A F ast Parallel Conserv ative Garbage Collector for Concurrent

Ob ject-Oriented Systems

�

| Extended Abstract |

Satoshi Matsuok a, Shin’ichi F uruso, and Akinori Y onezawa

Department of Information Science

The Universit y of T oky o

fmatsu,furuso,yonezaw ag@is.s.u-tokyo.ac.jp

Abstract

In future OO-OS, multiple applications written in

heterogeneous languages will interact via shared ob-

jects. There, conservative GC (garbage col lection)

could provide storage management indep endent of

programming languages and applications. Conserva-

tive GC, however, is di�cult to extend naively into

a concurrent scheme that meet the demands of very

fast allo cation | up to one million ob jects p er sec-

ond. Our par al lel c onservative GC resolves this by

allowing allo cation and collection to b e done almost

totally in parallel. W e currently estimate that allo-

cation takes less than 20 instructions, including the

overhead of (rare) synchronization. The preliminary

version of the algorithm is running on a 4-pro cessor

LUNA-88K with Mach 2.5. Our algorithm relies on

the virtual memory primitives to b e av ailable to the

user in order to maintain the necessary inv ariants; we

brie y discuss the requirements of the future OO-OS

in this resp ect.

1 Intro duction

The most imp ortant abstraction in the future op-

erating systems will b e that of objects; such op erating

systems, as well as its client programs, will b e mo deled

as groups of co ordinating concurrent ob jects. Such a

picture is clean and straightforward if the op erating

system environment supp orts only a single program-

ming language, as is the case for Lisp or Smalltalk ma-

chines. However, a general purp ose op erating system

�

In Pro ceedings of IEEE International Workshop on Ob ject

Orientation in Op erating Systems, Palo Alto, CA, Oct. 1991,

Luis-F elipe Cab era, Vincent Russo, Marc Shapiro eds., IEEE

Computer So ciety Press, pp. 87{93.

usually needs to b e language indep endent, for it must

supp ort the heterogeneous execution mo dels of mul-

tiple languages. There, one must provide appropri-

ate abstractions that serve as a common platform for

multitudes of di�erent languages. Lightweight thre ad

is one p opular abstraction; recently

, more elab orate

abstractions of programming languages are b eing in-

tro duced, such as the recent work in Mach that allow

the user to treat continuations in the style of Scheme

as language indep endent �rst class data[5]. F or ob-

jects, the usual common notion is that they serve to

encapsulate some abstraction; from the implementa-

tion standp oint, they physically o ccupy some storage

in virtual memory

, and are accessed via some logical

ob ject IDs, or direct physical p ointers when multiple

applications share a common address space.

Now, many mo dern-day programming languages

require automatic storage management of ob jects,

particularly their automatic reclamation, usually pro-

vided with some sort of built-in garbage col lection

(hereafter GC). When concurrent ob jects are used

as common abstraction among multiple distinct lan-

guages, how ever, the collectors may not work correctly

if the ob jects are shared among them. This is b ecause

each language will have its own storage management

mechanism built-in. In a sense, the abstraction of

storage management provided by the current op erat-

ing systems is not enough to allow multiple hetero-

geneous languages to interact via the concurrent ob-

jects abstraction. In fact, even for the case of a single

language, the GC algorithm might b ehave incorrectly

when two separately compiled programs are loaded

into a single address space for co ordinated execution.

Conserv ative GC, originally prop osed by Bo ehm

and W eiser[4], was a ma jor step towards providing

an abstraction for automatic ob ject storage manage-

ment independent of pro gr amming languages and ap-

Figure 1: Garbage Collector Threads and Application

Threads

plic ations. The problem, however, is that the Bo ehm-

W eiser algorithm is a stop-and-collect algorithm, and

is di�cult to extend naively into a concurrent scheme,

where allo cation sp eed of up to one million ob jects p er

second p er thread is required. Such di�culty is under-

standable, b ecause by nature conservative GC do es

not assume any help from languages or applications

(called mutators in the GC terminology), whereas

detailed run-time information of mutator action is

required for all concurrent GC algorithms to work

correctly

. The brute-force approach would then b e

to forego concurrency by stopping all the executing

threads, and merely p erform the stop-and-collect con-

serv ative collection for the frozen state | such an ap-

proach, however, is highly undesirable in the current

day op erating systems, whose concurrency and real-

time prop erties cannot b e sacri�ced.

