An E�cient Implementation Scheme

of Concurrent Ob ject-Oriented Languages

on Sto ck Multicomputers

Kenjiro T aura Satoshi Matsuok a

Akinori Y oneza wa

Department of Information Science, The University of T oky o

�

Abstract

Sev eral nov el techniques for e�cient implementa-

tion of concurrent ob ject-oriented languages on gen-

eral purp ose, sto ck multicomputers are presented.

These techniques have b een developed in implement-

ing our concurrent ob ject-oriented language ABCL

on a F ujitsu Lab oratory’s exp erimental multicom-

puter AP1000 consisting of 512 SP

ARC chips. The

proposed intra-node scheduling mechanism reduces

the cost of lo cal message passing. The cost of

intra-node asynchronous message passing is ab out 20

SP AR C instructions in the b est case, including lo cal-

ity checking, dynamic metho d lo okup, and schedul-

ing. The minimum latency of asynchronous inter-

node message passing is ab out 9�s, or ab out 120 in-

structions, employing the self-dispatching mechanism

independently prop osed by Eicken et al. A large scale

benchmark which involves 9,000,000 message pass-

ings shows 440 times sp eedup on the 512 no des sys-

tem compared to the sequential version of the same

algorithm. W e rely on simple hardware supp ort for

message passing and use no sp ecialized architectural

supports for ob ject-oriented computing. Thus, we are

able to enjoy the b ene�ts of future progress in stan-

dard pro cessor technology

. Our result shows that

concurrent ob ject-oriented languages can b e imple-

mented e�ciently on conventional multicomputers.

�

Physical mail address: 7-3-1 Hongo, Bunkyo-ku, T okyo

113, Japan. Phone 03-3812-2111 (overseas +81-3-3812-2111)

ex. 4108. E-mail: ftau,matsu,yonezawag@is.s.u-tokyo.ac.jp

1 Intro duction

Although a num b er of concurrent ob ject-oriented

programming languages (concurrent OOPL) have

b een prop osed, relatively little attention has b een

paid to achieving high p erformance on conven-

tional multicomputers such as CM-5, nCUBE/2, and

AP1000[11].

Most work on high p erformance concurrent OOPLs

has fo cused on combination of elab orate hardware

and highly-tuned, sp ecially tailored software [5,

14]. These software architectures (the compiler and

the runtime system) exploit sp ecial features pro-

vided by the hardware in order to achieve the two

key factors in high-p erformance concurrent OOPL

implementation|e�cient message passing b etween

ob jects and e�cient intra-node multithreading. The

characteristics of the hardware features are: (1)

Pro cessors and the network are tightly connected|

pro cessors can send a packet to the network within

a few machine cycles, and dispatching a task up on

packet arriv al takes only a few cycles as well. (2)

The scheduling of threads is automatic and directly

supp orted by hardware|the hardware manages the

scheduling queue and the next runnable thread is

scheduled automatically up on termination of the cur-

rent thread. Some concurrent OOPLs on such �ne-

grain machines achieve impressive p erformance where

the latency of message passing b etween ob jects on

di�erent no des are 9�s[14], or ab out 200 machine

cycles[5] for a request-reply cycle of metho d invoca-

tion.

The purp ose of this pap er is to demonstrate

the techniques on conventional multicomputers that

achieve comparable p erformance without the hard-

ware facilities describ ed ab ove. Language implemen-

tation e�ort in this direction has b een recently pro-

p osed; Culler et al. has prop osed key features to

e�ciently manage �ne-grain parallelism in a multicomputer setting in their work on T

AM[4] and Ac-

tive Message[13], using Id[8] as the primary target

language. Although our work shares some charac-

teristics with theirs, we prop ose several novel ideas

which could b e another essential step toward e�cient

parallel computing on conventional multicomputers.

T o demonstrate this, we have developed a run-

time environment for a concurrent OOPL called

ABCL/onAP1000, which is based on the computa-

tion mo del ABCM[15]. The runtime environment

features low-overhead intra-no de scheduling and low-

latency remote communication on conv entional mul-

ticomputers which lack sp ecial hardware supp ort

such as message send instructions and hardware

scheduling queues. The three key software technolo-

gies in our implementation of ABCL/onAP1000 are:

Integration of Stack-Based and Queue-Based

Scheduling: Standard multiprocessing techniques

on a single no de employ a scheduling queue but suf-

fers from the high overhead of software queue manip-

ulation. Our scheduling mechanism avoids this over-

head in many cases by employing e�cient stack-based

scheduling as much as p ossible.

Multiple Virtual F unction T able: The virtual

function table is a well-known technique for dynamic

method dispatching in ob ject-oriented languages. W e

propose techniques that extend its use in concurrent

OOPLs with which several runtime checks in concur-

rent ob ject execution can b e avoided.

Hiding Latency of Remote Ob ject Creation:

The standard scheme for remote ob ject creation re-

quires inter-node communication, which causes un-

predictable latency

. Moreov er, split-phase al loc a-

tion , which works well on �ne-grain machines, is

not acceptable b ecause of the high-overhead of con-

text switching on conventional multicomputers. W e

present a technique which hides remote communica-

tion latency and avoids context switching in many

cases.

The actual implementation of the language

ABCL/onAP1000 was done on F ujitsu Lab oratory’s

experimental multicomputer AP1000, which consists

of 512 SP

ARC chips running at 25MHz, intercon-

nected with a 25MB/s torus netw ork. The prelim-

inary measurements show the minimal cost of an

asynchronous metho d invocation on a lo cal ob ject

is 2.3�s, or ab out 20 instructions, including lo cality

checking, metho d dispatching and scheduling. Also,

the cost of an asynchronous message send b etween

two ob jects on di�erent no des is 9�s in the b est case.

