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Abstract

This paper presents an imperative and concurrent extension of the functional object-
oriented calculus described in [FHM94]. It belongs to the family of so-called prototype-
based object-oriented languages, in which objects are created from existing ones via
the inheritance primitives of object extension and method override. Concurrency is
introduced through the identification of objects and processes. To our knowledge, the
resulting calculus is the first concurrent object calculus to be studied. We define an
operational semantics for the calculus via a transition relation between configurations,
which represent snapshots of the run-time system. Our static analysis includes a type
inference system, which statically detects message-not-understood errors, and an effect
system, which guarantees that synchronization code, specified via guards, is side-effect
free. We present a subject reduction theorem, modified to account for imperative and
concurrent features, and type and effect soundness theorems.

1 Introduction

In the past few years, the desire to bring the benefits of object-oriented programming (mod-
ularity, re-usability and incremental design) to multiprocessor environments has led to a
significant interest in concurrent object-oriented programming. The fact that objects seem
to provide a suitable abstraction for concurrent programming has further encouraged re-
search in this area. Various languages have been designed, some from scratch (e.g. POOL
[Ame89] and ABCL [Yon90]), and others by adding concurrent features to existing object-
oriented languages (e.g.concurrent C++ [CGH89] and Eiffel[Car93]). Despite this broad
interest, the most effective combination of the object-oriented and concurrent paradigms has
not yet emerged.

Considerable effort has been spent in developing theoretical frameworks for studying this
issue. To date, there have been two main approaches to such studies: actor languages and
process algebras. The actor model [Agh86] can easily represent concurrent objects [Agh90]
and has been used as a foundation for designing various concurrent object-oriented languages



(e.g. ABCL [Yon90] and [FA93]). Theoretical research using this model has focused on seman-
tics and equational theories (e.g. [AMS92, Tal96]). The process algebra approaches to mod-
eling concurrent object-oriented systems [PT94, Vas94, Nie92, KY94, Jon93] are often exten-
sions of the m-calculus, obtained by adding objects and functional constructs. Researchers
adopting this approach have paid particular attention to typing issues (c.f.[Vas94, KY94]).

Both the actor and the process algebra approaches suffer from not making the notion of
an object a central concept. Because of this lack, some object-oriented features can be quite
difficult to represent in these frameworks. In contrast, functional object-oriented calculi
[AC94, FHM94] already have primitives for object-oriented features and so are a convenient
starting point for studying concurrent object-oriented systems. Despite the naturalness of
adding concurrency to such calculi, this approach has not been extensively investigated. To
our knowledge, Cardelli’s object-based language for distributed computation Obliq [Car95] is
the only existing language that adopts this philosophy. Except for its sequential imperative
core [AC95], however, no formal study of Obliq’s semantics or its types has been carried out.

The general goal of this research is to establish theoretical foundations for concurrent
object-oriented programming, focusing on the development of intuitive semantics and sound
type systems. As a first step towards this goal, we present an imperative and concurrent
extension of the calculus in [FHM94]. We believe that one of the contributions of this work
is to introduce a new direction for the design of formal systems for studying concurrent
object-oriented programming, that of adding concurrency primitives to object calculi.

The rest of the paper is organized as follows. In Section 2, we describe our extended
language, focusing on the design choices we made in defining our calculus. In Section 3
we present an example program-fragment to illustrate our language. Section 4 describes an
operational semantics for the language, and Section 5 presents its static type system. Section
6 contains the technical results of the paper, including a subject reduction theorem, modified
to account for imperative and concurrent features. Type soundness follows as a corollary.
Section 7 concludes with some notes on future work.

2 The language: an overview

In this section, we give an overview of our concurrent object-calculus, focusing on the design
choices we made in its development.

Typing. The usefulness of static type systems in increasing the reliability and readability of
programs, in detecting compile-time type errors, and in providing useful compile-time infor-
mation is widely recognized. Hence, we chose to define a static type system for our calculus.
Reassuringly, only straightforward modifications to the type system of the functional object
calculi of [FHM94] were required. One such modification was the incorporation of an effect
system [LG88] to insure that the guards we use to define synchronization code are side-effect
free (See below). The potential to leverage prior work in this fashion is one of the appeals
of designing concurrent object-oriented calculi by extending sequential functional ones.

Prototype-based calculus. The object model of our calculus uses a prototype-based
approach to represent inheritance. In other words, new objects are created from existing



ones via the inheritance primitives of object extension and method override. A consequence
of this approach is that the methods of each object are embedded in the object itself, which is
important for managing method lookup when objects are physically distributed on a network.
In our syntax the expression () creates an empty object, (0b <+ m = method) extends object
ob with new method m whose code is specified in method, and (0b <+ m = method) replaces
ob’s m-method with new code method. We adopt these inheritance primitives instead of the
more complex operators defined in Obliq (e.g. clone) because they can be easily encoded.

Processes as objects. Objects represent a suitable and appealing abstraction for the
notion of a process, so we introduce concurrency by identifying objects and processes. It
is hoped that this unification might simplify the process of writing concurrent code. More
definitely, it allows us to use our object primitives to create and activate processes, thus
reducing the number of primitives in the calculus.

