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Alook at 14
representafive languages
reveals that when
concurrency features are
added after a language
has been designed, the
resulting hybrid can be
difficult to use and may
produce inefficient
programs.
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PARALLELISM IN
OBJECT-ORIENTED
LANGUAGES: A SURVEY

COncurrent object-oriented languages
try to bring the benefits of object ori-
entation (modularizing a problem into
smaller problems based on data rather
than function) to multiprocessor environ-
ments. We compared how several of these
languages deal with communication, syn-
chronization, process management, in-
heritance, and implementation trade-offs.
We also explored how they divide respon-
sibility between the programmer, the
compiler, and the operating system. We
did not investigate issues unique to distrib-
uted process migration, naming, load bal-
ancing, or security.

We found that current object-oriented
languages that have concurrency features
were often compromised in important

areas, including inheritance capability, ef-
ficiency, ease of use, and degree of parallel
activity. Frequently, this was because the
concurrency features were added after the
language was designed. Unless concurr-
ency, synchronization, and communica-
tion are carefully integrated, a parallel ob-
ject-oriented language can be inefficient
and difficult to use.

OBJECT-ORIENTED LANGUAGES

Object-oriented languages break a
program down into segments (objects) ac-
cessible only by sending messages through
a rigid interface. The objects interpret
each message and take an appropriate ac-
don. Theoretically, you can’t access an

—

586

0740-7459/82,/0100/0056/$801.00 @ IEEE

NOVEMBER 1982

Authorized licensed use limited to: University of North Texas. Downloaded on July 27, 2009 at 14:37 from IEEE Xplore. Restrictions apply.




object’s internal data, but the object, in
effect, shares this data through its actions.

In these languages, objects inherit fea-
tures from other objects in a hierarchy.
Inheritance classifies objects that share sets
of properties. Objects may inherit features
from more than one classification struc-
ture and more than once from the same
class (multiple inheritance). In some cases,
objects inherit only a reference to the in-
herited code instead of a copy of the entire
segment.

Inheritance lets programmers reuse
code and redefine its application within
the current environment. It is the key to
building maintainable, reusable systems,
and it provides a form of configuration
management. Inheritance is one of seven
properties that, according to Bertrand
Meyer, characterize pure object-oriented
languages.! The seven properties are

¢ modular structure;

¢ data abstraction (objects are de-
scribed as implementations of abstract
data types);

¢ automatic memory management
(the language deallocates unused objects
without programmer intervention);

¢ classes (every nonsimple type is a
class);

¢ inheritance (a class may be defined as
an extension or restriction of another);

¢ polymorphism and dynamic bind-
ing (program entities can refer to objects
of more than one class, and operations can
have different realizadons in different
classes); and

+ multple and repeated inheritance (a
class can inherit from more than one class
and be a parent to the same class more than
once).

Meyer regards languages that meet the
first four criteria as object-based; he re-
gards as truly object-oriented only lan-
guages that meet all seven characteristics.

The hardest requirement to meetis the
last one, multiple inheritance. When a
child class inherits from two other classes
that share a common ancestor, references
to that ancestor’s methods are ambiguous
unless you delineate a specific path. Multi-
ple inheritance makes a language more
flexible and expandable, but it is debatable
whether or not a language must have this

quality to be considered object-oriented.
Even the classic object-oriented language,
Smalltalk, does not support multiple in-
heritance.

PARALLELISM

Concurrent languages use constructs
for creating processes (like fork) and de-
stroying them (like join).

The operating system op-
timizes the mechanisms

rency, but require a reply. In the future-
variable approach, as long as the sender
doesn’t need the results, both sender and
receiver may execute concurrently. Some
languages let processing continue before a
message has been answered; thus both the
sending and the receiving object may be
active simultaneously.

Another approach is to allow early cre-
ation of the successor (as
in Actors-based lan-
guages). In the Actors ap-

for communication, syn- I proach, the successor may
chronization, and mutual ; begin responding to the
exclusion according to |nhenmnce leTS next message while the
whether the physical p[ogr(]mmers reuse parent is stll processing

memory is shared or dis-
tibuted. Memory may be
shared by all processors or
distributed throughout
the system so that each
processor has access to
only a portion of the
memory. Regardless of
the physical organization, the logical orga-
nization of memory may be either shared
or distributed.

In physically shared memory systems,
processes communicate by sharing vari-
ables, forcing the memory to ensure mu-
tual exclusion by different processes.
These systems often use semaphores and
spin locks for data synchronization and
mutual exclusion.

In physically distributed memories,
processes communicate by message pass-
ing or remote procedure calls. Blocking
and nonblocking message calls can be used
for synchronization, but the programmer
is responsible for maintaining data consis-
tency when using nonblocking mecha-
nisms.