This is within a small factor of �ne-grain machine

p erformance[5, 14].

Our current prototype compiler generates C lan-

guage source co de. This decision was based on main-

taining p ortability on various future machines.

2 Language Mo del

This section brie y describ es our language,

ABCL/onAP1000, which embo dies characteristics

common to most concurrent OOPL prop osed so

far[2]. A more comprehensive description of the lan-

guage ABCL can b e found in [15, 16].

2.1 Concurrent Ob jects and Message

Passing

In our computation/programming mo del[15], com-

putation is carried out by message transmissions

among concurr ent objects , which are units of concur-

rency and b ecome active when they accept messages.

More than one message transmission may take place

in parallel and ob jects may b ecome active simultane-

ously .

When an ob ject re c eives a message, the message is

placed in its message queue , and acc epte d for metho d

invocation one-by-one (asynchronous bu�ered com-

munication). Messages can contain mail addresses

of concurrent ob jects as well as basic values such as

numbers and b o oleans. When two messages are sent

from the same sender to the same receiver, they arrive

at the receiver in the same order as they were sent

(preservation of transmission order). A sender can

send a message to other concurrent ob jects only if it

knows their mail addresses. Since the mail addresses

of concurrent ob jects can b e message arguments, the

reference top ology of concurrent ob jects is dynamic.

Each ob ject has its own (autonomous) single

thread of control, and its own encapsulated state v ari-

ables (instance v ariables). The state of a concurrent

ob ject is also characterized by the mode of its ex-

ecution; an ob ject is in dormant mo de if it has no

messages to b e pro cessed, and it is in active mo de if

it is executing a metho d. Our mo del also facilitates

selective message re c eption where an ob ject waits for

a certain set of messages within a metho d. Such ob-

jects are said to b e in waiting mo de.

2.2 Actions within A Metho d

A concurrent ob ject can execute a sequence of the

following �ve kinds of basic actions in its metho d:

1. Message sends to other concurrent ob jects.

Messages could b e past type (namely

, \asyn-

chronously send and no-wait", syntactically de-

noted by [T ar getObj <= Msg ]) or now typ e

(namely

, \asynchronously send and wait for

a reply message", syntactically denoted by

[T ar getObj <== Msg ]). The now-t yp e is similar

to pro cedure call, except that (1) the receiver of the

request message may continue execution even after

it has returned the reply message to the sender,

and (2) the reply messages areo actually sent to an-

other ob ject, called reply destination object which

resumes the original sender up on the reception of

the reply message. The reply destination ob ject

ma y b e passed to other ob jects, thus reply mes-

sages are not necessarily sent by the original re-

ceiv er of the request message.

2. Cre ation of concurrent ob jects.

3. Refer encing and Updating of the contents of its

state variables.

4. Waiting for a sp eci�ed set of messages (Selective

message re c eption), including replies of now-type

messages.

5. Standard oper ations (e.g., arithmetic op erations)

on values that are stored in its state variables and

passed around by message transmissions.

2.3 Types and Ob jects

In this pap er, we assume that types of variables and

element types of containers (i.e., arrays and lists) are

statically determined. Although a part of our pro-

posed scheme is applicable regardless of the under-

lying type system, the overhead incurred by runtime

tag handling in dynamic types may nullify our opti-

mization. Ob jects are the only entities which could

be referred to from remote no des, while other data

types, such as arrays and lists are private data of an

ob ject that are only referred to from the ob ject.

2.4 Message Patterns

The syntax of a message is similar to that of

Smalltalk, consisting of keywords and corresp onding

arguments. A message is distinguished from one an-

other by its pattern , which is a combination of its

keywords and its argument types. Unary messages

(messages without arguments) are also supp orted. At

compile time, a unique number is assigned to each

message pattern.

2.5 Creation of Ob jects

Ob jects can b e created dynamically on any no de

(processor). T o provide the programmer with lo cal-

ity control, we provide two primitives, namely loc al

cr e ate and remote cre ate . In remote creation, the

system determines where the ob ject is created based

on lo cal information. The details are describ ed in

Section 5.2. W e are currently developing a more so-

phisticated solution for issues on long-term lo cality

management/load balancing.

3 Issues in Implementations of

Concurrent OOPL

The ma jor overhead in concurrent

OOPL compared to sequential, single-no de counter-

parts lies in: (1) overhead of intra-node communica-

tion/multiprocessing (e.g., scheduling queue manip-

ulation) and (2) high cost of remote communication.

Our prop osed software architecture overcomes these

problems.

A naive implementation of a message recep-

tion/metho d invocation for an ob ject would require

(1) allo cation of an invocation frame, which holds lo-

cal variables and message arguments of the metho d,

(2) bu�ering a message into the frame, and (3) en-

queueing the frame into the ob ject message queue,

and (4) enqueueing the ob ject into the scheduling

queue, if necessary (i.e., if the ob ject is not already

in the scheduling queue). The ob ject enqueued in

the scheduling queue will even tually get control. The

ab ove pro cess is far more costly than the corresp ond-

ing scheduling pro cess for sequential OOPLs (i.e.,

metho d lo okup + stack-based function call).

The remote communication overhead involves the

start-up cost of message sends and the cost of dis-

patching appropriate tasks on the receiver no de. This

is complicated by the fact that the receiver no de is

not only required to service the messages b etween

ob jects, but also must provide other services such as

remote ob ject creation, garbage collection, load mon-

itoring, ob ject migration, etc. On conventional mul-

ticomputers, these tasks are mostly done in software,

thus consuming a signi�cant amount of CPU time.

