Np

1

N

N

N

1

p

2

x

1

x

N1

p

local active member counter

activator p o

N

N

Figure 7: LAMC on each no de at the time when o receives a message from p

� When a no de N

p receives an inactive message of a group G, the LAMC of G on

N

p is decremented.

� When an LGRC of a group G changes one to zero, a discard message or reclaim

messages are sent as describ ed in x3.4.1.

(See Fig.7)

4 E�ciency

4.1 The Amount of Interno de Messages

The overhead of distributed group reference counting scheme dep ends on neither the

num b er of no des nor the amount of data used. It dep ends on the amount of the

computation and the nesting levels of groups.

This scheme requires three types of extra messages for garbage collection: re claim,

disc ar d, inactive. The number of reclaim messages are less than or equal to the num b er

of members of groups which b ecome garbage. The num b er of discard messages are

less than or equal to the some of the pro duct of the number of interno de references

and the maximum nesting level of groups and the pro duct of the number of internode

messages and the maximum nesting level of groups. The num b er of inactive messages

are less than or equal to the pro duct of the number of internode messages and the

maximum nesting level of groups.

If a message transmission takes place within a group, the number of messages is

less than the ab ov e worst case. It is exp ected that the computation of most distributed

applications will b e lo cal to groups.

LGRCs of all the groups which include the ob ject.

If a no de has LGRC of a group, the no de also has a lo c al active member c ounter

(LAMC) of the group. LAMC has \the number of members which are activ ated by

ob jects on the no de". If LAMC is not zero, the no de also rememb ers an activator of

the group. The activator is an id of a no de who changes LAMC from zero to one by

sending a message to a member of the group.

LAMC is up dated as describ ed b elow.

� When an ob ject p on a no de N sends a message to an ob ject o on the same

no de N , LAMCs are up dated as describ ed in x3.3.2. If an LAMC of a group G

changes one to zero, the LGRC of G on N is incremented and N is remembered

as an activator of G on N . F urthermore, if LGRC of G changes zero to one, N

is remembered as a �rst sender of G.

� When an ob ject p on a no de N

p sends a message to an ob ject o on a no de N

o

,

LAMCs and LGRCs of all groups on N

p which include o is incremented. If an

LAMC of a group G changes one to zero, N

p is remembered as an activ ator of

G on N

p

. If an LGRC changes one to zero, N

p is remembered as a �rst sender

of G on N

p

.

� When an ob ject o on a no de N

o receives a message from an ob ject p on a no de

N

p and o changes its state from inactive to active, all LAMC is up dated as

describ ed in x3.3.2. F urthermore, for all groups on N

o which include o,

{ If an LAMC of G changes zero to one, N

p is remembered as an activ ator

of G and the LGRC of G is incremented. If the LGRC of G changes zero

to one, N

p is remembered as a �rst sender of G. If the LGRC of G is

incremented but its v alue was not zero, a discard message of G is sent to

N

p immediately .

{ If G has b een already active, an inactive message and a discard message

of G are sent to N

p immediately .

� When an ob ject o on a no de N

o receives a message from a no de N

q but o do es

not change its state (b ecause it has b een already active, or it do es not accept the

message), inactive messages and discard messages of all groups which include o

are sent to N

p immediately .

� When an ob ject o on a no de N

o b ecomes inactive (in other words, o b ecomes

message waiting mo de), all LAMCs are up dated as describ ed in x3.3.2.

� When an LAMC of a group G on a no de N changes one to zero, the LGRC of G

on N is decremented. If the activ ator of G on N is not N , an inactive message

are sent to the activ ator.

address of the object

local reference counter

first sender of the reference p

p o

q q

1

2 1

N

N pN

N oNoNo

Figure 6: Active Member Counter

b e applied.) Namely

, when an ob ject p on no de N

p has a reference to o, N

p has loc al

gr oup r efer enc e c ounters (LGRC) of all the groups which include o.

When p on N

p sends q on N

q a reference to o, N

p also sends group-ids’ of all the

groups which include o but not include q , and LGRCs of such groups are incremented.

When N

q receives group-ids’ from N

p

, N

q creates or up dates each LGRC as describ ed

in x2.2.

Notice that when p on N

p sends q on N

q a reference to o, p must hav e references

of b oth o and q . Therefore, N

p knows all the group-ids’ of groups which includes o or

q . So N

p can determine which group-id should b e sent to N

q with the reference to o

and which LGRC should b e incremented only using the information lo cal to N

p

.