2 Our algorithms for fast Parallel Con-

serv ativ e GC

Based on the ab ove observ ations, we have devised

two garbage collection algorithms, basic and extended,

that meet the requirements of b eing (1) language in-

dependent (conserv ative), as well as b eing (2) parallel

(and real-time), and (3) implementable on sto ck archi-

tectures. Both of our algorithms can b e executed in

user-space of op erating systems running on a shared-

memory architecture.

In b oth the basic and extended algorithms, there

are application threads and GC thread(s), who have

common shared accesses to the ob ject heap (Figure 1).

Figure 2: Interaction b etween GC and application

threads

2.1 The basic algorithm

In the basic algorithm, each application thread in-

teracts with the GC thread for ob ject allo cation. In

the current implementation on Mach, we employ the

inter-thread message sending of the C-threads library .

The GC thread runs totally in parallel with the appli-

cation threads on a shared-memory machine. Figure 2

shows the timing chart of the interaction b etw een GC

and application threads: the application thread re-

quiring memory allo cation sends an allo cation request

message to its asso ciated GC thread. The GC thread,

up on receiving the message, allo cates the ob ject in

the heap and returns its reference to the application.

The application, in turn, resumes execution; the GC

thread continues with garbage collection activities.

The garbage collector runs incrementally with an

algorithm similar to the Y uasa real-time garbage

collector[10]. T o avoid the contention b etween GC

and application threads, we take a virtual snapshot

(using the copy-on-write mechanism in Mach) of the

ob ject heap just b efore entering mark phase, in a simi-

lar manner to the interleaving-concurren t conservativ e

algorithm brie y mentioned in [6]. In essence, the GC

threads run in the past image of the virtual snapshot

in the mark phase, whereas the mutator is running on

the present image. In the sweep phase, the ob jects

are collected in the current image based on the mark-

ing information of the past image. During the entire

mark-sweep cycle, the total stoppage of all the appli-

cation threads plus the synchronization among the GC

threads is only necessary when the virtual memory ta-

bles are initially prepared for copy-on-write. During

the rest of the cycle, the threads synchronize with the

GC thread(s) only on individual basis.

The correctness of the basic algorithm could b e un-

dersto o d intuitively

, although the detailed pro of is un-

fortunately tedious and cumbersome

1

. In particular,

the following lemma (describ ed only informally here)

1

Sub ject of our forthcoming pap er.

plays the chief role role:

Lemma 1 (informally) Any object that is a garbage

in the past image is a garbage in the present image,

unless it is r e-al lo c ate d by the al loc ator.

The pro ofs of the ab ov e lemma and others are im-

portant, b ecause they describ e some inv ariant prop er-

ties that are essential for the basic algorithm to evolve

into the extended algorithm, as we we will present in

the next section.

W e have already implemented the basic algorithm

on several machines, such as LUNA 88K (MC88100

CPU � 4, Mach 2.5, C Threads) and NeXT (MC68040

CPU, NeXT OS 2.0 (Mach 2.5), C Threads). Al-

most all concurrent programs under C Threads can

be garbage collected with only trivial mo di�cations.

A concurrent OO-language in particular is well-suited

for this collector, b ecause it is usually well-behaved in

the sense that there is little chance of violating the

necessary conditions for the conservative GC to work

correctly

, compared to raw C programs which have far

greater lib erty with p ointer op erations.