4 Intra-no de Softw are Archi-

tecture of ABCL/onAP1000

As mentioned ab ove, the naive metho d invoca-

tion schemes in concurrent OOPL are much more

costly than that of sequential OOPLs. The source

of ine�ciency is heap-based (i.e., not stack-based)

frame allo cation/deallo cation and queue manipula-

tions (i.e., message queue and scheduling queue). In

this naive scheme, frame allo cation is done from the

heap b ecause scheduling of metho ds are not neces-

sarily LIFO-based, that is, metho ds may b e blo cked

in order to wait for messages and resumed up on the

arrival of the message. The scheduling queue is also

required for the same reason. In addition, since the

pro cessing of received messages may b e p ostp oned

Figure 1: Intra-node scheduling strategy: (1) A sends a mes-

sage to B . B starts execution immediately

. (2) B sends a

message to C . C starts execution immediately

. (3) C sends

the second message to B , and C continues execution b ecause

B is already active. (4) After C �nished its execution, B exe-

cutes the rest of the metho d. (5) When B �nishes its metho d,

B enqueues itself in the scheduling queue and will b e scheduled

later.

depending on the mo de of the receiver ob ject (e.g.,

messages to active ob jects cannot b e pro cessed im-

mediately), each ob ject must have its own message

queue to which incoming messages are bu�ered, in

addition to the global (no de-wise) scheduling queue.

4.1 Intra-node Scheduling Strategy

Our key observ ation is that the full scheduling

mechanism describ ed ab ov e is not necessary in many

cases. Instead, more e�cient, stack-based scheduling

similar to sequential language su�ces. More sp eci�-

cally

, in our scheduling strategy

, if an ob ject has no

messages to b e pro cessed (i.e., dormant ), its metho d

is immediately invoked up on message reception with-

out message bu�ering nor scheduling queue manipu-

lation. In contrast, if it is already running (active ),

the message is bu�ered and the metho d is invok ed

later via a global scheduling queue.

T o illustrate our scheduling strategy

, consider three

ob jects A, B and C , which execute the following se-

quence of actions on a single no de (Figure 1). Assume

that only A is initially active, the others are dormant,

and each metho d is not blo ck ed during its pro cessing.

1. A sends a message to B .

2. B , in the metho d invoked by A, sends a message

to C .

3. Then C , in the metho d invoked by B , sends a

message to B .

In Step 1, B is invoked immediately b ecause B is

dormant, and the execution of A is temp orarily sus-

pended. Similarly

, in Step 2, C starts its execution

immediately

, susp ending the execution of B . On the

other hand, in Step 3, since B is now active, the sec-

ond message to B is bu�ered in its message queue

and C continues execution. After C has �nished its

Figure 2: Comp onents of an ob ject.

metho d, B resumes the execution of the rest of the

metho d (Step 4 in Figure 1). At this p oint, there

is a choice either to pro cess the next message in the

message queue of B , or resume A. W e resume A in

order to preven t B from monop olizing control; thus,

B is enqueued into the global scheduling queue to b e

scheduled later (Step 5 in Figure 1). By this strategy ,

A would eventually get control even if B and C were

to continue sending messages to each other.

4.2 Dynamic Metho d Dispatching via

Multiple Virtual T ables

Although our scheduling strategy is now clear, the

mechanism to implement it e�ciently is not trivial.

F or example, it might seem that a runtime check is

required on every intra-node message send in order

to determine whether the receiver is dormant or not,

making our scheme less attractive. Also, the schedul-

ing mechanism must b e dead lock-fr e e , i.e., when the

running ob ject b ecomes blocke d on the stack, other

ob jects must b e resumed. This and next sections de-

scrib e an e�cient realization of these strategies.

First, the representation of an ob ject is an exten-

sion of that in sequential OOPLs. As in Figure 2,

each ob ject is comp osed of:

� A state variable b ox, which holds the state vari-

ables (i.e., instance v ariables) of the ob ject. Each

state variable is accessed with a �xed o�set from

the top of the ob ject.

� A message queue, which is a list of received, unpro-

cessed messages. Each item in the message queue is

actually a heap-allo cated frame which is allo cated

up on message reception. Each frame keeps its mes-

sage arguments, lo cal v ariables and other necessary

�elds for scheduling purp ose.

� A virtual function table pointer (VFTP ), which

p oints to one of the multiple virtual function tables .

A metho d of a class is compiled into a C function and its address is placed in a virtual function table

similar to that of sequential OOPLs (e.g., C++[12]

and Ei�el[7]).

The key idea in our ob ject representation is an

extended use of virtual function tables: each class

has multiple virtual function tables, each of which

roughly corresp onds to a mo de (dormant, active, and

waiting) of an ob ject. When an ob ject is in dormant

mode, its VFTP p oints to the table that contains the

method b o dies, as is with sequential OOPLs. When

the ob ject b ecomes active, the VFTP is made to p oint

to a virtual function table that holds tiny queuing

pr o c e dur es which simply allo cates a frame, store the

message into the frame and enqueues it to the mes-

sage queue of the receiver ob ject. Multiple virtual

function tables lib erate the sender ob ject from the

runtime checking of whether or not the receiver ob-

ject is dormant, by incorp orating it into the virtual

function table lo ok-up, which is already a necessary

cost in OOPLs.

A message send b egins with a runtime check to de-

termine whether or not the receiver ob ject is lo cal

by lo oking up the no de ID of the ob ject. (The lo-

cality check usually takes 3�4 SP

ARC instructions.)

