the typing and subtyping
rules of FOb .. and of the the new type system.

2 Review of Object Calculi

In this section, we give an informal review of the con-
cepts and constructs of Abadi and Cardelli’s ¢-calculus
[AC96]. The core calculus is based a minimal set of con-
struct and primitives: object formation, method invoca-
tion and method update. Additional features, including
the functional constructs of A-abstraction and applica-
tion may then be included, encoding them in terms of
the object-related forms, or taking them as primitives.

2.1 The Untyped ¢-calculus.

An untyped object [I; = ¢(z;)b; ‘€1+"] is a collection of

method labels [;, with each label associated with a corre-
sponding method body: labels of an object are assumed
to be distinct and their relative order is immaterial. The
object containing a given method is called the method’s
host object. Each method body <(z;)b; is an abstraction
of xz;, the self parameter, which represents the host ob-
ject: sibling methods may be invoked within the body
using the self parameter.

The interpretation of self as an abstraction of the
host object is enforced by the self-substitution seman-

tics of method invocation. Methods are invoked by
sending corresponding messages to their host objects: a
message-sent has the syntax a.l where a is the recipi-
ent object and [/, the message, a method label requesting
an invocation of the corresponding method from a. If
a=[..,l; =<(x;)bj,...], the invocation a.l; reduces to
bjla/x;], the expression that arises from substituting a
(the host object) for every free occurrence of x; in the
body of the method.

The final construct of the ¢-calculus is method over-
ride, a primitive that allows the behavior of an object to
be modified by replacing one of the object’s methods. A
method override is an expression of the form a.l; := ¢(y)b,
which replaces the method associated with [; in a with
the new body ¢(y)b. The semantics is functional: an over-
ride produces a modified copy of the object to which it is
applied.

2.2 Object Types and Self Types

In its simplest, first-order, form, an object type is a type
expression of the form [I; : B; €17, denoting the collec-
tion of objects that have methods [1,...,[, which, when
invoked, return values of types, respectively, Bi,..., B,.

To allow satisfactory typings for objects whose meth-
ods return or modify self, the syntax of object types is
extended to include a construct for recursion. In this ex-
tended syntax, an object type is an expression of the form
Obj(X)[l; : Bi{X} "€1-"], where Obj is a binder, X is a
type variable, and the notation B{X} indicates that X
may occur free in B. The binder Obj scopes over the
B;’s, and the bound variable X may occur free within
the scope of the binder, with every free occurrence refer-
ring to the object type itself. Obj-types are a form of
recursively-defined types, even though Obj should not to
be understood as a standard fixed-point operator: as we
shall discuss shortly, Obj-types obey typing and subtyp-
ing rules that are different from the corresponding rules
for recursive types!.

2.3 Typed Syntax and Typing Rules

Typed object calculi attach to every object a type describ-
ing the object’s structure. A typed object is an expression
of the form obj(X = A)[l; = ¢(x; : X)b; *€1+"], where A

LObj-types are called SelfTypes by Abadi and Cardelli. As they show in [AC96], SelfTypes can be encoded within the second-order
g-calculus by a combination of recursion and bounded existential types. Here, however, we take them as primitive, and define ad hoc

rules, as in [AC96] (Chap. 16).



is the object type Obj(X)[l; : B;{X} *1"]. The self pa-
rameters have the same type, X, in all the methods of the
object, and this type is required to be equal to the type A
of object itself: this guarantees that the self-substitution
involved in the reduction of a method invocation is well
typed. Also note that object types exhibit only the re-
sult types B; of their component methods, disregarding
the type of the self variables: no information is missing,
however, because the type of self is just the type A asso-
ciated with the host object. The typing rule for objects,
given below, should help explain and motivate the format
of the construct for object formation.

