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Abstract

To program massively concurrent MIMD machines, pro-
grammers need tools for managing complexity. One im-
portant tool that has been used in the sequential pro-
gramming world is hierarchies of abstractions. Unfortu-
nately, most concurrent object-oriented languages con-
struct hierarchical abstractions from objects that serial-
ize — serializing the abstractions. In machines with tens
of thousands of processors, unnecessary serialization of
this sort can cause significant loss of concurrency.

Concurrent Aggregates (CA) is an object-oriented lan-
guage that allows programmers to build unserialized hi-
erarchies of abstractions by using aggregates. An ag-
gregate in CA is a homogeneous collection of objects
(called representatives) that are grouped together and
may be referenced by a single aggregate name. Ag-
gregates are integrated into the object model, allowing
them to be used wherever an object could be used. Con-
current Aggregates also incorporates several innovative
language features that facilitate programming with ag-
gregates. Intra-aggregate addressing aids cooperation
between parts of an aggregate. Delegation allows pro-
grammers to compose an concurrent aggregate behav-
ior from a number of objects or aggregates. Messages
in CA are first class objects that can be used to create
message handling abstractions (they handle messages
as data). Such abstractions facilitate concurrent oper-
ations on aggregates. Continuations are also first class
objects. In addition, programmers can construct con-
tinuations and use them just like system continuations.
User constructed continuations can implement synchro-
nization structures such as a barrier synchronization.

1 The research described in this paper was supported in part by
the Defense Advanced Research Projects Agency and monitored
by the Office of Naval Research under contracts N00014-88K-0738
and N00014-87K-0825, in part by an NSF Presidential Young In-
vestigator Award with matching funds from GE Corporation and
IBM Corporation, and in part by an Analog Devices Fellowship.

1 Introduction

Parallel programming is important because it offers a
means for solving larger and more complex problems.
Several research groups are building multiprocessors with
thousands of powerful processors. The aggregate com-
puting potential of these machines will exceed 500 bil-
lion instructions per second [8, 4]. If parallel programs
can take advantage of the massive hardware concur-
rency we can afford to build (and make work reliably),
such programs will be able to solve more complex prob-
lems, including many that are economically or practi-
cally impossible to solve with existing computer sys-
tems.

We are concerned with utilizing the computing poten-
tial of large ensembles of processors. At least two major
obstacles stand between us and that goal.? First, pro-
gramming should be relatively easy — it must not be
so difficult that programs take years to construct and
debug. As in large sequential programs, it must be pos-
sible to use abstraction (and hierarchies of abstractions)
to relegate details to the appropriate level in a program.
In fact, the importance of abstraction techniques is per-
haps greater in parallel systems as the presence of non-
deterministic behavior can complicate debugging. Sec-
ond, the language must allow us to express sufficient
concurrency to utilize the machine. In an ensemble of
10,000 — 100,000 processors, unnecessary serialization
may dramatically reduce the achievable performance.?

Most concurrent object oriented languages serialize hi-
erarchical abstractions. In languages such as ACORE
[15], ABCL/1[16], CANTOR [3] and POOL-T [2], hier-
archical abstractions (abstractions built from other ab-
stractions) are built from single objects. Their objects
may accept only one message at a time — resulting in se-
rialized abstractions.* Multiple levels of abstraction can

2There are several others such as load balancing and concur-
rent I/O but we will not discuss them here.

3A simple argument based on Amdahl’s law [1] confirms this.

4For example, in the Actor model, the serial message reception
order is the actor’s lifeline. This assumption is reflected in the
notion that an actor’s behavior can change at the reception of
each message. In fact, in any language that assumes that an
object resides on only one node, that processing node becomes a



result in greatly diminished concurrency — even if each
level only causes a tiny amount of serialization. This
leaves programmers with the choice of reduced concur-
rency or working without useful levels of abstraction.
Going without these levels of abstraction makes pro-
grams more difficult to write, understand, and debug.
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Figure 1: Maximum Message Rates in Abstraction Hi-
erarchies

Concurrent Aggregates allows programmers to build hi-
erarchical abstractions without serialization as shown in
Figure 1. The message rates shown are normalized to
the maximum message reception rate of a single ob-
ject. CA programmers can build hierarchical abstrac-
tions from aggregates. Each aggregate is multi-access
and therefore can receive many messages simultane-
ously. By using appropriately sized aggregates in the
upper levels of hierarchy, we can increase the message
rate for lower levels in the hierarchy.