If the receiver ob ject is lo cal, we simply lo ok-up the

virtual function table with the statically-determined

index number of the message pattern and call the in-

dexed pro cedure with the message as arguments. As

described ab ove, if the ob ject is in dormant mo de,

the pro cedure will b e the metho d b o dy itself, which

is executed immediately

. Otherwise, if the ob ject is

in active mo de, the pro cedure will b e a queuing pro-

cedure, which stores the message into a message b ox

and returns execution to the sender. Each queuing

procedure is customized according to the interface of

the corresp onding metho d (i.e., the number of the

arguments and the types of each argument).

F or now-type messages, the mail address of the re-

ply destination ob ject is passed as well. After the

invoked pro cedure returned, the sender checks its re-

ply destination ob ject to see if the reply has arrived; if

the reply has not arrived the ob ject b ecomes blo cked.

(The details are describ ed in Section 4.3.) Notice that

return from a pro cedure do es not imply the arrival

of the reply as with sequential pro cedural languages;

rather, the reply message is explicitly sent as normal

message passing to the reply destination ob ject.

Eac h ob ject checks its message queue at the com-

pletion of a metho d, and if there are any p ending mes-

sages, enqueues itself in the global scheduling queue.

Ob jects in the scheduling queue are invoked when the scheduling stack b ecomes empty .

1

Selective message re c eption , describ ed in Section 2,

is also naturally realized by constructing a virtual

function table for each selective message reception

in the metho ds. The entries for acceptable patterns

contain pro cedures which restore the context of the

ob ject, whereas the other entries contain queuing pro-

cedures. (This re ects the semantics of ABCL where

unacceptable messages in selective message reception

are bu�ered into the message queue. Other seman-

tics, e.g., discarding unacceptable messages, can also

b e facilitated easily .)

In addition, we utilize the VFTP for tw o other pur-

p oses. Firstly

, an ob ject initializes its state v ariables

lazily when it receives a message for the �rst time.

A naive implementation would require an additional

ag indicating initialization, which would result in

checking the ag on every message send. W e avoid

this by building a virtual function table which holds

p ointers to an initialization routine which calls the

metho d b o dy after the state variable initialization.

Secondly

, using the multiple virtual function tables

solves a problem in fast remote creation of ob jects.

The problem is that, a message to an ob ject created

on a remote no de may arrive b efore the virtual func-

tion of the ob ject is prop erly initialized. The details

of the problem and its solution is describ ed in Sec-

tion 5.2.

4.3 Combining the Stack and Schedul-

ing Queue

Up on invoking a metho d of a dormant ob ject, a

frame is allo cated on the stack thereby achieving fast

frame allo cation/deallo cation. When such an inv o ca-

tion is blo cked in the middle of the thread for the

�rst time, it allo cates another frame lazily on the

heap, and saves its context (i.e., lo cal variables) to

the frame which will b e kept until termination of the

metho d. On the other hand, up on reception of a mes-

sage by an active ob ject, a frame is allo cated on heap

and the message is immediately stored there.

The ob ject that has its activation frame on the top

of the stack is physically executing. When the run-

ning ob ject b ecomes blo cked as a result of a selec-

tive message reception or waits for a reply of a now-

type message send, it p ops o� its own stack frame

and saves its context (i.e., instruction p ointer and lo-

cal variables) into the heap-allo cated frame, thereby

resuming other ob jects. At the same time, it also

1

Our scheduling mechanism also allows invocation of ob-

jects in the scheduling queue even if the stack is not empty ,

but we do not employ this for the purpose of fair scheduling

b etween ob jects. (See Step 5 in Figure 1)

5 switches the VFTP to p oint to the virtual function

table whose entries of awaited messages have the con-

text restoration routine and others have the queueing

procedures. (More precisely sp eaking, in the case of

now-type messages, since the reply is sent to the re-

ply destination ob ject rather than to the sender ob-

ject, all the entries of the VFTP of the sender are

the queueing pro cedure; the reply destination ob ject

actually resumes the sender on the arrival of the re-

ply message.) When one of the aw aited messages

later arrives, the context is restored and the ob ject

becomes active again. W e stress that ob ject is not

blocked as long as it �nds an awaited message when

it �rst checks its message queue (or, the reply desti-

nation ob ject for a now-type message). In particular,

for intra-no de now-type message passing, it is usu-

ally the case that the reply will have already arrived

when the sender checks the reply destination ob ject

because we employ stack-based scheduling; in such

cases, stack unwinding do es not o ccur.

Let us examine an example case where stack

unwinding o ccurs and how our scheme schedules

runnable ob jects (Figure 3). Consider ob ject S sends

now type message m to active ob ject R, whose cur-

rent activ ation frame is buried in the lower part of

the stack. When sending m, S invokes the queue-

ing pro cedure of m b ecause R is active. After the

queuing pro cedure returns, S checks the reply desti-

nation ob ject to see if a reply has already returned.

Since there are naturally no replies, S sav es its con-

text into a heap-allo cated frame and resumes the ob-

ject which activated S (i.e., Ob ject O in the Figure 3).

When control reaches R again and R �nishes its cur-

rent metho d, it checks its message queue to �nd that

there are some messages, thus enqueueing itself to

the scheduling queue (Step 3 in Figure 3). Eventu-

ally R pro cesses m and sends a reply message to S ,

resuming the sav ed context of S .

Although most part of our scheduling is done

via the stack, we also employ a global (no de-wise)

scheduling queue as well. The purp oses of the

scheduling queue are twofold:

1. T o invok e bu�ered messages in the FIFO

sc heduling|Messages that were once bu�ered in a

message queue are scheduled through the schedul-

ing queue, as we hav e seen in Section 4.1.