(Val Obj) A= Obj(X)[l; : B{X} €7

D,z; : AR b {A}: Bi{A} Viel.n

T Fobj(X = A)li = ¢(zi : X)bi{X} €] : A

The syntax of method update is also affected in the
change from untyped to typed syntax. A typed method
update is written a.l; := (Y <: A)s(z : Y)b: the type
variable Y, used as the type of self in the method body
provided in the update represents the (possibly unknown)
type A of the object a being updated. The need for the
type variable Y is best explained looking at the corre-
sponding typing rule:

(Val Update) A = Ob,](X)[ll . Bl{X} i€1.4.n]
Pta:A THA<A T)]Y<:Az:YF b:Bj{Y}

FkFalj = <Ag(z:Y)b: A

An override for a method [; on the object a requires a
to have a type containing the method name [; being re-
placed by the override. This is insured by the judgement
'+ A <: A’ in the premises of the rule. The remaining
two judgements in the premise insist, respectively, that
the override preserve the type of the object being up-
dated, and that the new body provided for /; have the
same type B; as the original body. Note, however, that
the typing of the new body is expressed in terms of the
variable Y rather than in terms of A: this is required for
soundness, since the type A may happen to be a proper
super-type of the “true” type of a, obtained by a number
of subsumption steps. Also note that A may either be an
Obj type, or else an unknown type (i.e., a type variable)
occurring (bounded) in the context I'. Rules like (Val Up-
date) are sometimes referred to as structural rules [AC96],
and their use is critical for an adequate rendering of Self-
Types.

2.4 Subtyping

The subtyping rules for objects resemble the correspond-
ing subtyping rules for (recursive) records in functional
calculi. In the first-order case, the subtyping relation
between two object types A and B states that A is a
subtype of B, written A <: B, if “B has fewer methods
than A”. Unlike record types, however, object types are
invariant in their components: the subtyping relation-
ship [I; : B; €1t <. [l; : B} €] requires B; and
B! (i € 1..n) to be the same type. Invariance for compo-
nents of object types is required for soundness, essentially
because all components are both readable and writable.
Subtyping over SelfTypes is defined as a generalization of
the subtyping relation we just described, with the addi-
tional constraint that the component types be covariant
in the bound variable (see Appendix A). As discussed in
[AC96] the additional covariance constraint, is needed for
sound uses of method invocation in the presence of object
subsumption.

2.5 FOb_..: Objects and Functions

As we anticipated, extended calculi may be defined, that
include additional features and constructs in the core ¢-
calculus. In the rest of the paper, we will consider one
such calculus, called FOb .., that extends the typed ob-
ject calculus with SelfTypes and structural rules we just
illustrated, with typed A-abstraction and function appli-
cation. The complete set of typing rules for FOb .. is
reported in Appendix A.

3 Dynamic Messages in FOb _.

FObd<y:n is a proper extension of FOb .., the typed cal-
culus we illustrated in the previous section, with dynamic
messages.

3.1 Syntax

Types and expressions are defined in Table 1 The syntax
(as well as the intended semantics) of variables, abstrac-
tions, applications and object formation are exactly as in
FOb ... Instead, the syntax of messages, message-sends
and method updates generalize the corresponding con-
structs from FOb .. by treating messages as first-order
values. The generalization arises from allowing arbitrary



a,b,m T

Az : A)b
b(a)

0bj (X = A)[li = s(w; : X)bi{zws, X} €7

am:= Y <:A)(z:Y)b
a<=m

1{b1, ..., by

A, B = X
Top
A— B
Obj(X)[l: : Bi{X} "<'"]
<<li<Bi,17---,Bi,k>i61”n kel..m»

variable
abstraction
application
object formation
method update
message send
message (k > 0)

type variable

the biggest type

function type

object type (n > 0, I; distinct, B; covariant in X)
message type (n > 0, [; distinct)

Table 1: Types and Expressions

expressions to occur in the message position of a message-
send and in the label position of a method update: mes-
sages are thus computed values in FObd<’fn rather than
constant labels as in FOb ... The expected values of a
and m in the expression a <= m are, respectively, an ob-
ject containing a, say, | method, and a message [(b;...by),
invoking the method labeled by [ in a with arguments
b1...b;. As we shall prove, the evaluation of a <= m is
guaranteed to follow the expected pattern whenever the
expression is well typed. Similarly, the expected value of
m in the expression a.m := (Y <: A)¢(z : Y)b is a con-
stant label that refers to a method in a, and whenever
this expression is well typed, the semantics of the update
is just as in FOb ..