Concurrent Aggregates incorporates four additional im-
portant concepts that help programmers to construct
abstractions from collections of objects and aggregates.

e Intra-aggregate Addressing
e Delegation
o First Class Messages

e First Class Continuations

Intra-aggregate addressing allows representatives of an
aggregate to compute the names of other parts of the
aggregate. This facilitates object cooperation in im-
plementing abstractions by allowing representatives to
pass messages to each other conveniently. For efficient
communication, internal aggregate names can be used
to link representatives directly to other objects in the
same or in other aggregates. Externally, the aggregate

serialization point for its objects.

can be manipulated with a single name — in a manner
identical to an ordinary single object. This enables ag-
gregates and single objects to be used interchangeably.

Delegation can be used to piece together (structurally
compose) one aggregate’s behavior from the behavior of
others. In CA, an aggregate can delegate the handling
of one or more messages to another aggregate. An ag-
gregate can also delegate the handling of all messages
not handled locally to another aggregate — implement-
ing more traditional form of delegation [13].

Delegation may facilitate concurrency by enabling program-
mers to distribute message handling responsibility over a col-

lection of aggregates.

First class messages allow programmers to write mes-
sage manipulation abstractions. Such abstractions can
be used to implement control structures that perform
message reordering or implement data parallel® opera-
tions on aggregates. Such aggregate operations are an
important source of concurrency in our programs.

CA treats continuations as first class objects. This en-
ables programs to code synchronizing abstractions such
as futures. Further, ordinary objects or aggregates can
be used as continuations (assuming they handle the re-
ply message) making it possible for programmers to con-
struct complex continuation structures such as a bar-
rier. These structures can be cleanly factored from
the remainder of the program. These four features —
intra-aggregate addressing, delegation, first class mes-
sages and first class continuations — aid a programmer in
constructing complex, concurrent aggregate behaviors.

1.1 Background

We are developing Concurrent Aggregates to program
fine-grain concurrent computers such as the J-machine
[8, 7]. These machines are characterized by massive
concurrency (& 105 nodes), fast communication net-
works [9] (latency of < 2us — roughly 20 instruction
times), small local memories (= 64K words), and sup-
port for fine-grain computation (hardware support for
message passing, fast context switching, fast task cre-
ation and dispatch). Each of the nodes executes instruc-
tions from its own local memory (i.e. this is an MIMD
machine). Although there is a global shared address
space, there is no shared memory. Nodes communicate
via asynchronous message passing. Machines such as
the J-machine have tremendous performance potential
if we can develop effective ways of programming them.

5This differs from the usage of the term “Data Parallel” in
the context of SIMD machines. We mean the parallelism aris-
ing from operations on large sets of data, be it heterogenous or
homogeneous. No global synchronization is implied.
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Figure 2: A Combining Tree of size 8

Concurrent Aggregates is being developed in the Con-
current VLSI Architecture Group at MIT. CA was mo-
tivated by the complexity of writing large programs in
existing concurrent object oriented languages. Mecha-
nisms for building aggregates in these languages all lead
to serialization of message reception. This added serial-
ization is unacceptable for programming massively con-
current hardware. Like Concurrent Smalltalk (CST)
[6, 10, 11], concurrency in CA is derived from asyn-
chronous messages sends and synchronization through
context futures. Aggregates in CA are similar to dis-
tributed objects in Concurrent Smalltalk (CST). How-
ever, CST lacks the specific support for programming
with aggregates incorporated in CA. To support aggre-
gates, CA provides delegation, first class messages and
programmer constructed continuations. These features
are described in detail in Section 3. CA programmers
can use these tools for constructing, composing, and
interconnecting aggregates.

1.2 Overview

The remainder of this paper describes the Concurrent
Aggregates language and highlights its novel features.
Section 2 presents a simple example program. Section 3
presents the language and describes i1ts novel features.
Where practical, we present code fragments illustrat-
ing language features. Section 4 presents the current
status of our CA implementation and experimentation.
Finally, Section 5 summarizes the contributions of CA
and suggests directions for further study. A more com-
plete description of the Concurrent Aggregates language
can be found in [5].