Concurrent languages in an object en-
vironment can allow objects to be created
either dynamically as a program runs or
only when the program starts. Program-
mers can synchronize active objects with
asynchronous method calls, future vari-
ables, and early or late creation of succes-
sors. Asynchronous message calls let ob-
jects process messages simultaneously
without blocking the sending object until
no reply is returned to the sender.

Future variables allow similar concur-

code and redefine its
application within the
current environment.

its message.> Within a
single object, itis also pos-
sible to create multple
threads of actvity either
by allowing multiple
method invocations in re-
sponse to asingle message
or by allowing muluple
messages to process concurrently.

In this article, we assume that a pro-
grammer is interested in specifying the
parallelism; some believe parallelism
should be transparent to the programmer.

PROCESS MANAGEMENT

Just as a parallel-processing environ-
ment implies multiple processes, a parallel
object-oriented system spawns multiple
objects, each of which can start a thread of
execution. Objects and processes, how-
ever, are independent of each other. Pro-
cesses invoke methods contained in ob-
jects. Table 1 shows how some languages
compare in their support of process man-~
agement.

Process creation. Most concurrent ob-
ject-oriented languages use one of two ap-
proaches to start multiple processes. In the
explicit approach, the language provides a
mechanism for spawning multiple pro-
cesses, external to the object structure. In
this approach, parallelism sits on top of the
object structure rather than being inte-
grated into it. Explicit mechanisms like
locks, monitors, and semaphores ensure
object integrity. This approach can be im-
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TABLE 1

PROCESS-MANAGEMENT FUNCTIONS
Language (reation Termination Adivation Granularity
Abcl/1 Implicit Continue after reply On message receipt Medium
Abe/R Implieit Continue after reply On message receipt Medium
Actor Implicit On reply On message receipt Fine
Argus Explicit Terminate on reply Entry calls to guardian Coarse
Concurrent Smalltalk Implicit Continue after reply On message receipt Medium
COOL TImplicit Terminate on reply Invoking a parallel function Medium to large
Eiffel Explicit Terminate on reply Invoking process object Medium
Emerald Implieit Continue after reply On creation Coarse
Gnu C++ Implicit Continue after reply On creation Coarse
Hybrid Explicit Continue after reply On:creation of object and thread Coarse
Nexus Explicit "Terminate on reply On message receipt Coarse
Parmacs Static Continue after reply On program start Medium
POOL-T Implicit Continue after reply On creation Medium
Presto Explicit Terminate on reply On creation of thread object Large

plemented with a set of predefined threads
or root object types for inidatng parallel
activity.

For example, in Presto,’ athread object
(which contains a program counter and a
stack of method invocations) is the basic
unit of execution. Two functions, create
and start, control thread execution. This
approach makes it easier to add parallel
capabilities to an existing language —
available compilers and support software
need not be modified. The thread and
root objects can be included in the pro-
gram, and inheritance can create different
types of thread and root objects.

In the implicit approach, an object in-
vocation can spawn muldple execution
threads. In this approach, processes are
encapsulated within objects, creating
composite objects. When an object gets a
message, it can activate one or more inter-
nal objects.

Languages that adopt this approach
can increase parallelism by creating ob-
jects dynamically. The runtime system
schedules and controls parallel activity by
keeping a list of objects on each available
processor that can be run. Rather than
being limited by the user’s view of the

amount of inherent parallelism, the run-
time system could face the opposite prob-
lem by creating more objects than avail-
able resources (although it can combine
small objects to increase efficiency). An
advantage of this approach is that re-
sources can be allocated more easily in re-
sponse to changing conditions.

More languages have adopted the im-
plicit approach because it abstracts the de-
tails of setting up multiple processes, eas-
ing the programmer’s task. The explicit
approach requires two abstraction levels,
objects and threads, blurring the unit of
concurrency, and makes it the
programmer’s responsibility to specify the
parallel activity. This is especially hard to
do in a distributed system, in which the
exact runtime configuration varies. On the
other hand, the implicitapproach requires
that the language’s semantics define com-
posite objects, synchronization, and com-
munication boundaries. These bound-
aries are already clear in the explicit

approach.

Process termination. Processes may be
terminated explicitly or implicitly after a
message has been processed. The differ-

ence in terms of implementaton difficul-
ties is minimal, but, in terms of runtime
efficiency, the difference is significant.

Implicitly terminating processes after
replying to a message is similar to a remote
procedure call.* However, this approach
results in execution inefficiencies because
it means processes must be created and
deleted in response to messages. The Ac-
tors model (and many Actors-based lan-
guages) is the best-known example of this
approach: A process (actor) responds to a
single message and then terminates. The
Actors approach allows maximum con-
currency but involves excessive process-
creation overhead.

The alternative is to terminate pro-
cesses explicitly. This approach lets pro-
cesses continue after replying to messages
and be available to respond to other mes-
sages. In this approach, fewer processes
are created and deleted in response to
messages. Abcl/1 operates this way.’