Communication mechanisms. Concurrent object-oriented languages that identify the
notions of object and process use three kind of communication: synchronous, asynchronous
and eager invocation [WKH92]. In our calculus we directly support synchronous and asyn-
chronous method invocation because both are interesting and neither is encodable in the
other without adding more syntax. We do not directly provide eager invocation because
it can be derived via an encoding of future variables as objects. In our syntax, expres-
sion ob<=, m(arg) sends message m asynchronously with argument arg to object ob. The
corresponding synchronous invocation is 0b<;m(arg).

Synchronization constraints. In a concurrent object-oriented language, at any given
time an object may only be able to respond to a subset of its entire set of messages without
losing its internal integrity. For example, a buffer object cannot meaningfully respond to a
put message if its internal storage is full. Instead, it must wait until a get message causes
some of its space to become free. Such restrictions on the availability of methods are called
synchronization constraints because they affect the order in which methods are executed.
Code that controls method availability is called synchronization code [MY93]. We use guards
for this purpose, because they provide one of the most natural ways to define synchronization
code and they require minimal additional syntax. (See [Yon90] for another use of guards.) In
our language, each method consists of a guard and a method body, method = when(g) body.
To insure that our guards behave properly, our static analysis guarantees that guards return
boolean values and cause no side effects.

Protection. A crucial point in the calculus is the distinction between self and non-self-
inflicted operations. According to the definitions introduced in [Car95], method overriding
(ob <+ m = method) and invocation ob<=m(arg)' are self-inflicted iff ob is the same object
as the self-parameter of the current method. Otherwise the operation is non-self~inflicted®.
Method overriding has different semantics in these two cases. In the self-inflicted case,
(ob<m = method) replaces the method m of the object 0b. This operation is the only
way to update the state of an object in our calculus. The non-self-inflicted overriding has a

!The symbol < indicates either synchronous and asynchronous method invocation.
?Note that self-inflicted method extension is prevented by the type system.



cloning semantics, meaning that we first create a copy of the object 0ob and then replace the
m method with the new method®. There are two reasons for these choices. First, we want
to provide a form of protection against external writing operations. By insuring that only
self-inflicted operations can modify their host object, we can safeguard internal invariants of
objects. Secondly, the cloning semantics allows us to support depth inheritance (via method
overriding) and width inheritance (via object extension).

Serialized objects. As we will formalize in Section 4, an object can be in either an idle or a
busy state. Non-self-inflicted operations can be executed only if their target object is in the
idle state. This restriction gives each object a serialized structure: at any time a given object
is involved in at most one thread of computation. This single-threadedness helps maintain
object invariants, since we are guaranteed that once an object starts a computation, it will
not be interrupted by an outside request until it has finished its computation. Self-inflicted
operations do not have to wait for their target object to become idle. The methods of an
object need to be able to access other host object methods without immediately causing
deadlock. This freedom maintains the single-threadedness of objects, since self-inflicted
operations continue in the same thread.

As can be seen from the preceding paragraphs, the notion of self-infliction is an important
concept. Unfortunately, whether an operation is self-inflicted or not can generally only be
determined at run-time. Currently, our type system does not approximate this distinction.
We leave this question to future work.

3 Example

To provide some intuition for this calculus, we give example producer, consumer and one-slot
buffer objects. As we will see formally in the next section, the language extends the untyped
A-calculus with object primitives. Here as a notational convenience, we adopt some syntactic
conventions. We write (m; = when(e)e],...,mp = when(eg)ey) for (... (() ++ my =
when(er)el) ... «+ my = when(eg)e)). We omit the guard in a method definition if it is the
constant true, i.e., if the method is always available. If we have a method invocation with no
parameters, we write e; <=m instead of e; < m(nil), where nil is a constant with type unit.
We introduce the semicolon operator ey;e; as syntactic sugar for ((Az. Az.x)eq)es, which
has the expected meaning for sequencing as our semantics reflects call-by-value evaluation.
Finally we use integer constants and their related operations.

The following code creates an empty one-slot buffer object:

buffer = ( = Aself. harg.0,
size = Aself.Aarg.0,
put = when(Aself.(self <, size) =0)
Aself. dv.((self < x = As. Aa.v) < size = As. ha. 1),
get = when(Aself.(self <;size) =1)

Aself. darg.(self < size = Xs. ha.0); self <0 )

Both guards and method bodies occasionally need to access other methods of their host

3Non-self-inflicted method extension has the same semantics.



object. To grant this access, we write them as functions from a self parameter to their
actual code. The operational semantics binds these parameters to the host object when the
corresponding methods are invoked. The x method represents the storage of the buffer. The
size method indicates whether or not the buffer is full by storing either a 0 (for empty) or a
1 (for full). Both of these methods have constantly true guards, which we omit for clarity.
The put method is only available if the buffer is currently empty, which its guard checks
by comparing its current size to 0. When available, put stores a new value into the buffer’s
storage x and sets the size to 1. Finally, the get method, which is only available if the buffer
is full, sets the current size to 0 and returns the value contained in the storage .