2 An Example

To introduce the idea of a concurrent aggregate, we de-
scribe a combining tree. Conceptually, a combining tree
accepts a number of values — one from each of its leaves
—and combines them with some associative binary oper-
ation. The resulting value is produced at the top of the
tree. Our combining tree aggregate accepts a number
of messages of the form: (combine <combiningtree>
<selector> <value> <index>). The <selector> spec-
ifies the binary operation that should be used to com-
bine values and should be the same in all combine mes-
sages. value i1s the value to be combined and index
specifies which leaf originated the combine message.

In our implementation of a combining tree, combine
messages are directed to an arbitrary representative by
the runtime system. The combine handler converts this
to an internal_combine message and uses the index
argument to send it to the appropriate tree node. Within
the combine tree aggregate, internal combine mes-
sages propagate up the tree until the representative at
the root sends an internal_combine message to the
output, out_link. The internal links of the combining
tree used to propagate the internal _combine messages
are shown in Figure 2. The CA code for the combining
tree is shown in Figure 3. To illustrate program be-
havior, values for a number of CA forms are presented
below:

(global console) => (reply os:console)

(new combine_tree 8 (global console))
=> (reply aggregate:7234)

(let ((ctree(new combine_tree 8 (global console))))
(forall index from 0 below 8
(do (combine ctree + 1 index)))
(reply done))
=>  (reply done)
(internal combine + 8)

The first expression shows an access to the global vari-
able, console. The reply message contains a descrip-
tor for the console. The second expression sends a new
message to the operating system, which replies with a
descriptor for the newly created combine tree aggre-
gate. The third expression puts it all together; show-
ing the creation, use and replies from the combining
tree. FEvaluating expression three results in two re-
sponse messages: the result of the expression, done,
and the message from the root of the combining tree,
internal_combine.



;3 Combining Tree Abstraction
(aggregate combine_tree myparent value state
(parameters number_leaves out_link)
(initial number_leaves
(forall index from 1 below groupsize
(set_myparent
(sibling group index)
(sibling group (/ index 2)))
(set_state (sibling group index) 0))
(set_myparent (sibling group 1) out_link)))

(handler combine_tree combine (selector val index)
(let ((rep_index (+ (/ groupsize 2)
(/ index 2))))
(forward (internal_combine
(sibling group rep_index) selector val))))

(handler combine_tree internal_combine (selector val)
(if (= 0 (state self))
(conc (set_value self val)
(set_state self 1))
(let ((combined_val
(selector val (value self))))
(set_state self 0)
(do (intermnal_combine
(myparent self) selector combined_val))

)

Figure 3: An Implementation of a Combining Tree

3 Programming with Concurrent
Aggregates

In this section, we present the syntax of the Concurrent
Aggregates language. For each set of forms, we present
the syntax and then an explanation of those forms. The
first set, class and aggregate definitions, are the basis of
object structure in CA. The syntax for aggregate and
class definitions is given below.

(aggregate <aggname> instance-variable*
(parameters param-name+)
(initial <aggsize>

exp+))

(class <cname> instance-variable*
(parameters param-name+)
(initial exp+))

(global <gname> initial-exp)

CA programs consist of a series of aggregate, class and
global definitions. Aggregate definitions specify the state
(variables) and initialization for the aggregate being de-
fined. The parameters clause is used to parameterize

the aggregate being created. The actual parameters
are extracted from the new message used to create the
aggregate. For example, one common use of parame-
ters is to determine the number of representatives to
create for an aggregate. Upon creation, the aggregate
initial code is executed by aggregate representative 0.
When the initial code returns, the aggregate descrip-
tor is returned. The aggsize in the initial expression
specifies the number of representatives in this instance
of the aggregate. aggsize may either be a parameter
of the aggregate or a constant integer. The parameters
clause is optional. The initial clause is required for
aggregates as it contains a specification of the number of
representatives desired. Class definitions do not contain
an aggsize termin the initial code, so initial forms
are optional in class declarations. Otherwise, class def-
initions follow the same structure as aggregate defini-
tions. Global definitions specify the name of a global
variable and an expression to be computed to define its
initial value.