The syntax of types parallels the syntax of expres-
sions discussed above. Again, the first four productions
are exactly as in FOb ... The object type Obj(X)[l; :
Bi{X} *€1-"] is the type of the objects containing (at
least) the I; methods (i € 1..n). When invoked, each of
the [;’s returns a value of type B;, with every free oc-
currence of X substituted by the object type itself. As
discussed in Section 2, the B;’s must be covariant in X:
as in [AC96], we use covariance as a syntactic condition
for well formedness of object types.

A new class of types describes the structure of mes-
sages. A message type (l;(B;1,..., Bi )€l FElm) ig
the type assigned to the messages that may invoke one of
the methods labeled I; (i € 1..n) with k arguments of type
Bi1,...,Bi k. Message types are similar to the variant-
record or sum types found in traditional programming
languages: the difference is that a message type does not
specify the return types of its labels, as the return types

depend on the objects where (the methods associated to)
the labels reside. To ease the notation, in the following
we omit writing k € 1..m in the syntax of message types,
and take k as a dummy variable that may be different for
any i.

3.2 Operational Semantics

Following the standard practice, the operational seman-
tics of FOb®™ is lazy: it does not work under M-
abstractions, and similarly it defers reducing under prim-
itives of object and message formation until reduction is
required to evaluate a message-send. As usual, the goal
of evaluation is to reduce a closed expression to a value.
For the purpose of the present calculus, we define a value
to be either one of the following:

vi= Az: A
obj (X = A)[l; = ¢(x; : X)b; €]
l(al,...,ak> k>0

The operational semantics is defined by cases below. The
evaluation of function application is standard. Evalua-
tion of overrides is defined by a simple generalization of
the corresponding rule of FOb .. Message-sends also are
evaluated, essentially, as in FODb ., by self-substitution:
the differences are that (i) reducing an invocation may re-
quire prior evaluation of the message, and (i7) (some of)
the arguments of the call may be passed along directly
with the message.



(Red Val)
v~

(Red App)
b~ Az : A)e{x}

e{a} ~ v

b(a) ~ v

(Red Update)

a~ obj(X = AN[l; = ¢(x; : X )b

m ~ jel.n

am = (Y <:A)s(z: Y)B{Y} ~ obj(X = A)[l; = sz : X)b{X}, li = ¢(z; : X)b {X}€H"79)

(Red Send)

v = Ob](X = A’)[lz — §(Il’7; . X)bz{X7 xi}iel..n]
(.(0;{A",v"})ar.)ar ~ v

a~ v m o~ ilay, ..., ag)

jEeln

a<=m~ >

Table 2: Reduction Rules

4 Typing and Subtyping

For the most part, the typing and subtyping rules of
FOb™™ are as in the type system of FOb ... The new
rules, for messages, message-sends and updates, are illus-
trated below.

The rule to type a message is routine.
I'ta;: B; iel..k

(UBu, ... Bi))

'k lay...ax) :

The type of a message contains the label mentioned in
the message, with input types corresponding to the types
of the arguments passed along with the message.

The rule for message-sends generalizes the correspond-
ing rule (Val Select) from [AC96].