The \creator" of a group G is always exactly one no de even if memb ers of G is

distributed among many no des. If LGRC of G on the no de which created G b ecomes

zero, the no de sends re claim messages to all the memb ers of G. When an ob ject or a

group receives a reclaim message, it can b e regarded as garbage.

3.4.2 Lo cal Active Member Counter

AMC may also b e distributed by applying the same scheme describ ed in x2.2.

Generally

, in managing reference counters in a distributed system, b oth the sender

no de and receiver no de of a reference need to b e inv olved. F or the same reason,

managing distributed AMCs requires b oth the no de for an activ ator ob ject and the

no de for an activ ated ob ject to b e involv ed.

In an ob ject-oriented concurrent system, an ob ject b ecomes active only if the

ob ject receives a message from another ob ject. Therefore, a no de which makes an

ob ject active has a reference to the ob ject. As describ ed in x3.4.1, the no de also has of group managers starting from o and o

0

, and up dates the GRCs on the chains until

the shared group manager is found. If some GRC b ecomes zero, the system reclaims

all members of the asso ciated group.

3.3.2 Active Member Counter

In ob ject-oriented concurrent systems, many ob jects b ecome active simultaneously .

Active ob jects can send messages to the other ob jects, so active ob jects should not

b e regarded as garbage even if they are not referred to. In the same way

, \active

groups"(groups which include more than or equal to one active member) should not

b e regarded as garbage. In order to determine whether a group is active or not, its

group manager maintains an active member c ounter (AMC), which counts the num b er

of active memb er. When an ob ject b ecomes active or inactive, AMCs of all groups

which include the ob ject are up dated. (See Fig.6)

AMC is up dated as describ ed b elow.

� When an ob ject o b ecomes active, the AMC of the group G

0 which contains o

as a member is incremented. If the AMC of the group G

i changes zero to one,

the AMC of the group G

i+1 which contains G

i as a member is incremented.

� When an ob ject o b ecomes inactive, the AMC of the group G

0 which contains

o as a member is decremented. If the AMC of a group G

i changes one to zero,

the AMC of the group G

i+1 which contains G

i as a member is decremented.

The GRC of a group is incremented when the AMC of the group changes from

zero to one, and decremented when the AMC changes from one to zero. So, clearly

the GRC of an active group will never b ecome zero.

Generally in an ob ject-oriented concurrent language, an ob ject is activated when

it receives a message from another active ob ject. If the sender and receiver of the

message are included by the same group G, the AMC of G must not b e zero b efore

the message transmission. So, AMCs of all the groups which includes G will not b e

changed by the message transmission. This means that the overhead for up dating the

AMC is not a�ected by the num b er of groups which include G if message transmission

takes place within G.

3.4 Implementation in Distributed Systems

3.4.1 Lo cal Group Reference Counter

T o implement the group reference counting scheme on distributed systems, the algo-

rithm describ ed in x2.2 can b e applied. (The algorithms prop osed in [12, 13] can also

0

1

2

2

3

active not active

Figure 5: The tree of group managers

3.2 Examples

Ob jects which represent an abstract data typ e often refer to each other, so the pro-

grammer can sp ecify a group corresp onding to the abstract data type. Typical ex-

amples are two-w ay lists and ring bu�ers. Each cell which forms a tw o-way list may

b e collected if it is removed from the list, but the two-w ay list itself cannot b e col-

lected by the traditional reference counting schemes. If the two-w ay list has a group

reference counter, it can b e collected even if cells refer to each other.

In ob ject-oriented op erating systems, some mo dules which corresp ond to pro cesses

or pro cess groups on UNIX can form groups. All storage used by a pro cess can b e

reclaimed after the termination of the pro cess if there are no interprocess references.

In programming languages which can construct static closures (e.g., Common

Lisp), closures and its environment may refer to each other. In this case, closures and

its environment can form a group. When all closures are discarded, closures and its

environmen t can b e reclaimed. This grouping can b e done by compiler, so users of

the language may not b e concerned with garbage collection.