2.2 Problems with the basic algorithm

The b enchmarks with the basic algorithm, however,

revealed the following problem: When multiple appli-

cation threads contend for ob ject allo cation, the ov er-

head of synchronization and control transfers among

the threads ov erwhelm the execution of application

and GC threads even for allo cation sp eeds in the order

of 10

3

ob ject allo cations p er second p er thread in the

worst case. Consequently

, the garbage collector b e-

comes a total b ottleneck for concurrent languages with

frequent memory allo cations, such as MultiLisp[7] and

ABCL/1[9], which could allo cate as much as one mil-

lion ob jects p er second p er each thread.

The b enchmarks with the basic algorithm, how-

ever, revealed the following problem: the overhead

of ob ject allo cation is very high when multiple ap-

plication threads contend for ob ject allo cation. Our

benchmarks show that in an extreme (and contriv ed)

case, the allo cation sp eed degrades down to the order

of several KO

APS (Kilo Ob ject Allo cations Per Sec-

ond). In usual cases, there is a factor of 10 to 100

improvement, but that is still insu�cient for highly

parallel concurrent OO-languages such as MultiLisp[7]

and ABCL/1[9], where allo cation sp eed of up to

one MOAPS (Million Ob ject Allo cations Per Second)

could b e required. Consequently

, the garbage collector

becomes a b ottleneck for concurrent languages with

frequent memory allo cations; this is due to the follow-

ing reasons:

1. As Figure 2 shows, GC threads are resp onsible for

b oth garbage collection and ob ject allo cation. As

a result, the request of an application thread for

a new ob ject is blo cked if the request for another

thread is b eing pro cessed.

2. Sending a message b etw een threads itself is very

costly

, esp ecially on multiprocessors, since it re-

quires costly inter-pro cessor synchronization and

control transfer with semaphores or busy waiting.

F or these reasons, the system p erformance would

degrade to the level where the p erformance increase

achiev ed with parallel execution could b ecome worth-

less. Thus, we concluded: although the basic algo-

rithm is e�ective for systems that are pseudo-parallel

and/or whose memory allo cations are not excessively

frequent, we have found it to b e not to o e�ective for

highly concurrent systems with continues ob ject allo-

cators.

2.3 Extended algorithm | the primitive

idea

T o overcome the de�ciencies of the basic algorithm,

we have devised an algorithm which we refer to as the

extended algorithm. In the extended algorithm, syn-

chronization and control transfers among the threads

are now almost totally eliminated, and as a result,

the application threads and the GC threads runs con-

tinuesly in parallel with no interactions in need for

synchronization and mutual exclusion.

The basic idea is to assign a individual allo cator

to each thread (or a group of threads). Individual al-

lo cator is then given a chunk of memory to p erform

the allo cation, from where the ob jects are allo cated

in small pieces. Thus allo cators and the collectors re-

quire less synchronization, eliminating the costly busy-

waiting or semaphore waiting. This technique is sim-

ilar to the one employ ed in Halstead’s extension of

Baker’s collector[7], and App el’s generational collec-

tor on sto ck pro cessors[1]. In our case, however, there

are v arious di�erences and di�culties, such as:

1. The chunks will b e exclusive to an allo cator

with resp ect to allo cation only; other applications

threads, as well as the collector threads, will b e

freely reading from and writing into the chunk in

parallel to allo cation.

2. The management of assignment of chunks with-

out causing b ottlenecks is a delicate issue: When

the chunk is used up, a new chunk must b e as-

signed to the allo cator. If the old chunk is freed

3 from assignment, it will b e sub ject to GC, after

which it could b e re-assigned to some other al-

lo cator if it contains enough free ob jects. This

requires that the mark bits of the ob jects of the

chunk to b e prop erly managed, which in turn

would cause an access con ict b etween the allo-

cator and the collector. Explicit lo cking of the

mark bits to solve the exclusion problem is natu-

rally undesirable, for it would require lo ck-unlock

op erations p er each allo cation.