A = Obj(X)[li : Bi,l{X} e "'Bi,k{X} _ C{X}iel...n]
FFa:A THA<A" TEm: (lLi(B;1{A}... Bi7k{A}>i61..n>>

'a<m:C{A}

As in [AC96] we use a structural rule allowing the type
A of the recipient object a to be a (possibly unknown)
subtype of the type A’: this type must be an object type
containing (possibly a superset of) the labels I;’s listed

in the type of the message that is sent to the recipient,
with corresponding types B; 1, ..., Bi k. The return type,
C, is assumed to be the same for all of the [;’s: this as-
sumption is required to uniquely determine the type of
the invocation, which is obtained by a type substitution
(mimicking the self-substitution used in the operational
semantics) that replaces the true type A of a for the free
occurrences of X.

A similar generalization of the typing rule for over-
rides is used to defined the typing of a method update in
FOb¥™.

A= Obj(X)[l; - B{X} """

Fka:A  THA<A
TFm:{l; ") T,Y<:Az:YF b:B{Y}

F'Fam: =Y <t A)(z:Y)b: A

The rule requires the type A’ to list the set of labels ;’s
occurring in type of m. The judgement I' H A <: A’ in-
sures then that all such labels are also contained in the
type A of the object being updated. As in the typing
of message sends, the labels occurring in A’ are required
to have the same type to ensure a sound typing of the
update.

A final rule defines the subtype relation over message
types. As for variant records [CW85], supertype of any



given message type may be obtained by (i) extending the
set of component labels, and (i7) by taking supertypes at
the components.

'+ Bz{,j <:B;;

DE (LB ... Bi ) <" ™) <t (lLi(Bia ... Big)' €t mtm)

Note that message types are covariant in their compo-
nents, unlike object types (cf. Appendix A), that are in-
stead invariant. Covariance is natural for message types
as messages are read-only values.

4.1 Examples of Typing

We conclude this section with a few examples that il-
lustrate the behavior of the type system, and the use of
dynamic messages in programming.

As a first example, consider the object o defined as
follows:

= obj(X = A)
[x =¢(s: X)0,
add = ¢(s: X)A(i : int)(s <= x) + 1,
set = ¢(s1: X)A(@ s int)s1.x = (Y <: A)g(s2 : Y)i]

The object has three methods: a integer field x, an add
method that returns the sum of x and the value of the
argument passed for the parameter i, and a set method
that sets the x field. A routine check verifies that for
A = Obj(X)[x : int,add : int — int,set : int — X],
the judgement - o : A is derivable in the type system.
Given this typing, we may now write code fragments that
abstract over messages to o.

a:int 2 A(m : (x,add(int))) o =m OK
arint—A 2 A(m : (set))o<=m OK
a : any type 2 A(m : (set,x)) o <=m Error

The last expression does not typecheck, as the return type
of the set and x methods of o are different and hence the
type of the invocation may not be determined uniquely.
The next example illustrates the use of dynamic mes-
sages in higher-order object-oriented programming.

w: W 2 obj(X = WIN)
[wact; = - - -i€1-n

wev = ¢(z : X)A(m : WMSG)(x < m) < wev]

The object w implements a window object, with the
wact; methods associated with the different window ac-
tions, and a dispatcher method wev that behaves like
a server for the possible window events. The dispatcher
is implemented as an infinite loop that first invokes the
method corresponding to the message passed as argu-
ment, and then invokes itself recursively. To allow the
recursive invocation, the wact; methods should be coded
so as to return self after performing the action. It is
again a routine check to verify that the definition of w
typechecks if we define the types WIN and WMSG as fol-
lows:

WINMSG = <<wact¢<Bi71, ceey Bi7k>i€1””>>
WIN = Obj(X)[WaCtl : Bi,l — ... — Bi,k N )(iel..n7
wev : WMsG — UNIT]

A final example shows a simple but efficient use of the
generalized update construct. Consider an object that
collects a set of fields containing values to be read or
written. In a realistic implementation, such fields would
be protected from direct access, enriching the interface of
the object with get and set methods for each field. In
FObd<y:n7 an alternative solution exists that relies on the
generalized update construct: two methods that abstract
over the field name may be used to get or set all of the
fields (as long as the fields have all the same type). The
format of the two methods is described below.