2. T o preempt ob jects|Preemption o ccurs when an

ob ject falls into a long internal lo op or a deep recur-

sion. When preemption o ccurs, the ob ject stores

its context into a heap-allo cated frame and en-

queues itself into the scheduling queue.

Eac h item of the queue consists of a p ointer to the

Figure 3: An example of stack unwinding. (1) S sends now

type message m to R and m is enqueued. (2) S checks the

reply destination ob ject to �nd that no reply has arrived and

saves its context into a heap-allo cated frame. (3) When R gets

control, it enqueues itself into the scheduling queue at the end

of the metho d. m is eventually scheduled and the reply reaches

S .

ob ject which will b e scheduled and a continuation

address from which the ob ject will restart execution.

The system dequeues an item in the scheduling queue

simply by transferring control to the continuation ad-

dress contained in the item|the instructions start-

ing from the continuation address p erform the actual

context restoration and activation of the scheduled

ob ject.

5 Inter-no de Softw are Archi-

tecture of ABCL/onAP1000

W e next describ e the remote servicing asp ects of

our softw are architecture, such as message passing

b etween ob jects on di�erent no des, and ob ject cre-

ation on a remote no de. Our software architecture

assumes that the hardware (or message passing li-

braries) provides an interface to send and receive mes-

sages asynchronously

. It is strongly desirable to b e

able to send/receive messages without OS kernel in-

tervention. Supp orts for arbitrary length pack ets and

preservation of message transmission order do sim-

plify the implementation, although it is not a neces-

sity

. Message arriv al may b e noti�ed by p olling as

in CM-5 or AP1000, or by interrupt as in nCUBE/2

or iPSC/2. Most multicomputers (including AP1000,

our current target machine) supp ort these facilities.

5.1 E�cient Remote T ask Activ ation

As for underlying mechanisms of remote servic-

ing asp ects, we employed an \Active Message-like

mechanism[13]",

2

which is a low overhead message

dispatching mechanism for conventional multicom-

puters. The idea is that each kind of message attaches

its own ‘self-dispatching’ message handler which is in-

voked immediately after the delivery of the message

By giving a customized message handler for each kind

2

W e developed a technique similar to Active Message early

1992, and later found it in [13].

6 of remote messages, low overhead remote task dis-

patching is achieved.

Our compiler generates these sp ecialized message

handlers for many purp oses such as remote message

passing, remote ob ject creation etc. Message han-

dlers are classi�ed into the following four categories:

1. Normal message transmission b etween ob jects.

2. Request for remote ob ject creation.

3. Reply to remote memory allo cation request.

4. Other services (load balancing, global garbage col-

lection, etc.).

The handlers for Category 1 extract the p ointer to

the receiver ob ject and arguments and schedule the

receiver ob ject in the manner describ ed in Section 4.2.

The compiler generates a sp ecialized message handler

for each message pattern (i.e., the number of argu-

ments and the type of each message). Since the types

of the arguments are statically determined, tags are

no longer necessary and the arguments are pro cessed

e�ciently by the sp ecialized handler.

Categories 2 and 3 are used for remote ob ject cre-

ation. The handlers for Category 2 create an ob ject

of a particular class at the address sp eci�ed by the

requester. The message handler returns the address

of another memory chunk to the requester for its fu-

ture use. The message handlers for Category 3 are

provided as the handler address of this reply mes-

sage. Our compiler generates a single (sp ecialized)

message handler of Category 2 for each class and one

message handler of Category 3 for each chunk size.

The details are describ ed in the next section.

5.2 Remote Ob ject Creation

In our software architecture a mail address of an

ob ject is uniformly represented as a pair h pr o c essor

numb er, a (re al ) pointer i. W e employed this rep-

resentation for maximum p erformance in lo cal ob-

ject access and to avoid the overhead of the ex-

port table management. One restriction is that in

general it would prohibit the use of a simple copy-

ing/compacting garbage collector, as ob jects cannot

be moved freely . W e are now developing an algorithm

whereby ob jects that are only referred to lo cally can

be freely copied.

Under our representation scheme of mail addresses,

ob ject creation on a remote no de requires a memory

allocation on the target no de in order to generate

a remote mail address. Since the latency of remote

communication is unpredictable, it is not accept-

able to wait until a p ointer to the allo cated memory

(chunk) is returned. Split-phase al loc ation is prefer-

able on �ne-grain machines where context switching to another thread e�ectively hide the latency[1]. On

conventional multicomputers, however, split-phase

allo cation is undesirable b ecause of high context-

switching overhead. Rather, a scheme whereby the

ob ject can continue execution even in the presence of

remote allo cation request is preferable.

F or this purp ose, we employ a prefetch scheme

where each no de manages predelivered \sto cks" of

address of memory chunks on remote no des, and the

address for remote ob ject allo cation is obtained lo-

cally from the sto ck. Only when the sto ck is empty

do es context switching on remote ob ject creation o c-

cur. The requested no de later replies another chunk

to replenish the sto ck. The sto ck is unlikely to b e-

come empty except when unusually frequent remote

creations o ccur.

A typical sequence of remote ob ject creation is as

follows:

1. The requester no de obtains a unique mail address

lo cally from the sto ck.

2. A creation request message is sent to the no de of

the mail address.

3. The target no de p erforms class-sp eci�c initializa-

tion (e.g., initialization of virtual function table)

of the created ob ject up on receipt of the creation

message (message handler for Category 2).

4. The target no de allo cates a replacement chunk and

returns its address to the requester no de.

5. The requester replenishes the sto ck up on receipt

of the address (message handler for Category 3).