A simplistic scheme to resolve the ab ove issues for

parallel conservative collectors would b e to assign the

chunk on request from the allo cator, and maintain

that assignment until the applications themselves ter-

minate. A collector can then b e exclusive to each al-

locator, and interleave b etween application/allo cation

versus collection by making the switch at a place with

respect to b oth 1 and 2 ab ov e (such as at the time

of application request for allo cation). Such a scheme,

however, is not desirable for the following reason: Con-

serv ative collectors require the ob jects with di�erent

sizes to b e allo cated to di�erent chunks, thereby re-

quiring the allo cator to hold a large set of chunks if

the thread allo cates ob jects of many di�erent sizes, es-

pecially for the sizes that are often used. But a group

of co ordinating applications may contain hundreds of

threads or more; thus the memory usage, even in the

presence of GC and virtual memory

, would b ecome

prohibitive. Also, (1) even with this scheme the allo-

cation overhead is still substantial, and (2) the real-

time characteristics of the collection algorithm is lost.

Overall, mangagement of chunks must b e carefully

done in order not to re-intro duce the need for synchro-

nization and/or mutual exclustion, (which we tried to

avoid in the �rst place,) so that mutator threads and

collector threads will continue to run in parallel. In

the next section, we describ e how this is p ossible.

2.4 The details of the extended algorithm

As indicated earlier, we let each application thread

have its own ob ject allo cator, to which (page-sized)

memory chunks are exclusively assigned

2

. T o reduce

the number of assigned pages, at most one page-sized

chunk is assigned for each (normalized) size of ob ject

the application thread uses. F urther reduction of the

number of assigned pages is p ossible by employing var-

ious techniques (these will b e describ ed in the full ver-

sion of this pap er.)

2

F or ob jects exceeding the size of the page, a chunk consists

of multiple pages

Figure 3 illustrates the structure of the chunks in

our algorithm. Each chunk holds ob jects of only one

size, and has its own internal free-list. Chunks are

divided into four categories: assigned chunks, wait-

ing chunks, used-up chunks, and fr e e chunks. Except

for the assigned chunks, they are kept in the p o ols

(or lists) of resp ective types. (F or waiting chunks

and used-up chunks, the p o ol is actually further sub-

divided according to its internal ob ject size for e�-

ciency .)

Each allo cator accesses the internal free-list of the

assigned chunks for allo cation. W aiting ch unks con-

tain at least one allo cated ob ject and at least one ob-

ject in its internal free-list. Up on request from the

application, the waiting chunks are assigned to the

allo cators. Used-up chunks are those whose internal

free-list is empty

. When the allo cator consumes the

entire free-list of the assigned chunk, it is added to

the used-up chunk p o ol. The free chunks contain no

allo cated ob jects.

The b ehavior of the GC thread(s) is (are) as follows:

� The Mark Phase:

1. It merges the ‘used-up ch unk p o ol’ to the

‘waiting chunk p o ol’.

2. It susp ends all the application threads and

takes a virtual snapshot of the ob ject heap.

3. It then resumes the application threads and

b egins to trace and mark active ob jects in

the snapshot from the execution contexts of

the application threads (e.g., registers and

contents of threads stack). The trace/mark

is done in parallel to the application threads

in a manner similar to the basic algorithm.

The di�erence is that the garbage collector

marks the live ob jects only in the waiting

chunks. Live ob jects in used-up ch unks and

assigned chunks are traced but not marked.