0: A2 obj(X = A)
[X1=., Xa=1.., +* Xp = ..,
set = ¢(self : X)A\(m : M)A(val : B) self.m := val,
get = g(self : X)A\(m : M) self < m ]

It is again routine to verify that the definition of o type-
checks if we define the types A an M as follows:

A=0bj(X)[x1:B, x2:B, -+ Xn: B,
set: M - B— X, get: M — B|
M = <<Xi iEl..n»

5 Properties of the Type System

5.1 Type Soundness

The soundness proof follows the standard pattern: we
prove that types are preserved by evaluation, then we
show that the evaluation of well-typed closed expressions
does not get stuck, and finally we derive the soundness
result as a corollary.



Lemma 5.1.1 (Substitution) (Red Send). Assume F a < m : C. This judgement
1. IfE,a:D,E' - j{a} and E - &:D then E, E' - j{dy "™t have come from:

2. IfE, X < D,F'{X}F )§{X} and EF D <: D Fa:A FA<:D ‘
then B, E'{D'} = 5{D'} Fm: (L(Bin{A}, ..., Bik{A})E")
Theorem 5.1.2 (Subject Reduction) Let ¢ be a Fa<m:C'{A}
closed term and v a value s.t. ¢ ~ v. IfF c: C then . .
Fou:C : (subsumption steps)
Faesm:C

Proof. By induction on the derivation of ¢ ~» v. The case
(Red Val) is trivial, since ¢ = v, while the case (Red
App) is standard. The remaining cases are worked out
below.

where D = Obj(X)[li . Bi’l{X} — s — Bi7k{X} —
cr{xyietn .

From - m : (L;(B;1{A},..., Bix{A})*¢") and from
(Red Update). Assume - am = (Y <: A(z : ™ ™~ lj{a1...ar), by induction hypothesis17 we have F
Y)b{Y} : C. An inspection of the typing rules shows lj<a1.’ coar) - (li{Bia{AL - Bir{A})© ") and the
that this judgement must have come from a derivation of last judgement must have been defined as follows:
the following form:

Fa:A FA<:D . .
e (€YY < Az Y F WYY B{Y) : (subsumption steps)

Fa;:Bi;, jel.m Viel.k
Fam:= <Az :Y)b{Y}: A '
© (subsumption steps) Fljlars - an) s (B B
Fam:=(Y <:A)(z:Y)b{Y}: C (subsumption steps)

where D = Obj(X)[lz . B{X}zeln'] [ lj <a17 ceey ak> : <<l1 <Bi,1{A}a B B’L,k{A}> iEL'n»

By inductive hypothesis, since m ~» [;, we have - [; :

(I; €Y and this must have come form the judge- From the lower subsumption steps it follows that j € 1..n
ment F I; : ({;)) by some subsumption steps that imply and that I' B/ <:Bj;{A}, while the upper steps of
jeln subsumption 1mply that I' = BY, <:Bj;. Now, from
Let be v = obj(X = A)[l; = ¢(z; : X)bi€"] where b @ : A and from a ~ o' = = obj(X = Al = s(a; :
A = Obj(X)[l; : B{XY} €17], from F a: A and a ~ v, X)bi{X,2i}'H™] we have - o/ A. The last judgement
by induction hypothesis we have - v : A. Then A must mMust have come from a derivation of the form:

be an object type, and the judgement - v : A must have

ai: B}, jel.n Viel.k

come from a derivation of the form: zi: A Eb{A z): B{A} iel.m
Z; . AI - bz{A/} : B{{AI} 1€1.n - Ob](X — AI)[ZZ — §($i X)bZ{X, xi}ie]_“m] . A/
Fo: A (subsumption steps)
: (subsumption steps) o' - A
Fo:A