3.3 Implementation in Non-distributed Systems

3.3.1 Group Reference Counter

The system provides a group manager for each group. Each group manager has a

gr oup r efer enc e c ounter (GRC) and a list of its members. Each ob ject (and group)

has a p ointer to a group manager. So, group managers and ob jects construct a two-

wa y tree. The ro ot of the tree is the group manager of the ro ot group. (See Fig.5)

When an ob ject o refers to or discards an ob ject o

0

, the system climbs tw o chains

group manager

object

Figure 4: Group Reference Counter

a traditional reference counter to p erform traditional ob ject wise garbage collection.

Some groups may p ossibly form cyclic structures. So we assume that groups may

b ecome memb ers of another group. (See Fig.4)

According to our scheme, up on creation of an ob ject, either the programmer or

the system must sp ecify a group, to which the ob ject should b elong. Currently

, we

are designing a language and its compiler so that groups are automatically sp eci�ed

by analyzing programs.

3.1 Characteristics of Groups

When an ob ject o is a member of a group G, we say \o b elongs to G." When an

ob ject o is a member of a group G

0

, and G

i is a member of G

i+1 for all i so that

0 � i < n, we say \o is included by G

n

."

In this pap er, we assume that an ob ject group has the following characteristics.

� When this garbage collection scheme is implemented on a distributed system,

the group b oundary is indep endent of the no de b oundary

. In other words, some

ob jects which reside on di�erent no des may b elong to the same group.

� There exists one sp ecial group, the ro ot gr oup, by which all ob jects are included.

� All ob jects and groups except the ro ot group b elong to exactly one group.

� Groups are created dynamically during computation in the same way as ob jects.

When a group is created, it initially has no members.

� When an ob ject or group is created, a group to which it b elongs is sp eci�ed by

the programmer. Once sp eci�ed, the ob ject or group never changes the group

it b elongs to.

2

2

1

1

2

1

1

1 1

2

2

1

Figure 3: LRC on each no de when o is sent from p to q

In the WRC scheme, reference weigh t under ow must b e handled. In the LRC

scheme, reference counter ov er ow can b e avoided in many systems. The maximum

v alue of a reference counter is lower than or equal to the sum of the following numbers.

1. the maximum num b er of references within one no de

2. the number of no des in the entire system

3. the maximum number of references contained in messages ying on the network

4. the maximum num b er of discard messages ying on the network

If the maximum v alue of a reference counter is limited, reference counter over ow can

b e avoided.

In the WRC scheme, the delete message of o is alwa ys sent to o directly , but in

the LRC scheme, it may pass through other no des. This means that the LRC scheme

sometimes takes more time to reclaim garbage.

3 Group Reference Counting

The basic idea of the group reference counting scheme is very simple. If some ob jects

are exp ected to form cyclic structures, the programmer de�nes a group including those

ob jects and the system keeps a reference count for the group. The reference count of

a group is up dated when some member of the group is referred to or discarded by an

ob ject which is not a member of the group. When a member of a group is referred to

or discarded by another member of the group, the reference count of the group will

not b e changed. If the reference count of the group b ecomes zero, all the memb ers of

the group can collectively b e regarded as garbage. On the other hand, each ob ject has

If an ob ject on a no de N refers to an ob ject o on a no de N

o

, N has a loc al

r efer enc e c ounter (LRC) of o. LRC contains the sum of the num b er of references

passed to another no de from no de N and the number of references copied within the

no de N . N also remembers an id of a no de which is the \�rst sender" of the reference

to o. If N is the creator of the ob ject, the �rst sender is N itself.

LRC is up dated as describ ed b elow.

� When a reference to o is copied within a no de N , LRC of o on N is incremented.

� When a reference to o is discarded by an ob ject on N , LRC of o on N is

decremented.

� When a reference to an ob ject o is sent from an ob ject p on a no de N

p to an

ob ject q on a no de N

q

, LRC of o on N

p is incremented.

� When a reference to o sent from N

p reaches N

q and there has not b een LRC of

o on N

q yet, N

q creates LRC of o with the initial v alue one and rememb ers N

p

as the �rst sender of the reference to o. If there was LRC of o on N

q already ,

N

q sends a disc ar d message of o to N

p immediately and LRC of o on N

q is

incremented.

� When N receives a discard message of o, LRC of o on N is decremented.

� When LRC of o on N b ecomes zero, N sends a discard message of o to the

�rst sender of the reference to o. If N is the creator of o, o can b e regarded as

garbage.