� The Sweep Phase:

1. The GC thread sweeps and reclaims the

garbage ob jects in ‘waiting chunks’ fully in

parallel to the application threads. Note

that, during b oth phases, the application

threads need to b e assigned chunks that have

b een already swept. This is b ecause the GC

thread do es not sweep assigned chunks. In

the event that ch unks are not av ailable from

either the waiting chunk p o ol or the empty

chunk p o ol, the allo cator itself sweeps one of

the used-up ch unks for its own use. Thus

4

Figure 3: Chunks for the Extended Algorithm

Behavior of the allo cators are as follows, in b oth

the mark and sweep phases:

1. The allo cators allo cates ob jects from its assigned

chunk. It need not interact with the GC thread

for ob ject allo cation. F urthermore, it DOES

NOT op erate on the mark bits of ob jects, nor

p erform tracing from the newly allo cated ob jects

(neither by itself or by the GC threads). In fact,

when tracing reaches a newly allo cated ob ject, it

is stopp ed there and no further tracing is p er-

formed for the ob jects p ointed to by the (newly

allo cated) ob ject

3

. The safety here is guaranteed

by the prop erty induced by the lemma describ ed

informally b elow.

2. When the internal free-list of the chunk is empty ,

the allo cator stores the ch unk in the used-up

chunk p o ol, and assigns itself a new chunk from

either the waiting chunk p o ol or the free chunk

p o ol. As indicated earlier, the allo cator itself do es

sweeping in the event that no suitable chunks are

av ailable.

The distribution of allo cators e�ectively eliminates

almost all of the necessary synchronization and mu-

tual exclusion from the algorithm. However, it raises

v arious touchy issues with resp ect to its correctness.

F or example, is it safe for the individual allo cators to

3

As to how we determine that a given ob ject is a newly

allocated one is a delicate issue; we skip the details here and

merely state that this can also b e done with no mutual exclusion

involved allo cate the ob jects unknowingly to the GC thread?

(Note that, In the basic algorithm, the GC thread had

total knowledge of the allo cations it made.)

Since the garbage collection algorithm takes a vir-

tual snapshot of the ob ject heap in the same manner

as the basic algorithm, the following lemma proven:

Lemma 2 (informally) Objects new ly al-

loc ate d during the mark phase nee d not be trac e d, if

they are themselves not subject to col lection.

The lemma follows b ecause we can show by induc-

tion that, for every newly allo cated ob jects, the ob-

jects that are elements of its transitive closure of refer-

ences are either: (1) old ob jects that will b e prop erly

marked during the mark phase by some other refer-

ence, and (2) (other) ob jects newly allo cated during

the mark phase. Thus, if we do not have the newly

allo cated ob jects sub ject for collection, the allo cator

need not op erate the mark bits nor notify the garbage

collector ab out the allo cation. The only lo cking re-

quired is when chunks are assigned from/stored into

the chunk p o ol.

W e are now implementing the extended algorithm

on LUNA 88K using C-Threads, as well as formulating

a formal pro of of its correctness based on the pro of of

the basic algorithm. In comparison to the basic algo-

rithm, the extend algorithm will b e substantially e�-

cient with resp ect to ob ject allo cation. Since there are

no synchronization required for the usual case (when

an ob ject is allo cated from the internal free-list), we

exp ect our extended collector to b e able to allo cate

5 ob jects in approximately 10 { 20 instructions in those

cases. F urthermore, due to the shortness of the allo ca-

tion co de, we could even allow its inlining for further

improvement in p erformance.

T o estimate the e�ciency of our extended algo-

rithm, assume that a language implementation such

as Lisp allo cates ob jects every 50 instructions, and the

allocation takes 10 instructions. Assume also that the

ob ject size is 8 bytes (the size of the Lisp cons cell),

the page size is 4096 bytes, and a page is 75% empty

when assigned to an allo cator. Then, the number of

instructions executed by the pro cessor until the page

is �lled is:

4096=8 � :75 � (50 + 10) ’ 23000 instructions.

Supposing that the the allo cator action to obtain

the fresh page is approximately 1000 instructions on

the average, the overhead of allo cation for our ex-

tended collection, compared to allo cation in sequential

systems, is:

1000=(23000 + 1000) ’ 4%;

or, approximately 3 instructions p er allo cation.