Now, from - A’ <: A and - A<:D we have n > 1, From F A’<:1i1 and'el—1 A<:D, it follows that A’ =
Bi{X} = B/{X} and B, = B for i € 1.n/, so B; = B. Qb]()/()[li : Bi{/X}Z RER where/ m Z/ n,/ and
Now from YV <: A,z : Y + b{Y} : B;j{Y}, by Subbtltu— Bl{A} = Bi{A'} — - = Bip{d'} — C{A} for
tion Lemma (2), we have x : A’ F b{A’} B;{A’} and '€ 1.7

collecting all leaves we may conclude with an application _ Now from the j-th judgement z; : A" E b{A 2y}
of (Val Object) followed by two subsumption steps. B;{A'} and from F v’ : A’) by substitution lemma (1),



we have F b; {4, v} : B; {A’}. Since B; { X} is covari-
ant_in X by _hypothesis, from F A’ <: A we also have
I—B{A’}<B{A} and hence - b;{A’,v'} : B{A}_

B {A} — ... — Bji{A} — C'{A} (remember that
j € 1.n). Now we can construct the following derivation:

H bj{A/,U/} : Bjyl{A} — ...
Foa;: BJ,Z{A} iel. .k

F (b {A" v Par.ay, : C'{A}

where F a; B;{A} i € 1.k are derived by F
a; : B” and B” <:B;;{A}, i € 1..k. Now, from
(..(b; {A’ v'}ay. )a;.C ~» v and the last judgement by in-
duction hypothesis we have F v : C'{A}, from which
F v : C by a final subsumption step. O

— B {A} — C'{A}

Theorem 5.1.3 (Absence of Stuck states) Let e be
a closed expression such that the judgement - e : C is
derivable for some type C'. Then:

: A)b

1. if e = e1(e2) and e; ~ wval, then val = Az
for some x and b;

2. ife =am:= (Y <: C)(z : Y)b and a ~ wal,
m ~ val’, then val = obj for some object expres-
sion obj and val' =1 for some label I;

3. ife=a < m and a ~ val, m ~ val’, then val =
obj for some object expression obj and val’ = msg
for some message expression msg.

Proof. Standard, using Subject Reduction (and a few
Generation Lemmas, that we omit for brevity). O

5.2 Minimum Types

We conclude proving a minimum-type property for
FObd<y:n. In that direction, we first define a new sys-
tem Min obtained from the original one by removing
(Val Subsumption) and replacing (Val Appl), (Val Ob-
ject), (Val Update), and (Val Send) with the new rules in
Table 3.

The proof of existence of minimum types is then stan-
dard, and follows directly from the next three proposi-
tions, whose proof is by easy inductions on the deriva-
tions. Below, we write ' - a : A and T Fyn a : A to say
that the judgement I' - @ : A is derivable, respectively, in
the original system for FOb®™ and in the system Min.

Lemma 5.2.1 (Soundness) If T kN a : A, then also
I'ta:A.

Lemma 5.2.2 (Completeness) IfT'F a: A, then then
I' byvan a @AY for some A’ such that the judgement
I'F A’ <: A is derivable (in either systems).

Lemma 5.2.3 (Uniqueness) If I' Fyn a @ A and

Iy a: A, then A= A,

Theorem 5.2.4 (Minimum Types) IfT F a: A then
there exists B such that T' & a : B and, for any A, if
F'ta:A thenTHB<: A

O

6 Message Types vs Object Types

We conclude our analysis of the new type system showing
that message types can be encoded into object types, in
ways similar to how variant types have been encoded into
record types by Ghelli in [Ghe90].

As in [Ghe90], our encoding relies on the use of
(bounded) universal types: therefore, strictly speaking,
the encoding cannot be given directly in the theory of
FOb™™. However, the extension of the type system
with bounded universal types seems a relatively mild one,
given that a construct for bounded universal quantifica-
tion is already implicitly present in the type system, in the
subtyping constraints used in the typing rule for method
override.