(See Fig.3)

A reference count of a living ob ject will never b ecame zero , as the W eighted Ref-

erence Counting metho d, b ecause there is only one message types, which decrements

the reference counter.

2.3 Lo cal Reference Counting and W eigh ted Reference Count-

ing

Both of the Lo cal Reference Counting(LRC) and the W eigh ted Reference Count-

ing(WRC) require only one message transmission for each internode reference. But

the routes of messages are di�erent. In the WRC scheme, a delete message for an

ob ject o is sent to the no de on which o resides. In the LRC scheme, a discard message

is returned to the no de which sent the reference. In this case, the load of each no de

increased by GC is almost in prop ortion as ordinary computation. So, load balance

mechanisms do not have to consider GC.

� Overhead dep ends on the amount of garbage instead of the amount of data

used.

How ever, reference counting schemes hav e a serious drawback: they cannot reclaim

garbage which form cyclic structures. Some variations of reference counting schemes

hav e b een prop osed which can reclaim cyclic structures in some sp ecial cases [5, 6, 7,

8]. In this pap er, we prop ose a more general extension of reference counting schemes

than describ ed in [7].

[9, 10] suggest that grouping of ob jects is very p owerful in developmen t and exe-

cution environments of ob ject-oriented concurrent languages. The garbage collection

scheme describ ed in this pap er is e�ective in ob ject-oriented concurrent systems which

hav e mechanisms to group ob jects.

2 Distributed Reference Counting

Before describing our group reference counting scheme, in x3, we explain distributed

versions of the traditional reference counting schemes. [12, 13] prop ose distributed

reference counting schemes which requires only one message transmission for each

internode reference. In this section, �rst we brie y explain the weighted refer enc e

c ounting [12] scheme and prop ose our new scheme, the lo c al refer enc e counting. Then

the two schemes are compared.

2.1 W eigh ted Reference Counting

Each reference to an ob ject hav e a weight as well as the address of the ob ject. The

reference counter of an ob ject o is the sum of weights of references to o instead of the

num b er of references to o. When a reference is copied, the weight of the reference is

divided into tw o values. When a reference to an ob ject o is discarded, delete message

is sent to o with the weight of the reference. When o receives delete message, the

reference count of o is decremented by the weight of the discarded reference. When

the reference count of o b ecomes zero, o is garbage.

A reference count of a living ob ject will never b ecame zero even if messages are

delay ed in the netw ork b ecause there is only one message types, which decrements

the reference counter. If a delete message is delayed, the value of the reference count

will b e larger than the real v alue, which is greater than zero.

2.2 Lo cal Reference Counting

W e prop ose a simpler scheme which requires the same amount of internode messages.

’

&

$

%

’

&

$

%

’

&

$

%

?

{

l l l

?

�

�

� �

J

J ^

?

l l l l l l l

l l

�

�

�

�

�

�

� 9

J

J J ^

X

X

X

X

X

X

X X z

�

�

� �

?

A

A

A U

�

� /

Figure 1: Ob jects which can b e traced in parallel

k k k k

-

X

X

X

X

X

X

X

X z

�

�

�

�

�

�

�

�

� 9

- y

k

’

&

$

%

’

&

$

%

’

&

$

%

Figure 2: Ob jects which cannot b e traced in parallel

2. F or many distributed systems, it is often the case that some no des b ecome

unreachable from other no des due to system or network troubles. Even in such

cases, the whole system should not stop computation. If the GC algorithm

requires synchronization of all the no des in the system, the system will stop

when some no des b ecome unreachable.

The GC schemes prop osed for Distributed Smalltalk[1, 2] are divided into two

parts, the lo cal GC and the global GC. The lo cal GC uses only lo cal information

within each no de, and no interno de communications are necessary

. In order to collect

garbage spanning on several or more no des, the user must start the global GC which

is based on the mark & sweep scheme.

Emerald [3] system also uses the lo cal GC and the global GC. The global GC is

based on mark & sweep scheme but improv ed so that each no de do not have to stop

its computation for a long p erio d of time during GC.

In these systems, the cost of synchronization b ecomes very exp ensive if the number

of no des in the system is signi�cant. In contrast, the ov erhead of our prop osed GC

scheme do es not dep end on the num b er of no des.