For example,

(aggregate counter count
(parameters number_reps icount)
(initial number_reps
(forall index from 1 below number_reps
(set_count (sibling group index) icount))
(set_count self icount)))

defines the counter class to have one instance vari-
able, count, and two parameters. The first parame-
ters, number reps is used in the initial form to de-
termine the number of representatives in the counter
aggregate. The second parameter is used to initialize
the local state. Upon creation, each counter aggregate
initializes the count variable in each of its representa-
tives to the value of icount.

Method and handler definitions plus delegations form
the basis of object and aggregate behavior in CA. We
give the syntax and explanation for these forms below.

(handler <aggname> <messagename> (arg*) exp+)

(method <cname> <messagename> (arg*) exp+)

(delegate <agg-or-cname> <messagename>
instance-variable)

Aggregate and object behavior is specified by the def-
inition of handlers and methods. Handlers are used to
define code executed by aggregates, while methods are
used to define code for objects. Behavior can also be
specified by delegations. Delegations pass responsibility
for handling a particular message to another object or

«.

aggregate. A delegation of the “:rest” message causes



all messages not handled locally (by a method or han-
dler) to be delegated. “rest” delegation is similar to
that proposed in [13].

Method and handler bodies contain control constructs
and message sends. The syntax for both of these is
given below.

(seq exp+)

(conc exp+)

(if cond-exp exp0)

(if cond-exp exp0 expl)

(let ((var exp)+) exp+)

(forall <varname> from exp0 below expl
exp+)

(<selector> receiver args#*)

(reply exp)

;; message send

seq and conc specify sequential and concurrent execu-
tion of the expressions they contain. let binds variables
to values, but does not require variable value evaluation
to be complete before the let body begins execution.
Synchronization for variable values 1s done via context
Jutures [6]. In method and handler bodies, any use of
values not yet available causes execution to suspend un-
til the required value is available. forall causes mul-
tiple executions of expressions in exp+. Different itera-
tions may be, but are not guaranteed to be concurrent.
The message send transmits a message named selector
to the receiver with args* as arguments. reply sends
a reply with the value of exp to the current continua-
tion.

(count self)
(set_count self 23)

Instance variables are accessed and modified with mes-
sage passing syntax. For example, the above expres-
sions in a handler for the counter aggregate would read
the value of count and set it to 23, respectively.

3.1 Aggregation and Naming

An aggregate in CA is a homogeneous collection of
objects (called representatives) which are grouped to-
gether and may be referenced by a single aggregate
name. Messages sent to the aggregate are directed to ar-
bitrary representatives as shown in Figure 4. Since this
one-to-one-of-many direction is performed by the run-
time system (itself multi-access), aggregates are multi-
access and do not introduce serialization — each repre-
sentative can receive messages concurrently.

The representatives of an aggregate can communicate
by sending messages to one another. As shown in the
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Figure 4: Aggregate to Sibling Translation

example of Figure 3, representatives can address one an-
other using the form (sibling group <index>) that
allows a representative to get the names of its siblings.
For example, (sibling group 0) would return the
name of the 0Oth representative in an aggregate. The
representatives in an aggregate have indices from 0 to
groupsize—1. groupsize is a pseudo-variable which
contains the number of representatives in an aggregate.
Sibling names are ordinary object names — allowing di-
rect connection to aggregate representatives when per-
formance is critical.

(initial number_leaves
(forall index from 1 below groupsize
(set_myparent (sibling group index)
(sibling group (/ index 2)))
(set_state (sibling group index) 0))
(set_myparent (sibling group 1) out_link))

The above code fragment from the combining tree in
Figure 3 demonstrates direct connections between the
representatives in an aggregate. The myparent links
created here point directly to a representative’s parent
in the combining tree. This allows internal _combine
messages to avoid forwarding. If necessary, direct links
can be made to representatives from outside of the ag-
gregate.

3.2 Delegation and Message Handling

When a message with selector X is received, the han-
dlers and delegations defined for the aggregate deter-
mine how the message is handled as shown in Figure



;3 first, include these other abstraction definitions

(load "counter.ca")
(load "loan_officer.ca")
(load "tellers.ca")

;3 Bank abstraction

s s

(aggregate bank tellers loan_officer manager

(parameters number_reps bankmanager)
(initial number_reps
(let ((cash (new counter 1000)))

(let ((tellers_agg (new tellers (/ number_reps 2) cash))
(loan_off (new loan_officer cash)))