When an object is created, it is associated with an address generated by the system.
Future interactions with that object occur via the generated address, which may be thought
of as the name of the object. For expository purposes, we will assume that the name
generated for the above buffer object is buff.

We may write a producer object that interacts with the buff object as follows:

producer = (m = Aself. darg.((Ay. buff <, put(y))(value_production())); self <, m)

Invoking a producer object’s m method causes a non-terminating computation to start.

During each iteration of this computation, the producer gets a new value by calling the

function value_production and then stores this value in the buffer by asynchronously sending

buff the message put. We will assume the name generated for the producer object is prod.
Our consumer object has the same structure:

consumer = (n = Aself. arg.((Ay. consume_value(y))(buff<; get)); self <, n)

Once its n method is invoked, the consumer starts a non-terminating computation. Dur-
ing each iteration, the consumer gets a new value from the buffer by synchronously send-
ing the get message to buff. It then consumes the returned value by calling the function
consume_value. We will assume the address generated for this consumer object is cons.
We illustrate the computational behavior of our objects using the following simplified
evaluation rule that reflects the operational semantics defined precisely below:
(my = when(e))eq,...,mp = when(e})er) <=m; — e; {(my = when(e})ey,...,mp = when(e},)ey)
This rule allows us to evaluate a message send by retrieving the appropriate method body
from the object and applying it to the entire object itself.
Using the rule above and call-by-value beta-reduction, we may evaluate the message send
prod <=, m, assuming value_production() — vy:

prod<=,m — (Aself. Xarg.((Ay. buff <, put(y))(value_prodction())); sel f <, m) prodnil
—  ((Ay. buff <=, put(y))(value production())) ; prod <, m)
—  (buff <=, put(v1)); prod<=, m
—  prod<=,m

The asynchronous method invocation buff <, put(v1) (which is a non-self-inflicted operation)
is put in the queue of pending messages, and the computation continues, sending message
m to the object prod. Note that the recursive structure of objects easily supports non-
terminating computation. When the buffer is free to receive the message put(v), it evaluates
the guard for the method put:



(Aself.(self <5 size) =0) buff — (buff<;size)=0

If the buffer is empty, (buff<;size) = 0 will evaluate to true. In this case, the put(v;)
message is removed from the queue and the method body is executed. Otherwise, the
message remains in the queue. The put method reduces as follows:

buff =, put(vy) —  (Aself. dv((self «x = Xs. ha.v) « size = As. Aa. 1)) buff v,
—  ((buff «—x = As. Aa. v1) ¢ size = As. Aa. 1)
—  (buff < size = As. ha. 1)
—  buff

This evaluation overrides the methods @ and size (both self-inflicted operations), so the
object buff now has the following structure, modulo a-conversion:
buff : ( = = Aself. darg. vy,
size = Aself.darg.1l, put = ..., get = ... )

The evaluation of the consumer method n (cons <, n) is similar to the previous case.

4 Operational Semantics

We formalize the operational semantics of the calculus as a transition relation on configura-
tions, which can be thought of as global snapshots of the run-time system. A configuration
contains the collection of all created objects and all pending messages. Formally, a configu-
ration << alp >> consists of an object soup a, containing run-time objects, and a collection of
pending asynchronous messages pi. More precisely, p is a finite map from integers to pending
messages. As a notational simplification, we use a single collection of pending messages
instead of having a smaller queue for each object.

An object is represented at run-time as a triple (a,n,,[S4]), where a is the object’s ad-
dress, n, is its method table, and S, its state. A method table is a partial function from the
set of method names M to guarded expressions of the form when(ey)es. The state S, can
be either idle ([1]) or busy ([te,]), in which case the expression te, represents the remaining
computation. An object passes from the idle to a busy state in response to either a syn-
chronous or an asynchronous method invocation. At the end of the resulting computation,
it returns to the idle state.

4.1 Formal Specification
In this section, we introduce the notation needed to formally describe the operational se-
mantics of the calculus.
Language expressions:
e = xlclal| Av.elere;

| () | e1<=amle) | er<=5mler)
(e1 «—+ m = when(ez)es) | (€1 < m = when(es)es)

|
te ::=gs(e,a)|ret(e,a)l|gale, c)|nonret(e)



In the set of expressions e, x is a variable, ¢ is a constant symbol, a is an object address,
Ax. e is a lambda abstraction, and ejes is function application. The remaining sytactic forms
are the object primitives described in Section 2. All expressions e except a may occur in
source programs. The top-level expressions te appear as the states of busy objects in object
triples. They allow us to determine if the expression we are reducing corresponds to a guard
evaluation or to a method body application and further, if the reduction is in response to
a synchronous or an asynchronous invocation. (We will see an example of this in the next
section, where these top-level expressions are explained in more detail.)

To describe transitions internal to an object, we need to uniquely decompose each non-
value expression into a reduction context filled with a redex. With this intent, we define
values, redexes and reduction contexts.