Thus, we could say that the exp ected overhead in allo-

cation due to concurrency is minimum. F or the collec-

tor threads, we do not hav e estimates on the amount

of computation required; however, based on the exp e-

rience with our basic algorithm, we exp ect that the

cost to b e well within a reasonable range.

3 Parallel Conserv ative GC and con-

current OO-systems

W e brie y outline the requirements on the op erat-

ing systems to realize our algorithm, as well as the fea-

tures desirable to b e av ailable to gain even more p er-

formance improvemen ts and achieve b etter integration

of v arious algorithms dep endent on the av ailability of

virtual memory primitives.

In b oth algorithms, due to the necessity of detect-

ing write faults, the appropriate virtual memory prim-

itives must b e made av ailable to users by the op erating

system. The problem with many current-day op erat-

ing systems, how ever, is that virtual memory primi-

tives are not e�ciently supp orted; in fact, there is a

three- to four-fold di�erence b etween the fastest and

the slowest in p erformance for the op erating systems

on the same architecture[2]. It is imp ortant for the op-

erating systems of the OO-concurrent systems to han-

dle user-level virtual memory op erations e�ciently for e�cient execution of distributed algorithms, such as

GC, distributed shared memory

, and checkpointing[2].

Another problem is that combination of multiple

algorithms dep endent on them are currently very dif-

�cult to b e done in an orthogonal, p ortable way in cur-

rent op erating systems. F or example, there is no easy

wa y to orthogonally combine our GC algorithm with,

say , a simple heap range-check algorithm. W e contend

that the op erating system should have prop er mecha-

nisms so that multiple handlers of page fault traps are

appropriately co ordinated.

F urther e�ciency could b e attained in collection if

either of our algorithms is made part of the ob ject

storage and virtual memory management facility of

op erating systems. Another p ossibility is to integrate

the GC facility with the p ersistent ob ject system of

the secondary store.

4 Related work

App el’s copying collector[1] was p erhaps the �rst

practical concurrent collector on a sto ck architecture.

They to o, ov ercome the e�ciency issues of maintain-

ing the inv ariants in concurrent collection using virtual

memory primitives. The di�erence is that App el’s col-

lector is an extension of the Baker’s copying collector;

therefore, the use of virtual memory (and the algo-

rithm itself ) is totally di�erent from ours. In particu-

lar, they employ virtual memory primitives to detect

references into the from-sp ac e by the mutator, whereas

we employ the primitives to take a virtual snapshot of

heap storage. As a result, only the write fault detec-

tion is needed, once p er page p er each mark-collect

phase in our algorithm.

The interleaving concurrent conservativ e algorithm

is mentioned in [6] very brie y

. The basic idea seems

very similar to our basic algorithm in that it also em-

ploys the virtual snapshot technique. Mutation and

tracing/collection are done in an interleaved fashion,

how ever; several steps of incremental tracing is p er-

formed p er each allo cation request by the mutator,

after which the control is returned to the mutator.

Therefore, the mutator has exclusive access to the

heap during the mark phase. (NOTE: Although it is

di�cult to judge precisely due to the ab ovementioned

briefness, our basic algorithm might b e a direct par-

allelization of their incremental algorithm | in such

a case, our contribution for the basic algorithm would

b e as follows: (1) direct parallelization from the in-

cremental version requires a pro of that there are no

critical regions b etween the collector and the mutator

6 threads: although we restricted ourselves to an infor-

mal overview of the pro of, we plan to present its full

formulation in the full version of this pap er; and (2) we

have actually implemented and measured the p erfor-

mance of the algorithm, thereby identifying its weak-

ness which led to the development of our extended

algorithm. The extended algorithm itself is of course

totally di�erent.)