Process adivation. Processes may activate
when they are created or remain dormant
until they receive a message. The first
method causes more active parallelism be-
cause it lets processes run without mes-
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sages, but it can waste resources. It’s also ‘

difficult to implement, particularly in
terms of resource management. POOL-T
uses this more active approach.®

Most object-oriented languages wait
for messages to prompt processes. As pro-
cesses are spawned, the programmer must
still manage synchronization and resource
sharing. Also, this method creates more
runtime overhead. Actors’ and Concur-
rent Smalltalk’ operate this way.

Process granvlority. Granularity refers to
the size of the schedulable unit of parallel
activity and the amount of processing
among messages. Programmers can vary
the size of the processing unit to take ad-
vantage of hardware configuratons and
communication overhead. A language can
support a combinadon of coarse-, me-
dium-, or fine-grained units. Often, a lan-
guage provides different synchronization
mechanisms at different concurrency levels.

A finer granularity requires more effi-
cient communicaton because dividing an
object into smaller pieces increases com-
munication. Coarser granularity is used
when high communication overhead
forces the programmer to compensate by
increasing the size of a program’s commu-
nicating units. Coarse granularity typically
implies only one task per object or even
per several objects; fine granularity implies
multiple tasks per object.

With a coarse granularity, a program
synchronizes only between objects be-
cause only one thread is active at a time.
Other messages must wait for it to finish
with each message. With a finer granular-
ity, multiple threads have access to an
object’s variables, so the processor must
synchronize its responses to these threads.
Sometimes the processor spends more
time synchronizing than computing.

The Actors model allows the finest
granularity and the highest degree of con-
currency. Abcl/1 supports medium granu-
larity (lightweight tasks). Argus® supports
coarse granularity (heavyweight tasks).

COMMUNICATION FEATURES

In conventonal multiprocessors, ob-
jects communicate either by sharing

memory or passing messages. But in ob-
ject-oriented environtments, communica-
don is always through message-passing
because sharing data among objects vio-
lates the encapsulation principle. Some
argue that it is acceptable to violate the
object paradigm at the physical level to
maximize performance if it is accom-
plished by a verified compiler or runtime
system.! However, the programmer
should not have direct access to this phys-
ical level.

"Table 2 summarizes the communica-
tion mechanisms of several concurrent
object-oriented languages.

Message types. Object-oriented lan-
guages use three types of communication:
synchronous, asynchronous, and eager in-
vocation.

Synchronous communication uses re-
mote procedure calls. It is easiest to imple-
ment, but sometimes
wastes time because of the

accesses the future variable. If the results
have been returned, the sender continues;
if not, it blocks and waits for the results.
Futures decrease or eliminate the wait for
a reply and increase concurrency at a
smaller risk to system consistency, but
they add runtime overhead.

Messages in object-oriented languages
specify the receiver’s address. Abcl/1 sup-
ports two ways to specify the receiver: Its
Parallel construct lets you send different
messages to a group of receivers simulta-
neously. Its multicasting feature allows the
asynchronous transmission of a message
to a group of receiving objects. Both capa-
bilities increase concurrency.

Message acceptance. Objects receive mes-
sages either implicitly or explicidy. Im-
plicitacceptance means the system accepts
messages automatically, and users cannot
control the receivers. In an implicit sys-

tem, a low-priority task
can interrupt a high-pri-

requirement for both the ~ TG ity task. To prevent this,
sender and receiver o Some argue ]’h(]]‘ IFIS  the programmer can as-
rendezvous. Synchro- . sign messages priorities,
nous systems are more Gccepmble fo V|0|GTe but this makes the pro-

predictable and so are
easier to verify. POOL-
T’s developers chose syn-
chronous operation, be-
lieving that asynchronous
communication causes
unnecessary complica-
tions and carries the risk
that things could get out
of hand.

Asynchronous com-
munication eliminates
the wait for synchroniza-
tion and can increase concurrent activity.
But it is less predictable, hence harder to
programand test. A program can use asyn-
chronous communication if objects can
keep processing without waiting for an an-
swer to their messages. If objects need a
reply, this must be explicitly programmed.

Eager invocation, or the futures
method, is a variaton of asynchronous
communication. As in an asynchronous
operation, the sender continues executing,
but a future variable holds a place for the
results. The sender processes until it

the object paradigm ot
the physical level to
maximize
performance if it is
accomplished by
verified compiler or
runfime system.

gram more complex.
Explicit acceptance
lets objects control when
they receive and process
messages. This is more
flexible because priority
schemes are inherently
defined in the list of mes-
sages an object can re-
spond to. However, it in-
creases runtime overhead
ecause the system must
prioritize the message
queue, and consequently the programmer
must assume more responsibility for con-
trolling message processing.

Message processing and queves. Objects
can process messages in the order received
or in the order of the priority assigned to
them by the system. Order-preserving
queues are easier to design and test, but
more difficult to implement. A system pri-
oritizes messages by providing multiple
queues of varying priority.

Languages that can prioritize messages
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