Values:
v ii= x|clal Az.e
Top Values:
to ::=gs(v,a)|ret(v,a)|ga(v,c)|nonret(v)
Redexes:
€rdr 22 = 02| ()| v1 <o m(vy) | v1 <=5 m(vz)

| (v1 <+ m = when(e)vy) | (vy < m = when(e)vy)

Inner Reduction Contexts:
Tin 0= D|Tme|vrm
| rin <=am(e) | vsam(ry,) | ri,<smle) |vssm(ri)
(s e m = when(e)er) (0 m = whenfe)rs)
| (rin <= m = when(e)er) | (v < m = when(e)r;,)

Top Reduction Contexts:
Frop 0= g$(Tin,a)|ret(rin, a)|ga(ri, c) | nonret(r;,)

The reduction contexts identify which subexpression of a given expression is to be evaluated
next. These contexts correspond to the standard call-by-value reduction strategy. Because
we have two forms of expressions, we need two forms of reduction contexts: top and inner.
The following lemma tells us that local computation inside objects is deterministic.

Lemma 1 (Unique Decomposition) Given an expression te, then cither te is a top value
or there exists a unique (Tiop, €rqr) such that te = rip|€rds)-

4.2 Reduction Rules

In this section we define the transition relation — between configurations. We describe
in detail the rules for evaluating asynchronous, non-self-inflicted invocations and method
override because these rules illustrate the key concepts of the transition system. The other
rules are similar to these or are straightforward and can be found in Appendix A. Although
this transition relation describes an interleaving semantics for the calculus, a straightforward
modification produces a truly concurrent semantics.



Asynchronous, Non-Self-Inflicted Reductions. These rules describe the computation
that results when an object a sends object b the message m asynchronously. The first
rule says that the execution of an asynchronous method invocation proceeds by putting the
message in the pending queue. The constant nil is returned to @ to reflect the fact that the
message has been placed in the queue. Integer ¢ serves as the name or index of the pending
message.

(«<.) non-self-inflicted
(o tam, [ruoplb=am@))) [ 1 )+ (o, (aym, [reop[nill]) | i b =am(v) )

where 17 is fresh.

When object b is in the idle state and there is a pending message m in p for b, then b
evaluates its guard for m within top-level expression ga according to the rule (p):

(1) << a, (b, [1]) | i:b<=ym(v'), u >> — << a, (b,n,[ga(eb,i)]) | i : b=, m(v'), 1 >>
where n(m) = when(e)v.

The top-level expression ga stores the index of the message send from the queue. This
information is needed so that the proper message send will be removed from the queue when
the method body starts its evaluation.

If the guard evaluates to true, rule (u-true) directs object b to start evaluating the method
body for m within the top-level expression nonret. This rule also removes the message send
at index ¢ from the queue, since that message send is now being executed. This rule shows
the role of the top-level expressions. Indeed, if we simply had value true not wrapped by ga
as state of object b, we would not have enough information to figure out to which state b
should now go.

(p-true)
(o (b, [galtrue, i)]) | i :b=am(v), p ) — (o, (b, [nonret(vbv)]) | u )
where n(m) = when(e)v.
Finally, when the body of the method has been evaluated to a value, rule (nonret) returns
object b to the idle state and throws away the resulting value. Note that, similar to above,
if we simply had value v” as the state of object b, we would not have enough information to

determine that v” is the result of an asynchronous method invocation, and hence should be
thrown away.

(nonret) << a, (b,n, [nonret(v")]) | w >> — << a, (b,n, [1]) | p >>

Method Override Reductions. There are two different rules for evaluating the method
override operation, one for self-inflicted and one for non-self-inflicted operations. In the self-
inflicted case, we simply replace the guard and body of the method m in the method table
of a:

(«) self-inflicted
(o (a,n, [roplta = m = when(e)o)]]) | 1 ) — ( e (a,n[m]: = when(e)v, [r,lal]) | 1)

Note that because this operation is self-inflicted, we do not wait for a to become idle before
performing the update. The notation n[m]: = when(e)v stands for the function »’ that is



just like 1 except that it maps m to when(e)v. This operation returns the address of the
modified object as its result. In the non-self-inflicted case, we must wait for b to enter the
idle state before performing a method override requested by object a.

(+) non-self-inflicted
{ o (a,m, [riopl(b = m = when(e)o)))), (b, 7', [1]) | 1 ) —
(s (arm, [riop®0), (6,0, [1]), (¥, ' [m]: = when(e)v, (1)) | )
where ' is a fresh address.

This rule first clones object b to create a new object &’ and then replaces b”’s m method with
the new guard and body. The address of the new object is returned. Note that we cannot
clone object b if it is busy. To see this point, suppose we create &’ while b is executing e. If
we put b in the idle state, we can violate the integrity of &', because we do not complete
the pending computation e, which could be responsible for restoring some invariant for b'.
On the other hand, if we clone the state of b as well, we execute the pending computation e
twice, potentially causing unwanted side-effects.