We illustrate the encoding in a simple case, where we
assume that object types are first-order, and that mes-
sage types are formed around method labels, without ar-
gument types.

Assume that we are given the type M of a message
m, and let M be the message type (I; *¢1"). The en-
coding relies on the idea that the message m may legally
be used in conjunction with any object that contains (at
least) the I; labels, provided that the labels have the same
return type.

More specifically, assume that m occurs in the ex-
pression a < m. This expression has a type, say B,
provided that we may prove that a has a type Y such
that Y <:[l; : B €1-"]. Abstracting over B and Y, we
have the encoding of M, namely:

[ SHmy ] EVZ VY <[l 2 ) Y — Z
Given this definition, we may prove a simple result relat-
ing the encoding to the subtype relation.



(Val Min Appl)

I'Fb:A—B T'kFa:A TFHA<A

IT'kb(a): B

(Val Min Obj)

Iz, : A-b;{A} : Bi{A} Tt Bi{A}<:B;{A}

1€l

Tk obj(X = A)[li = ¢z : X)b:{ X} : A=0bj(X)[li : Bi{X}* )

(Val Min Update)
T'F A<:Obj(X)[l; : B{X}*€H ]
I'ka:A

FFA <A Trhm: ;<% n>k

Y<:Az:YkEb:B{Y}

I'+ B{Y}<:B{Y}

F'Fam:= (Y <:A)k(z:Y)b: A

(Val Min Send)

'ka:A
PFA<A" =0bj(X)[li : Bin{X}— -+
LEm: ((Bjy...Bjg) 7<)

I'+Bj,<:Bji{A} jel.n ie€l.k

— Bip{X} — C{X}et-m ]

'a<=m:C{A}

Table 3: Typing Rules for Miminum Types

Proposition 6.1 (Preservation of Subtyping)

Let M = {l; €™ and M’ be two message types s.t.
' M <:M' is derivable. Then T F [M] <: [M'] is
derivable as well.

Proof. We use the following, standard, subtyping rule
for bounded universal quantifiers:
(Sub All)

r-A'<:A T, X<:A+B<:B

V(X <:A)B<:V(X<:A")B'

From the assumption that I' = M <: M’, it must be the
case that M’ = (I!€"™") for some n’ > n. Now the
proof follows immediately by an application of the (Sub
All) rule, noting that T, Z + [l; : Z/€0" | <:[I; : Z1€17
is derivable. (]

In the general case of message types with argument

types and SelfTypes the encoding can be defined follow-
ing the same idea we just illustrated. Below we give the

case for just one argument: the case of multiple argu-
ments is obtained by an immediate generalization.
i€l.n A
[{L(BfAN ") ] =
VZ V(Y <:0bj(X)[l; : Bi{X} — Z ") Y — Z

There are, however, two problems with this encoding.
The first has to do with subtyping, and arises from the
asymmetry between the invariant subtyping of object
types and the covariant subtyping of message types. As a
consequence, the encoding may be shown to preserve sub-
types, only if we assume a weaker (i.e. invariant) subtyp-
ing rule for message types (or, dually, a covariant rule for
object types, which is however incompatible with method
updates).

A further, more serious, problem is that the encoding
does not seem really useful as a basis for defining an ade-
quate encoding of terms in the presence of SelfType. To
see the problem, consider the following simple case, of a
message type with one label and no argument types. We



have:
[()] EVZYY < Obi(X)[l:Z) Y — Z

Now consider the object type A = Obj(X)[l : X]. It
would seem reasonable for A to be a legal substitution
for the type variable Y: this is not the case, however, as
A is not a subtype of Obj(X)[l : Z] for any legal choice
of a type Z, because this type may not contain free oc-
currences of X. A legal substitute for Y is, instead, the
object type Obj(X)[l : A], which however does not reflect
the fact that the return type of [ is the object type itself:
in other words, the expressive power of SelfTypes is lost
in the encoding.