An ob ject on the requesting no de can obtain the

mail address of the created ob ject in Step 1, rather

than in Step 3, thereby e�ectively hiding the remote

communication latency . F urthermore, this scheme

avoids context switching (which, in contrast, is neces-

sary for split-phase allo cation) as long as some chunks

remain in the sto ck.

There is one problem however: After the new mail

address is lo cally obtained in Step 1, the request mes-

sage sent in Step 2 must precede any messages to

the ob ject. Under our scheme, however, standard

messages b etween ob jects could reach the uninitial-

ized ob ject when the obtained mail address is passed

to other ob jects b efore the initialization message has

reached the target no de (Figure 4).

W e again utilize the VFTP to solve this problem

without adding any overhead to each message send.

Each ch unk is pre-initialized in the following way

when its address is sent in Step 4: The message queue

is empty and the VFTP is tempor arily initialized to

b e the generic fault function table , whose entries are

7

Figure 4: Initialization problem on remote ob ject creation:

(1) Sending creation request to B , an ob ject on no de A obtains

the mail address of an uninitialized ob ject O on no de B from

the sto ck. (2) The ob ject on A sends a message which contains

the mail address of O to some ob ject on another no de C . (3)

It sends a message to O . This message may reach O b efore the

actual initialization of O by the creation request.

Time (�s)

Intra-node Message (to Dormant) 2.3

Intra-node Message (to Active) 9.6

Intra-node Creation 2.1

Latency of Inter-node Message 8.9

T able 1: Costs of basic op erations.

entirely queuing pro cedures. This forces all messages

to uninitialized ob jects to b e enqueued. When the

initialization message eventually arrives, the virtual

function table is initialized to the prop er one for the

class of the ob ject. In addition, the message queue

of the ob ject is checked for p ending messages, and

the �rst message is extracted and pro cessed if it ex-

ists. This scheme works b ecause the queuing pro ce-

dures are generic for all ob jects, indep endent of their

classes.

6 Preliminary Performance

Measurement of

ABCL/onAP1000

6.1 E�ciency of Basic Op erations

T able 1 shows the cost of basic op erations such

as message passing or ob ject creation. Our compiler

generates C language co de, which is in turn compiled

with optimization level \-O4". Throughout all the

measurements, Sun-OS 4.1.1 cc was used.

An intra-node past-type message send to a dor-

mant ob ject takes 2.3�s. This was measured by re-

peatedly invoking a null metho d with no arguments.

T able 2 is the breakdown of this pro cess. F urther

compile-time optimizations are p ossible under the fol-

lowing conditions: (1) Lo cality check can b e elimi-

nated for ob jects guaranteed to b e lo cal; for example,

message passings which follow lo cal ob ject creation.

(2) Switching of the VFTP is not necessary if the

method do es not send messages to other ob jects and

Instructions

Check Lo cality 3

Lo okup and Call 5

Switch VFTP to Active Mo de 3

Execution of Metho d Bo dy {

Check Message Queue 3

Switch VFTP to Dormant Mo de 3

Polling of Remote Message 5

Adjusting Stack Pointer and Return 3

T otal 25

T able 2: Breakdown of intra-node message to dormant ob-

ject.

is never blo cked. (i.e., if the metho d is ensured to �n-

ish its execution without running other ob jects.) (3)

Checking the message queue is not necessary if the

ob ject is not history sensitive. (4) Polling of remote

message arrival is not always necessary

, esp ecially for

small metho ds|we merely need to guarantee p eri-

o dical p olling of remote messages. Altogether, the

overhead of an intra-no de message to dormant ob-

jects varies from 8 (in this case, the overhead is truly

comparable with virtual function call in C++) to 25

instructions.

The cost of an intra-node message to an active

mo de ob ject includes: (1) a frame allo cation, (2) stor-

ing the message into the frame, (3) enqueueing the

frame into the message queue of the ob ject, (4) en-

queueing the ob ject to the global scheduling queue

(if the ob ject is not already in the scheduling queue),

and (5) re-scheduling of the ob ject from the schedul-

ing queue. The total time is approximately 10�s,

which is over 4 times (or even more if we adopt the

ab ove optimizations) that of the dormant case. Our

scheduling mechanism sp ecially optimizes dormant

case by stack-based scheduling, thereby reducing the

total intra-node scheduling overhead.

Minimum inter-node latency

, 8.9�s, is obtained by

rep eatedly transmitting one word past-type messages

b etween two ob jects. There are no ob jects other

than these two ob jects in the system and b oth are

dormant up on message reception. This shows that

conventional multicomputers with appropriate soft-

ware technologies have much higher inter-node mes-

sage passing capability than previously b elieved. In

comparison to �ne-grain architecture (T able 3), send

and reply latency is approximately 18�s, or 450 cy-

cles, which is only ab out twice of [5] or ab out 4 times

of [14] when normalized to the same clo ck sp eed.

The instruction counts includes message setup (in the

script of the sender), p olling, extracting of the mes-

sage (in the message handler), system message bu�er

management and script invocation. The sender no de

8

Instruction Counts Real Time (�s) Cycles Clo ck Rate (MHz)

ABCL/onAP1000 160 17.8 450 25

ABCL/onEM4[14] 100 9 110 12.5

CST (on J-Machine)[5] 110 4 220 50

T able 3: Comparison of send/reply latency .