5 Type and Effect System

For the most part, the type system presented here is similar to the one defined in [FHM94].
The most novel parts are the effect system and the rules for typing asynchronous method
invocation and guards.

5.1 Pro Types

The type of an object is called a pro type, short for prototype. The following type expression:
prot.(my @ T = T, ..., My  TE = TL)

defines a type ¢t with the property that any expression e of this type is an object such that
for 1 <@ <k, the result of e <=, m;(e;) is a value of type 7/, if ¢; is of type 7. Keyword pro is
a type binding operator. When bound type variable ¢ appears in the types 7 ... 7%, 7/ ... 7,
it refers to the entire type. Thus, when we say e <=, m;(e1) has type 7/, we mean type 7, with
any free occurrences of ¢ in 7/ replaced by the type prot.{my : 7 = 7{,....my : 7% = 7).
Thus, pro types are a special form of recursive type.
As an example of this kind of type, we may give the one-slot buffer object considered
above the type:
buff © prot.( x :unit—int, size : unit —int,
put :int—t,  get : unit —int)

5.2 Effect, Types, Rows and Kinds

Our static analysis includes an effect system [L(G88] that ensures that the evaluation of
guards is side-effect free. This guarantee is important because the guard for a method may



be invoked any number of times before its corresponding body is allowed to proceed. Since
this number is a property of how the system orders pending messages, it is undesirable for
guards to produce any observable effects.

We formalize this requirement by adding pure and impure effects to our static analysis.
Only those expressions with pure effect will be permitted in guards because such expressions
are guaranteed to produce no observable effects. Of course, a finer analysis of effects is
possible; however for our current purposes, this coarse division suffices. The effect expressions
include the constants pure and impure, and €;V ey, which is impure if either €; or €5 is impure.

Effects
€ ::= pure|impure|e Ve

The type expressions include type variables, function types, pro types, and the constant
types bool, unit and int.

Types

T = t|m = | prot.R|bool | unit| int
A behavior o consists of a type and an effect.
Behavior

o::=71&e

The row expressions appear as subexpression of type expressions, with row and types distin-
guished by kinds. Intuitively, the elements of kind {ni} are rows that do not include method
names {m}. The reason we must know statically that some method does not appear is to
guarantee that methods are not multiply defined. Kinds of the form T —{m} are used to
infer a form of higher-order polymorphism of method guards and bodies.

Rows
R ::=7r|{()|(R|m:0)| M.R|RT
Kinds
kind == T|k
K w= Amp|T—={m}
The contexts of the system list term, type, and row variables.
Contexts
, oi=cl, o], T, rik

The judgment forms are the following:

, ok well-formed context
, Fe:o term has behavior o
, Fr: T well-formed type

, F Rk row has kind

10



5.3 Typing and Effecting Rules

To give the intuition for the effect system, we consider the rule for typing functional expres-
sions:

,,r:mbFe:n&e

(exp abs) =
, FAx.e:m — 7 & pure

The lambda abstraction by itself is pure because it is a value, but we must keep track of the
latent effect of its body e. This effect will be visible when we apply the lambda abstraction
to an argument. Hence, we annotate the function type with the latent effect.

The typing rule for sending a message asynchronously is the following:

s e 7 &g
s ey [T/tm & e

, Fers m(ez) : unit & impure

(pro <, asynch)

where 7 = prot.(R|m : (1 N ) & €)

The first hypothesis of this rule requires e; to be an object that has at least a method m
with type 7 — 7. The second hypothesis forces the type of the parameter e; to be the same
as the argument type of the method m, once we have substituted 7 for any free variables ¢ in
71. This substitution reflects the recursive structure of pro types. The type of the expression
€1 <=, m(ez) is unit, because the asynchronous method invocation does not return any result.
The effect is impure because we modify the queue of pending messages.

Latent effects, similar to those in (exp abs), occur within methods. We discuss the effect
portions of (pro<, asynch) in detail to illustrate how we track such effects. Because of
call-by-value semantics, the body of the method m has the syntactic form Aself.e. So ¢
records the latent effect of e. This effect is the one visible when we first reduce the method
body by applying it to the host object and a parameter p: (Aself.e)ap. In other words, the
expression ([a/sel f]e )p reduces to (Aarg. €') p producing an effect €. Then [p/arg]e’ reduces
to a value producing the latent effect e.

The most complicated rule of the system is the (pro ext) rule:

, Fer :prot.<<R|Z: 7y & g
,,t:THFR: {Z,m}
LT T—>{€_; m}F e :prot.<<rt|Z: G,m:(m = m) &) "5 bool & pure

o T = {0 mb b e [prot.<<rt|Z: g, m: (1 —E>T2)&€/>>/t](ti/>7'1 S 1) & e

, F(e1 <+ m=when(ez)es) : prot.(R|{ : &, m : (n = m2) & €') & impure

In this rule, the first two hypotheses together require that e; is an expression with a pro
type that does not include a method m, the method to be added. The last two assumptions
are typings for e; and e3, the expressions to be used respectively as the guard and body for
m. The first thing to notice about the typing for es is that it contains a row variable r, which