7 Conclusions

We have presented an extension of the Abadi and
Cardelli’s typed calculus FOb .. and a type system that
give provision for dynamic messages. The system is a
proper extension of the original system for FOb .. from
which it also inherits the properties of type soundness and
existence of minimum types. The novelty over previous
work [Nis98] is the first-order treatment of dynamic mes-
sages: besides being technically simpler than the original
one, the new system is amenable to a smooth integration
with existing models of objects and object types found
in the literature. The existence of minimum types also is
important as it is potentially useful for developing type-
checking and type inference algorithms.

We have also studied a formal relationship between
object types and message types discussing an encoding
of the latter in terms of the former. While the encoding
appears relatively satisfactory in the case of first-order
object types, in its present form it is still inadequate for
the case of SelfTypes. Work towards a more satisfactory
solution is under way at the time of writing.
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A The Type System for FOb ..

Judgements

'k o well-formed environment judgement
' A type judjement

' A<:B subtyping judgement

'k a:A value typing judgement
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Environments

(Env 0) (Env x) (Env X <:)

A z¢dom(') 'A X ¢dom(T)
; Tx:AkFo INX<:Ako
Subtyping
(Sub Refl) (Sub Trans) (Val Subs)

T'-A r'FA<:B TFB<:C TFra:A THA<B
r-A<: A 'A< C I'Fa:B
Top
(Type Top) (Sub Top)

I'o r-A
T'F Top 't A<: Top
Variables
(Type X <) (Sub X) (Val z)

I, X < AT Fo I X <AT'Fo Mz AT Fo
I' X <:AT'-X I'X<:AT'"FX < A IMaz: AT Fx: A
Arrows

(Type —) (Sub —)

'A T+B '-A <:A T'EB<: B

r'-A—B 'rA-B<:A'— B
(Val Fun) (Val Appl)

Fzx:A-b: B I'rb:A—B T'lFa:A
F'EXz:Ab: A— B I'tb(a): B

12



Objects

(Type Obj)
I X <:Topt Bi{X} B; covariant in X Vi € 1.n

L+ Obj(X)[l; : Bi{X} "€"]

(Val Obj) A= Obj(X)[l; : B;{X} €] (Sub Obj)
Doxi: AFb{A} : Bi{A} Viel.n I+ Obj(X)[li : Bi{X} €t-ntm)

TFobj(X = A)[l; = ¢z : X)b{X} €] : A TR Obj(X)[li : Bi{X} €] < Obj(X)[li : Bo{ X} €47

(Val Update) A’ = Obj(X)[l; : B;{X} €] (Val Select) A’ = Obj(X)[l; : B;{X} €]
lra:A THA<:A T,)Y<:Az:YF b:B;i{Y} Pta:A THA<:A Tkjel.n

Fkalj:={ <:Ag(z:Y)b : A I'tkal;: Bj{A}

B Typing Rules for FOb®"

In the Type System of FOb®™ there is a modified rule (Val Update) and a new rule (Val Send) that substitutes the
old (Val Select):

F'ta:A THA<A Trhm: (" ") IY <<Az:YF b:B{Y}

PFam:=(Y <:A)(z:Y)b : A
(Val Send)
A" =0bj(X)[l; : Bii{X} — -+ — Bip{X} — C{X}i€" ]
Tka:A TFHA<A Trm:{;(Bj1{A}... B {A})I™)

PFa<m:C{A}

There are also new rules for message types:
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Messages
(Type Message) (Sub Message)

'FB;; j€l...k Viel IFBj;<:Bi; Viel..n Tk {li(Bi1...Big) € ")

Tk (li(Bi1...Bix)c") DEi(Bia...B ) ™) < (li(Big ... Big) Sty

(Val Message)
F}—eZ-:Bi Zelk

'k Kei...ex) : {(I{B1,...,Bg))

14