The latest work in [3] describ es a mostly parallel

collector which can naturally b e extended into a con-

serv ative algorithm. It to o employs the virtual mem-

ory primitives of the underlying OS. The advantage of

the algorithm is that it do es not involve the copying of

the page up on write fault. The disadvantage is that it

is not a fully parallel algorithm, requiring a �nalization

stage where all the threads must b e stopp ed for exclu-

sive access by the collector. F or highly parallel appli-

cations, the �nalization stage could take substantial

amount of time. Although the intermediate tracing

before the �nalization could reduce the the duration

of �nalization to a notable degree for pseudo-parallel

systems, it remains to b e seen whether a similar re-

duction could b e achieved for highly parallel systems.

5 F uture work

Currently

, our algorithms run on shared mem-

ory architectures; we b elieve the extended algorithm

is well suited for further extensions to Distributed

Shared Memory

, due to the several favorable charac-

teristics:

1. b ecause the allo cator is distributed and concen-

trates on allo cating from a single page for each ob-

ject size, the pro cessor won’t thrash on the newly

allo cated ob jects,

2. the collector threads can b e distributed naturally

to pro cessors so that they manage the physical

pages of each pro cessor, and

3. the handling of mutator writes into the page can

b e handled simultaneously with the consistency

maintenance proto col for shared pages, particu-

larly the many-reader, single-writer consistency

algorithm[8].

W e also exp ect that our extended algorithm can

be merged with the generational extension to conser-

v ative GC by Demers et. al.[6]; we would then have

almost an ideal GC for concurrent ob ject-oriented sys-

tems, b eing conservative, fully parallel, and very e�-

cient with resp ect to b oth allo cation and collection.

References

[1] Andrew W. App el, John R. Ellis, and Kai Li. Real-

Time Concurrent Collection on Sto ck Multipro ces-

sors. In Pro c e e dings of the SIGPLAN ’88 Conferenc e

on Pro gr amming Language Design and Implementa-

tion, pages 11{20. ACM, 1988.

[2] Andrew W. App el and Kai Li. Virtual Memory Prim-

tives for User Programs. In Pro c e e dings of the F ourth

International Conferenc e on Ar chite ctur al Support for

Pro gr amming Langauges and Oper ating Sytems (AS-

PLOS), pages 96{107. ACM, 1991.

[3] Hans Bo ehm, Alan Demers, and Scott Shenker.

Mostly Parallel Garbage Collection. In Pro c e e dings of

the SIGPLAN ’91 Conferenc e on Pro gr amming Lan-

guage Design and Implementation, pages 157{164.

ACM, 1991.

[4] Hans-Juergen Bo ehm and Mark W eiser. Garbage Col-

lection in an Unco op orative Environment. Software|

Practic e and Experienc e, 18(9):807{820, ,sep 1988.

[5] Richard P

. Davis, Brian N. Bershad, Richard F.

Rashid, and Randall W. Dean. Continuations: Unify-

ing Thread Management and Communication in Op-

erating Systems. T echnical Rep ort CMU-CS-91-115,

School of Computer Science, Carnegie Mellon Univer-

sity

, March 1991.

[6] Alan Demers, Mark W eiser, Barry Haynes, Hans

Bo ehm, Daniel Bobrow, and Scott Shenker. Com-

bining Generational and Conservative Garbage Col-

lection: F ramew ork and Implementations. In Confer-

ence Re c or d of the ACM Symposium on Principles of

Pro gr amming Languages, pages 261{269. ACM, 1990.

[7] Rob ert H. Halstead Jr. Multilisp: A Language

for Concurrent Symbolic Compuation. ACM T r ans-

actions on Pro gr amming Languages and Systems,

7(4):501{517, 1985.

[8] Michael Strumm and Songnian Zhou. Algorithms

Implementing Distributed Shared Memory. iee e-

computer, 23(5):54{64, May 1990.

[9] Akinori Y onezawa, editor. ABCL: An Object-Oriente d

Concurrent System. Computer Systems Series. The

MIT Press, 1990.

[10] T aiichi Y uasa. Real-Time Garbage Collection on

General-Purp ose Machines. Journal of Systems and

Software, 11(3), March 1990.

7