(forall index from 1 below groupsize

(let ((curr_sib (sibling group index)))
(set_tellers curr_sib tellers_agg)
(set_manager curr_sib bankmanager)
(set_loan_officer curr_sib loan_off)))

(set_tellers self tellers_agg)
(set_manager self bankmanager)

(set_loan_officer self loan_off)))))

(delegate bank deposit tellers)
(delegate bank withdraw tellers)
(delegate bank balance tellers)
(delegate bank loan_request loan_officer)
(delegate bank loan_payment loan_officer)

;3 Anything unusual handled by manager
(delegate bank :rest manager)

Figure 5: A

6. If a method or handler is defined for X, that code is
invoked. If a delegation is defined for X, the message is
sent to the delegation target. Method definitions and
delegations for a class should not conflict (i.e., there
should not be a method definition and a delegation for
the same selector) . If neither method nor delegation is
defined and a “rest” delegation is defined for X, then
the message 1s sent to the “rrest” delegation’s target.
Methods and handlers are defined to handle messages in
objects and aggregates respectively. Handlers are very
similar to methods; but CA uses a different reserved
word to remind programmers they are dealing with an
aggregate.

Delegation allows programmers to construct aggregate
behavior incrementally. Specific methods may be used
to extend or modify the message interface of an aggre-
gate while a “rest” delegation specifies a default re-
ceiver object for all other messages. For instance, con-
sider the bank aggregate example shown in Figure 5.
The behavior of the bank aggregate is made up of a
number of parts. The deposit, withdraw, and balance

Bank Aggregate

Message Delegated

Message Handled

Handler invoked on
Aggregate B

Handler invoked
on Aggregate A

Figure 6: Message Handling and Delegation

messages are handled by the tellers aggregate. The
loan request and loan_payment messages are handled
by the loan officer and anything else is handled by the
manager. The initial code initializes each represen-



Bank Message Interface Message Implementor

deposit tellers
withdraw tellers
balance tellers

loan_officer
loan_officer

loan_request
loan_payment

rest (anything else) manager

Figure 7: Bank Aggregate Message Interface

tative’s state to hold references to the objects or ag-
gregates that really handle the messages. For example,
in each bank representative, the tellers variable con-
tains a reference to a shared tellers aggregate (defini-
tion not shown). By enabling programmers to piece be-
haviors together, CA allows programmers to distribute
message handling responsibility over a number of ob-
jects — potentially increasing concurrency.

3.3 Explicit Message Handling

CA allows the explicit creation, manipulation and mod-
ification of messages. The syntax and descriptions for
forms to do so are given below.

(send <message>)

(send <message> <receiver>)

(msg_at <message> <index>)

(msg_atput <message> <value> <index>)
(message <application-exp>)

Concurrent Aggregates treats selectors and messages as
first class objects. By first class, we mean that CA pro-
grams can manipulate selectors and messages explicitly
by storing, copying, and sending them. Several lan-
guage forms in CA allow programmers to send, create,
and modify messages. For example, send with one argu-
ment transmits a message. With two arguments, send
changes the message’s receiver and then transmits it.
msg_at and msg_atput give array style access to a mes-
sage.

Programmers can get references to messages via the
message form or the msg pseudo-variable. The message
form returns as its value the message represented in
the application-exp. For example, (message (test
a b)) returns a message with selector test, receiver
a, and one argument b. Messages created with the
message form have null continuations. Methods and
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Figure 9: An aggregate operation — move bodies

handlers can refer to their invoking message with the
pseudo-variable, msg.

Messages are by-value parameters: they are copied at
method invocation as shown in Figure 8.° This means
that if message B contains a reference to message A
the sending of message B causes A to be copied. After
the sending of B, the new copy of A is located on the
same node as the receiver of message B. An important
consequence of this is that messages are quite often local
objects.

First class messages can be used to implement opera-
tions on collections — exploiting “data parallelism.” For
instance, in an N-body interaction simulation, first class
messages can be used to implement position update for
a collection of bodies. Figure 9 depicts such a scenario.
The CA code required to implement the fan out tree
aggregate is shown in Figure 10. A single message sent
to the fan out tree causes all bodies in the collection to

6This copying is only one level deep. For instance, if a method
invocation had a message argument M1 and M1 contained a refer-
ence to message M2, message M2 would not be copied.