11



is implicitly universally quantified. Because of this quantification, e3 will have the indicated
type for any substitution of row expression R for r, provided R has the correct kind. This is
essential, since it implies that es will have the required functionality for any possible future
extension of (e; <+ m=when(esz)es). The second important property of the typing of es is

that the type has the form ¢ < 71 — 73, with the extended pro type substituted for t. While
t is hidden in the pro type of (e; ++ m=when(es)es), it is necessary in the hypothesis
since sending the message m to (e; «—+ m=when(es)es) will result in the application of
e3 to the extended object. The structure of the effects for es is the same as described
above, except it includes an additional effect €3, to reflect the effect of reducing e; to a
value. The typing assumptions for the guard e, says that it can take any future extension
of (e; «+ m=when(ez)es) as its self parameter and that it returns a boolean value. The
fact that each guard is a function from a self parameter to a boolean means that guards can
access various components of their host objects. The effect assumptions for e; insure that
both the immediate and the latent effects for the guard are pure.

The rule for method override has the same form as (pro ext). The other rules are
straightforward and appear in Appendix B.

6 Main Results

In this section we present subject reduction, side-effect freeness for guards, and type sound-
ness theorems. We prove these results for programs, which are closed, address-free terms
typeable in the empty context. Given a program e, its possible computations originate from
the following wnitial configuration:

<< (main,n, [1]) | 1 >> where n(begin) = Aself. Xarg.e and p(1) = main <, begin

which contains one object, whose address is main, with a method begin storing the program
and one message pending invoking method begin of main.

We let ¢ and its decorated variants range over configurations. A computation sequence is
a finite sequence of transitions of the form [g; — ¢i11 | ¢ < n], for some natural number n,
where go is an initial configuration.

6.1 Subject Reduction

Using techniques similar to those of [Har94], we prove a subject reduction theorem by ex-
tending typing judgments to type object addresses and method tables. With this intent, we
extend our contexts to contain typing assumptions for object addresses:

a:T

where 7 is a closed pro type. We use A to indicate the projection of the context , onto the
set of object addresses A. More formally, a: 7 € Aiff a: 7 €, and a € A. To state our
subject reduction theorem, we need the following definitions.

Definition 1 A method table n, of an object a is typeable in , if when A(a) = prot.(R|m :
7 & €) and Ym,; € dom(n,), 1 < i <k, n,(m;) = when(e;)v;, then the judgments
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T = MY F s [prot.(rt|m : F& /(S ) & pure
and

cor: T —{mYFe prot.{rt|m: F&E}}pge bool & pure,
are both derivable.

In this definition m : 7 & € is an abbreviation for my : 71 & €q,...,my : 7 & €. Note that
the types of guards and bodies in the method table contain a free row variable. This reflects
the fact that method bodies and guards may be used in extended objects, so they must have
the required functionality for any possible future extension of their current host object.

In the next definitions ObjAddr(«a) stands for the set of addresses of objects contained
in a.

Definition 2 An object soup o is typeable in , if dom(A)=0bjAddr(a) andVa € ObjAddr(c),
the method table 1, is typeable in , and if a is busy with state e,, there exist type 7, and
effect ¢, such that the judgment , e, : 7, & ¢, is derivable.

Definition 3 A pending queue p is typeable in , if Vi € dom(p), there exist type 7, and
effect €; such that the judgment , = (i) : 7 & ¢ is derivable.

Definition 4 A configuration << alp >> is typeable in . if a and p are typeable in , .

In proving subject reduction, we are not interested in showing that the types of top-level
expressions are preserved by reduction. Indeed, the types of these expressions are trivially
preserved as they are always unit (see the typing rules in the Appendix B). Instead, we
are interested in preserving the types of the expressions that occur one level below the top
expressions. For example, if the state of object a is e, = ret(ri|erds],b) then ri[erqs] is
a’s one-level-down expression. If after one reduction step we have e/, = ret(r;,[€'],b), then
we want to prove that r;,[¢/] has whatever type we gave to ry,[e,qq4:]. Moreover, note that
subject reduction holds only for objects whose states before and after a transition are related.
In particular, if an object passes through an idle state or transitions from evaluating a guard
to evaluating a method body, then the types of its state before and after the transition will
be unrelated. This makes sense, since the computations before and after such a transition
are not connected.

Definition 5 ]f<< al|p >> — << o | >> via some transition rule T with a € Obj Addr(a),

we say that the states of a in o and o' are related if a is busy in o and o', and T is neither
(p-true) nor (<,-true) on object a.

We order effects as follows: pure < impure. The notation ¢ < ¢ means that if ¢ is pure then
¢’ is pure as well.

Definition 6 Given a transition g — ¢’ with g = << a | p >> and ¢ = << o | >> typeable

in, and ,’ respectively, we say that g and ¢ are compatible if:

13



o o and o are compatible, that is, for all objects a whose states e, and €/, in o and
o are related, there exist type 7, and effects €, and €, such that the judgments , F
Pinl€rdela : Ta & € and ' F riglevas] 7o & €, with €, < e, are both derivable;

o 1 and y' are compatible, that is, ¥ i € dom(u) Ndom(p'), there exists type T and effect
€ such that the judgments , = p(i) : 7 & e and , "+ ('(i) : 7 & € are derivable.