N = 8 N = 13

# of Solutions 92 73,712

# of Ob jects Creation 2,056 4,636,210

# of Messages 4,104 9,349,765

T otal Memory Used (KB) 130 549,463

Elapsed Time on SS1+ 84 ms 461,955 ms

T able 4: The scale of the N -queen program (N = 8; 13).

takes ab out 20 instructions to setup and send a mes-

sage which is a total of 4 words including routing in-

formation, the mail address of the receiver ob ject and

the message argument. The receiver no de consumes

a total of ab out 50 instructions for p olling, extract-

ing the message and management of the system mes-

sage bu�er. The script invocation cost is the same

as intra-node message send to dormant ob jects (ap-

proximately 10 instructions). The remaining p ortion

of the latency is due to hardware, which is roughly

1.5�s each way

. By (1) reducing this hardware la-

tency and (2) more appropriate interface to network,

our sp eed further approaches that of implementations

on �ne-grain machines. F urthermore, such implemen-

tations on conventional multicomputers can directly

bene�t from advances in single-pro cessor technology .

6.2 Benchmark Statistics

T o evaluate the prop osed techniques on real ap-

plications, we measured the p erformance of the N -

queen exhaustive search algorithm v arying N . The

small program (N = 8) is the one which terminates

within 100 milliseconds on single CPU SP

ARC sta-

tion 1+, and the large program (N = 13) involves

more than 4,500,000 ob ject creations and 9; 000; 000

message passings. T able 4 shows the scale of the al-

gorithm where N = 8 and 13. T able 4 also shows the

elapsed time of the sequential version of basically the

same algorithm running on a single SP

ARC station

1+, which has the same CPU as the no de pro cessor

of AP1000. The sequential version is written in C++

and compiled by g++ with optimize option.

Figure 5 shows the sp eedup of the N -queen pro-

gram relative to the sequential version. Since the se-

quential version of the algorithm uses run-time stack

for the depth �rst search, it requires no heap memory

and there is no need for termination detection, while

our parallel version uses heap extensively for parallel

Figure 5: Sp eedup for N -queen problem (N = 8; 13).

search and acknowledgement message trace back the

search tree for the termination detection. Neverthe-

less, approximately 20 times sp eedup is obtained for

N = 8 on a 64 pro cessors, and 440 times for N = 13

on 512 pro cessors (approximately 85% utilization).

6.3 E�ect of Stack-Based Scheduling

T o demonstrate the e�ect of stack-based schedul-

ing, we compare our p erformance to a more naive

scheduling mechanism. The naive scheduling mecha-

nism always bu�ers a message in the message queue

of the receiver ob ject and the ob ject is scheduled

through the scheduling queue.

Figure 6 shows the p erformance improv ements in

the N queen programs as N varies. In these pro-

grams, approximately 75% of lo cal messages are sent

to dormant mo de ob jects. In general, we have ob-

served approximately 30% sp eedup.

7 Related W ork

Our work shares the goals of all attempts to make

�ne-grain computing feasible, not only for ob ject-

oriented concurrent languages but for other lan-

guages. Amongst them, our work is similar to

Threaded Abstract Machine (T

AM)[4] and Active

Message[13] in aiming for high p erformance without

elab orate hardware supp orts.

T AM is a multithreaded abstract machine whose

instruction set, TL0, is intended to b e mapp ed onto

conventional instruction sets, so that TL0 can serve

as an intermediate language on conventional multi-

9

Figure 6: E�ect of the stack scheduling.

computers for high-level parallel languages such as

Id[8] and Multilisp[9]. The execution mo del of T AM

is an extension of the hybrid data ow mo del[6]: In ad-

dition to \threads" (instruction sequences which are

exclusively executed), T

AM recognizes a collection of

logically related threads called the co de-blo ck . Under

the T

AM execution mo del, runnable threads within a

code-blo ck are ensured to b e scheduled consecutively ,

thereby allowing inter-thread register allo cation and

inexpensive synchronization of threads. This unit of

co-scheduling is called \quanta" in T AM.

8 Discussion

8.1 Stack-based Scheduling

Although T

AM has shown an e�cient data ow

synchronization and communication b etween threads

within a co de-blo ck, its co de-blo ck invoc ation or inter-

c o de-blo ck communication (e.g., passing function ar-

guments) mechanism has ro om for further improve-

ment. That is, under the T

AM execution mechanism,

a co de-blo ck invocation (e.g., function call) always re-

quire frame allo cation from heap, message bu�ering,

and scheduling queue manipulation, while our imple-

mentation uses a stack as much as p ossible.

Although situations are di�erent for our language

and T

AM, which is intended to supp ort lenient[10]

semantics where blo cking in the middle of a function

is more likely

, we b elieve our stack-based schedul-

ing mechanism is b etter in practical settings where

small functions (or metho ds), which are not typically

blocked, are extensively used.

The advan tages of our stack-based scheduling are:

(1) frames are cheaply allo cated/deallo cated as long

as blo cking do es not o ccur, (2) messages are pro-

cessed without bu�ering, (3) it is more likely that

the result of a function (or metho d) has already ar-

rived when the callee resumes the caller, b ecause we

run the callee (or the receiver ob ject) �rst, and then

resuming the caller (or sender ob ject).

Of course, we do not claim that our stack-based

scheduling is not unconditionally advantageous. It

requires some registers to b e saved b efore a func-

tion call, which is unnecessary under a T

AM exe-

cution where a caller is never invoked until a callee

is blo cked. Nevertheless, the amount of registers to

b e saved will b e typically small and the cost will

b e smaller than the cost of argument bu�ering and

scheduling queue manipulation which is required in

the T

AM mechanism.