;3 first, include the range abstraction
(load "range.ca')
;3 A fanout tree
(aggregate tree
(parameters treesize) (initial treesize))
(handler tree fan_out (mess bodies-agg range)
(if (> (size range) 2)
(let ((lrange (split_range range)))
(do (fan_out group mess bodies-agg lrange))
(do (fan_out group mess bodies-agg range)))
;3 range has been side-effected

(forall index from (low range) below (high range)

(send mess (sibling bodies-agg index)))))
;5 A bodies aggregate
(aggregate bodies xpos ypos xvel yvel mass
(parameters psize)
(initial psize))

. other handlers ...

;; Sample Usage
;; (fan_out <tree>
s (message (move <doesnt-matter> 10)) <bodies>)

Figure 10: Abstract Implementation of operations on a
Collection

receive move messages with the current time step. Each
time a fan_out message is executed, the message pa-
rameter, mess, is copied. Each fan_out message is pro-
cessed by a representative determined by the runtime
system. Thus, when we reach the leaves of the fan out
tree, there is one copy of the message for each represen-
tative of the bodies aggregate. The last stage of the fan
out tree transforms the messages (by writing the appro-
priate representative’s name into message’s destination

field) and sends them.

The tree aggregate demonstrates an interesting use of
aggregates — as computational bandwidth. The fan out
function of the tree makes no use of state in the tree
aggregate. The representatives are only used as com-
putation sites. This means the fan out tree can be used
by many fan out operations simultaneously. One could
also use the size of the fan out tree aggregate to limit
the fan out rate for the tree.

3.4 Continuations

The Concurrent Aggregates language allows programs
to manipulate continuations as first class objects. Con-
tinuations may be stored, copied, and have messages
sent to them. Programs can get references to continua-
tions by using msg-at on a message or accessing the
requester pseudo-variable. requester contains the
value of the current continuation. The do and forward
forms shown below can be used to modify continuation
values for messages.

(do <application-exp>)
(do <application-exp> <continuation>)
(forward <application-exp>)

CA contains language constructs to perform some com-
mon operations on continuations. With one argument,
the do form performs asynchronous sends (passing a null
continuation, so there is no reply). A second argument
can be used to specify a continuation. This is especially
useful in CA as programs can substitute ordinary ob-
jects and aggregates for continuations. Tail forwarding
[10] (the distributed machine analog of tail recursion
optimization) can be done using the forward form. Of
course, (forward <exp>) is equivalent to (do <exp>
requester).

(load "pair.ca")
;5 A future Object
(class future tag val deferred
(initial (set_tag self 0)
(set_deferred self 0)))
(method future value ()
(if (= 0 (tag self))
(set_deferred self
(new pair requester (deferred self)))
(reply (val self))))
(method future set_value (value)
(set_val self value)
(set_tag self 1)
(seq
(do (forward_replies (deferred self) value))
(set_deferred self 0))
(reply value))

Figure 11: Code for a Future Object

As has been observed in sequential languages, allow-
ing programmer manipulation of continuations can sim-
plify programs. For example, with first class continua-
tions, one can implement future objects [12] as shown



;5 A barrier synchronization abstraction
(class barrier count maxcount next_message
(parameters imaxcount inext)
(initial
(set_count self 0)
(set_maxcount self imaxcount)
(set_next_message self inext)))
(method barrier reply (val)
(seq (set_count self (+ val (count self)))
(if (= (count self) (maxcount self))
(send (next_message self)))))

Figure 12: A Barrier Synchronization Object

in Figure 11. The future object understands two mes-
sages: value, which returns the value of the future,
and set_value, which defines the future’s value. When
empty (value is undefined), a future object pushes the
continuations of all value requests onto a list. When
the future receives a set_value message, replies are sent
to each continuation on the list. Subsequent value mes-
sages receive immediate responses.

The future object consists of three instance variables:
tag — holds full or empty status, val — the future’s
value, and deferred — a linked list of continuations.
When the value is received, it is stored in val, tag is
modified to indicate full, and the value is sent to all of
the continuations on the list. The pair object definition
is not shown.