Theorem 1 (Subject Reduction) Given a computation sequence [g; — giy1 | © < n],
if go is typeable in some context .o, then Yi < n, there exist contexts ,, ,;, , 11, with
s il = 5 iy, , Such that g; and g;11 are typeable in , ; and , ;11 respectively and are compatible.

Side-effect freeness for guards and type soundness follow as corollaries of the previous theorem
under the same hypothesis.

Corollary 1 (Effect Freeness) we have that guard evaluation is side-effect free.

Definition 7 We define the error expressions of an object soup « to be those expressions
of the forms (where r. can be either ry, or ryy):

o r.[vvg] where vy # Ax.e for some ¢;

o r.[vy < m(vy)] where vy is not an object address a such that a € ObjAddr(a) and n,(m)
exists.

o r.[v1 < m = when(e)vy] where vy is not an object address a such that a € ObjAddr(a)
and m € dom(n,).

o r.[v; «+ m = when(e)vy] where vy is not an object address a such that a € Obj Addr(a)
and m & dom(n,).

Corollary 2 (Type Soundness) Given a computation sequence [g; — giv1]t < nl, if go
is typeable in some context , o, then for every configuration g; = < a; | w; ) and for every

busy object a € ObjAddr(«;), e, is not an error expression of the object soup «;.

Type soundness, which follows from Theorem 1, guarantees that the type system statically
detects all expressions that can reduce to the following error expressions: applying a non-
functional value to an argument, sending an object a message for which it has no defined
method (message not understood error), overriding a method which has not been defined,
and extending an object with a method it already has.

4Note that if e, is typeable in , |, then its one-level down expression 7i,[e,qz]q is typeable in , as well.
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7 Conclusions

We have presented what we believe is the first typed, prototype-based calculus for concurrent
objects. We have described an operational semantics using a transition system between
configurations and have given a type and effect system. We have proven the soundness of
our static analysis with respect to the operational semantics via a subject reduction theorem.

This work is intended as a starting point for studying the theoretical foundations of
concurrent object-oriented programming. In the following, we briefly describe some of issues
we intend to investigate further. Our current type system does not support subtyping because
subtyping is unsound in pure prototype-based calculi [FM94]. This problem has been solved
for the sequential version of our calculus [FM95], and we believe this solution will carry over
to our concurrent setting. A second research direction focuses on method availability. Our
type soundness theorem demonstrates that the type system we have given detects “message
not understood” errors at compile time, in the sense that no object will ever receive a
message for which it has no method defined. However, the theorem does not ensure that
the method in question is available (by virtue of having a true guard) when its execution
is required. Although method unavailability is not a problem for asynchronous method
invocation, it can cause deadlock in the synchronous case. Addressing this problem requires
additional analysis to account for the communication behavior of objects. Such analyses
may be done by modeling communication behaviors as process algebra expressions in the
style of [NN93, Nie93]. Finally, we would like to investigate the equational theory of our
calculus by defining an observational semantics in the style of [AMS92].

Acknowledgment We are grateful to Carolyn Talcott for insightful discussions and carefully
reading a draft of this paper.
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A Operational Semantics

A o tam ol eyl | ) — ( an aym, rrogllo/alel]) | )

) ot O o) — o (am [ropla), (a0, 1) | o)
where dom(n’) = () and o’ ¢ ObjAddr(a).
() self-inflicted

(o @, Iruplla e m = when(e)o)]) | ) +— ( a, (@, nlm]: = when(e)v, [rpal)) | 1)

(«) non-self-inflicted
{ o (@ reopl(b = m = when(e))]), (6., 1)) | o)) —
{ e (aym, Iraop BT, (6, 0/, [10), (8, o T = when(e)o, [10) | e )
where b’ ¢ ObjAddr(ca).

(«—+) non-self-inflicted
( (@ m [ropl(s —+ m = when(e)o)]), (6.0, [1) | ) —
{ e (aym, Iraop BT, (6, 0/, [10), (8, o T = when(e)o, [10) | e )
where 0’ ¢ Obj Addr(a).
(<a) self-inflicted
(e Iripla=am@) L ) — (o (@, o l(Aznil) (a )] | o)

where n(m) = when(e)v.

(<) non-self-inflicted

(@ rolb =am@) | 1) — (o (@, Truoglnill]) | iz b= m(o) )

where ¢ is fresh.

The next four rules share the condition that n(m) = when(e)v.
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(1) (o tam ) izasam@),p ) — (o (am[galea))) | itas,m@),p )
(u-true) << a, (a,7, [galtrue,i)]) | i:a<,m(v'), g >> — << a, (a,n, [nonret(va’)]) | p >>
(u-false) << a, (a,7, [ga(false,i)]) | i:a<.m(v'), >> — << a, (a,n,[I]) | i:a<.m(v'),p >>
(nonret) (o (a . [wonret()]) | p ) — (. (@, (1) | 1)

(<) self-inflicted
(o (@ reopla sz m()) | ) — { asayn, [rogloa o)) | o)
where n(m) = when(e)v.