8.2 Metho d Inlining

Our implementation scheme relies on the fact that

ob jects are always accessed through metho ds which

are obtained from the virtual function table: The

readers might p oint out that this would prohibit fur-

ther optimization via inlining of metho d calls which

is used extensively in sequential ob ject-oriented lan-

guage SELF[3] to achieve go o d p erformance. How-

ever, inlining is p ossible in the following way

, as long

as the class of a receiver ob ject is known at com-

pile time: let the class of the receiver b e C , the vir-

tual function table of class C for dormant mo de b e

C dormant vft, and the metho d which should b e in-

voked b e C metho d. The inlined co de of the metho d

call would b e as follows:

if(receiver_node_id == my_cell_id){

if(receiver_obj->vftp == C_dormant_vftp){

inlined code of C\_method;

} else {

enqueue the message;

}

} else {

send the message to the receiver_node_id;

}.

This co de still has additional chec ks for lo cality and

the mo de of the ob ject. The full b ene�t of inlining is

obtained by inferring such information and eliminat-

ing the checking co de, but such inference is far more

10 di�cult than class inference in sequential OOPL set-

tings, and is a sub ject of our future work.

9 Conclusion

W e have prop osed a softw are architecture for

concurrent OOPLs on conventional multicomputers

that can comp ete with implementations on sp ecial-

purpose, �ne-grain architectures. Our primary con-

tribution is a novel intra-node scheduling mechanism

which reduces the average cost of intra-node metho d

invocation. Several nov el techniques for av oiding

many runtime checks have also b een prop osed. The

preliminary measurements have shown that our p er-

formance compares favorably with the implementa-

tions on �ne-grain machines. Restrictions of these

mechanisms/techniques are small and they are widely

applicable for various (even non-ob ject-oriented) con-

current language implementations.

Ac kno wledgemen ts

Our thought was improv ed through the discussion

with Rishiyur S. Nikhil, who gave us many b ene�cial

and thoughtful comments that go into details of our

proposal. W e thank to David E. Culler and Thorsten

von Eicken for giving us many comments on our pa-

per. The discussions with Bill Dally and W aldemar

Horwat at our mutual visits were very fruitful. W e

would like to appreciate the o�er of F ujitsu Lab o-

ratory in Kawasaki, Japan, which has provided us

with the opp ortunity to use AP1000. Our sp ecial

thanks go to T akeshi Horie for his helpful technical

advices and access to the library sources of AP1000.

W e thank the members of the ABCL pro ject group,

especially Je� MaA�er who substantially improved

the presentation of our pap er, and Masahiro Y asugi

for daily technical discussion.

References

[1] Arvind and Rob ert A. Iannucci. Two fundamen-

tal issues in multiprocessing. In 4th International

DFVLR Seminar on F oundations of Engineering

Sciences, volume 295 of Le ctur e Notes in Com-

puter Science, pages 61{88, 1987.

[2] Henri E. Bal, Jennifer G. Steiner, and Andrew S.

T anenbaum. Programming languages for dis-

tributed computing systems. ACM Computing

Surveys, 21(3):261{322, September 1989.

[3] Craig Chambers and David Ungar. Making pure

ob ject-oriented language practical. In OOPSLA,

pages 1{15, 1991.

[4] David E. Culler, Anurag Sah, Klaus Erik

Schauser, Thorsten von Eicken, and John

W awrzynek. Fine-grain parallelism with min-

imal hardware supp ort: A compiler-controlled

threaded abstract machine. In ASPLOS, pages

166{175, 1991.

[5] W aldemar Horwat. Concurrent Smalltalk on

the message-driven pro cessor. Master’s thesis,

Department of Electrical Engineering and Com-

puter Science, Massachusetts Institute of T ec h-

nology

, May 1989.

[6] Rob erb A. Iannucci. T o ward a data ow/von

neuman hybrid architecture. In ISCA, pages

131{140, 1988.

[7] Bertrand Meyer. Object-oriente d Software Con-

struction. Prentice Hall, 1988.

[8] R. S. Nikhil. Id (version 88.0) reference man-

ual. T echnical Rep ort 284, MIT Lab oratry for

Computer Science, March 1988.

[9] Jr. Rob ert H. Halstead. Multilisp: A lan-

guage for concurrent symbolic computation. acm

T r ansactions on Pro gr amming Languages and

Systems, 7(4):501{538, April 1985.

[10] Klaus Erik Schauser, David E. Culler, and

Thorsten von Eicken. Compiler-controlled mul-

tithreading for lenient parallel languages. In

F unctional Pro gr amming Languages and Com-

puter Ar chite ctur e, volume 523 of Le ctur e Notes

in Computer Science, pages 50{72, 1991.

[11] T oshiyuki Shimizu, T ak eshi Horie, and Hiroaki

Ishihata. Low-latency message communication

supp ort for the ap1000. In ISCA, pages 288{297,

1992.

[12] Bjarne Stroustrup. The C++ Pro gr amming

Language, sec ond edition. Addison W asley

, 1991.

[13] Thorsten von Eicken, David E. Culler, Seth

Cop en Goldstein, and Klaus Erik Schauser. Ac-

tive messages: a mechanism for integrated com-

munication and computation. In ISCA, pages

256{266, 1992.

[14] Masahiro Y asugi, Satoshi Matsuoka, and Aki-

nori Y onezawa. ABCL/onEM4: A new soft-

ware/hardw are architecture for ob ject-oriented

concurrent computing on an extended data ow

sup ercomputer. In ICS, pages 93{103, 1992.

[15] Akinori Y onezawa. ABCL: An Object-Oriente d

Concurrent System | Theory, Language, Pro-

gramming, Implementation and Application. The

MIT Press, 1990.

[16] Akinori Y onezawa, Jean-Pierre Briot, and Et-

suya Shibayama. Ob ject-oriented concurrent

programming in ABCL/1. In OOPSLA ’86 Con-

ferenc e Pro c e e dings, pages 258{268, 1986.

11