3.5 Objects as Continuations

CA allows objects or aggregates to be used as contin-
uations. In a concurrent message passing language, a
continuation is simply an object expecting a reply mes-
sage. Based on this observation, we decided to allow
CA programs to substitute any object or aggregate that
handles the reply message for a continuation. This fea-
ture facilitates the construction of complex synchroniza-
tion structures — now continuations can perform any
user program computation. This makes it possible to
factor the synchronization code out of programs and
into abstractions. This allows the remaining program
code to be written without regard for the synchroniza-
tion context in which it 1s being used. For example, bar-
rier synchronization (set synchronization) can be imple-
mented as shown in Figure 12. Each reply message to
a barrier object is processed by the reply method. Af-
ter count has reached maxcount, all elements of the set
have arrived and the barrier is complete. Upon comple-
tion, the barrier abstraction sends an arbitrary message,

(load "pair.ca")
;3 a Race abstraction
(class race val tag deferred
(initial (set_tag self 0)
(set_deferred self 0)))
(method race reply (value)
(if (= 0 (tag self))
(seq (set_val self value)
(set_tag self 1)
(do (forward_replies
(deferred self) value))
(set_deferred self 0))))
(method race value ()
(if (= 0 (tag self))
(set_deferred self
(new pair requester (deferred self)))
(reply (val self))))

Figure 13: A Race object for speculative concurrency

next message, which starts the next stage of the com-
putation. The computations being synchronized need
not know that they are being barrier synchronized —
they obliviously send reply messages to their continu-
ations. Of course, the barrier abstraction implementa-
tion could be concurrent — collecting the reply messages
in a combining tree.

It is also possible to construct many other complex syn-
chronization structures. As an example, we present
code for a “race” object in Figure 13. A race object
was introduced in the Actor model as a way to describe
speculative concurrency [14]. A number of computa-
tions are started and the race object takes on the value
returned by the first to complete. value messages re-
ceived before any of the computations has returned are
deferred — the race object also performs future style sy-
chronization. Later replies are discarded. A code frag-
ment that uses the race object to get the first answer
from three different solution strategies is shown below.

(let ((race_object (new race)))
(do (strategyl a b ¢) race_object)
(do (strategy2 a b c¢) race_object)
(do (strategy3 a b c¢) race_object)
(reply (value race_object)))

4 Current Status

We have fully defined the Concurrent Aggregates lan-
guage. Our CA compiler produces C4++ code which is



linked with a parallel simulation system. The simula-
tion system implements the CA runtime system in C++
and allows us to simulate CA programs on an abstract
fine-grain message passing machine. By using C4++,
the output of the compiler will be portable to many
machines. The CA compiler has been functioning since
July 1989 and has been released within our lab since
September 1989. Numerous small program kernels and
algorithms have been coded, compiled, and executed.
We are currently writing several large application pro-
grams and plan to report on the effectiveness of CA in
managing program complexity.

5 Conclusion

Concurrent Aggregates allows programming with hier-
archies of abstractions. In many other languages, the
object model causes abstractions be serialized. How-
ever, aggregates in CA are multi-access — allowing them
to be used to construct unserialized abstractions. The
Concurrent Aggregates language accomplishes the inte-
gration of aggregates into the concurrent object-oriented
model. Aggregates are defined, initialized, intercon-
nected and composed in the same manner as objects.
Of course, an aggregate can be used anywhere an object
can. Concurrent abstractions built from aggregates can
be used to manage the complexity of large scale MIMD
concurrent programs.

Concurrent Aggregates incorporates several novel lan-
guage features that facilitate programming with aggre-
gates. First, CA allows object behavior to be defined
via delegation. To our knowledge, this is the first use
of delegation in a concurrent object-oriented language.
Second, messages are first class objects in CA. This al-
lows programmers to write message manipulating ab-
stractions. This idea is present in object-oriented lan-
guages that incorporate some form of computational re-
flection. CA incorporates first class messages in a way
that allows them to be used to build control structures,
such as a fan out tree. Third, not only are continua-
tions first class, programs in CA can construct continu-
ations. With such continuations, programmers can sep-
arate code from the synchronization context in which it
is being used. This allows CA programmers to modu-
larize synchronization structures.

There are still many challenges remaining in the area
of concurrent object oriented programming with aggre-
gates. We list a few of the questions yet to be answered.
Are the abstraction tools in CA enough to manage com-
plexity in large programs? How powerful is allowing
user constructed continuations? Is it only useful for
complex synchronization structures or something more?

What is the implementation cost of having messages as
first class objects? What about resource management
issues, will they affect the language?
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