The next four rules share the condition that 7;(m) = when(e)v.

(«<s) non-self-inflicted
(@ mas Ireaplb <=5 m (D, (b, 1) 1t ) —
(s (@m0 [reoplb =m0, (b, mos [gs(e b, @)]) | 4 )

(<s-true)
(s (@ ma, Ireaplb <= m@)), (b, [gs(true, @))) [ ) —
(@ mas rioplb = m @D, (b, s [ret(vb o, a))) | o )

(<s-false)

(o (b Tgs(Fatse, ) [ ) — (o bom 1) | 12 )

(&s-ret)

(o (@0, Iriopl <o m@)), (b, s, [ret (0", @))) [ ) — s (@ a5 [raoplo ), (b, o, 1) | 10 )

B Type and Effect Rules

Context Rules

(start , )

ek %

o

tZd
(type var) g dom(, )
, ot T

y
r ¢ dom(,)

gy T =l ..., [p}t*

(row var)
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, kT T

d
(exp var) _xgdom(,)
s, TITE*
, F1: T
d
(cxp addr) _agdom(,)
y Tk
Rules for type expressions
b
type const —_—
( ) , F0: T

where 8 can be bool, unit or int.

;b

o t:T¢
(type projection) _—
, Ft T

, k0 T
, ke T

€
s k= T

(type arrow)

G t:THER : {my,...,my}
, Fprot.R: T

(type pro)

Rules for rows

7'_*
s O {ma, o me )

(empty row)

;b

o iK€,
(row projection) _
y FT R

CRER T = {my, ..., my)
{ni,...ong} S{my,...,my}
i€40,1}

L FR T = {ng, ..., 0}

(row label)
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y FR:{mymy,...,my}
, kT T

y F(RIm:T & €) :{mq,...,my}

(row ext)

G t:THER : {my,...,my}
, FALR T —{my,...,my}

(row fn abs)

y FR T —{my,...,my}
, kT T

y ERT o {ma, .oy}

(row fn app)

Type and Row Equality
Type or row expressions that differ only in names of bound variables or order of label : type

pairs are considered identical. In other words, we consider a-conversion of type variables bound by

A or pro and applications of the principle
((R|n o) |m:o) =((R|m:02)|n:o1)

within type or row expressions to be conventions of syntax, rather than explicit rules of the system.
Additional equations arise as a result of 3-reduction, written —g, or 8-conversion, written «g.

, PR K, R—le

(row f3)

, FR ik
: T !
(type )  FTi0, TS
BT T
(type cq) , Fe:1t&e, THQT’, , BT T
e T &e

Rules for assigning types to terms

y Fx
c:o0¢€Const
(exp const)
, Fc:o
y Fx
o a:7 €
(addr projection) 7
, Fa 1 & pure
y Fx
o T:iTE
(exp projection) -
, Fx 7 & pure
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,sxiTike T & e

(exp abs)
L FAz.e: T = 1 & pure
, Fer :7'1—6>7-2&61
(ezp app) , Fey i & e

s Ferey i & e Ve Ve

1 '_*
, O prot.() & impure

(empty object)

s e T & g
y Feg [T/t & e

 Fe s m(eg) : unit & impure

(pro <4 asynch)

where 7 = prot.(R|m : (1 = ) & €)

s e T & g
y Feg [T/t & e
s Ferssmer) 1 [t/tln & e Ve Ve Ve

(pro <=5 synch)
where 7 = prot.(R|m : (1 = ) & €)

CFep s prot(RI0: &) &
Lt TER {0 m}
Lo T—={l m}F
€ 3pf‘0t-<<7‘t|572 g, m: (7 i>7'2) &€ Pae bool & pure
Lo T—={l m}F
ex: [prot. (rt|0: G, m: (n=n)&d)iton 2 &e

(pro ext) ~ _
, F{e1 ++ m=when(ez)es) : prot . (R|{: & m : (r1 = 72) & €') & impure
, Fer :prot.<<R|l7: g, m: (7 —E>7'2) &) & e
s T T—>{£_; m} bk
€9 :prot.(rt|l7: g, m: (7 5 ) & €) = bool & pure
s T T—>{£_; m} bk
(pro ov) s [prot(rt|(: G, m: (non)&)iton on) ke

. F (e <~ m=when(ex)es) : prot (R|(: &, m : (1 = ) & ') & impure
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Rules to assigning types to top level expressions

, Fe :bool & pure

(cap gs) , Fa 1 & pure
, Fgs(e,a) : unit & pure
, Fe:m &e
(cap ret) , Fa: m & pure
, Fret(e,a) : unit & €V pure
, Fe :bool & pure
(cap ga) , Fc:int & pure

, Fgal(e,c) : unit & pure

, Fe:m & e

(exp nonret)
, Fnonret(e) : unit & ¢
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