1.2 Mark & Sweep, Copy Scheme

Usually

, mark & sweep, copy or their v ariations are used for GC on non-distributed

systems. Such schemes trace all living ob jects to �nd garbage. But these schemes are

not suitable for distributed systems b ecause they hav e the following characteristics.

� All no des should synchronize at the b eginning and the end of GC. If some no des

b ecomes unreachable for a while, garbage cannot b e collected during the p erio d.

F urthermore, the cost of synchronization b ecomes very exp ensive if the number

of no des in the system is signi�cant.

� Sometimes ob jects cannot b e traced in parallel. In Fig. 1, each subtree in the

three no des can b e traced in parallel, but in Fig. 2, only one no de executes GC

pro cess at a time. The other two no des must stop computation, or continue

computation consuming extra memory space.

1.3 Reference Counting Scheme

There is another traditional GC scheme, reference counting. It is suitable for dis-

tributed systems b ecause they do not require global information to �nd garbage.

F urthermore, reference counting schemes have the following adv antages.

� Computation is not interrupted for a signi�cant p erio d of time.

Distributed Garbage Collection Using Group

Reference Coun ting

Y uuji Ichisugi

ichisugi@is.s.u-tokyo.ac.jp

Akinori Y oneza wa

yonezaw a@is.s.u-tokyo.ac.jp

Department of Information Science, Universit y of T oky o

Abstract

Reference counting schemes are suitable for garbage collection on distributed

systems b ecause they do not require global information to �nd garbage. How-

ever, reference counting schemes have a serious drawback: they cannot reclaim

garbage which form cyclic structures. In this pap er, we prop ose an extension

of the traditional reference counting scheme, group refer enc e c ounting, which

alleviates the drawbac k. This scheme is able to reclaim circularly referenced

ob jects which are contained in ob ject groups. W e describ e how this scheme can

b e implemented on distributed ob ject-oriented concurrent systems. The ov er-

head of this scheme do es not dep end on the num b er of no des. Thus this scheme

works e�ciently on distributed systems containing large number of no des.

1 Intro duction

1.1 Distributed Garbage Collection

Ob ject-oriented concurrent languages are p owerful in describing distributed algo-

rithms. On such languages, automatic storage management mechanisms, like garbage

c ol le ction(GC), are indisp ensable. But it is often di�cult to p erform e�cient GC

on distributed environmen ts. The following requirements are imp osed on distributed

GC.

1. The algorithm should b e able to executed in parallel in many no des. Otherwise

GC will obstruct improvement of p erformance by parallel execution.

1

4.2 Improv emen t of E�ciency

The following techniques may reduce the amount of messages.

� Messages for garbage collection do not have to b e delivered immediately

. They

can b e delayed without a�ecting the computation sp eed. (Instead, garbage re-

main on the system for a longer p erio d.) So messages for garbage collection can

b e bu�ered and delivered as packets which contain other imp ortant messages.

Thus the cost of communication for garbage collection will b e substantially

reduced.

� A memb er which has the same lifetime of a group to which it b elongs need not

b e reference-counted. F or example, in a group which represents a queue, ob jects

representing the head and the tail of the queue will never b ecome garbage until

the whole queue b ecomes garbage.

5 Problems and its Solution

5.1 Sp ecifying Groups

It is very cumbersome for the programmer to sp ecify a group every time when he

creates ob jects. If a programming language is designed in such a wa y that it includes

appropriate language constructs which form cyclic structures, the compiler can auto-

matically detect such ob ject groups. W e are designing such a language constructs for

an ob ject-oriented concurrent language.

5.2 Unpredictable Cycles

It is often the case that cyclic structures are formed dynamically

, so the programmer

cannot predict which ob jects form a cyclic structure. The group reference counting

scheme cannot reclaim such ob jects. In order to reclaim such ob jects, mark & sweep

schemes may b e combined to reference counting schemes. F or example, if the pro-

grammer can sp ecify that some groups should use a mark & sweep scheme instead

of the reference counting scheme to manage its members, all unreachable members

in the group can b e reclaimed. Such a lo cal mark & sweep scheme within one group

do es not require all no des on the distributed system to co op erate.

6 Conclusion

W e prop osed new extensions of reference counting schemes, the lo cal reference count-

ing and the group reference counting.

Reference counting schemes on distributed systems do not requires synchroniza-

tion of all no des and the overhead do es not dep end on the number of no des. So, it

works e�ciently on distributed systems containing large num b er of no des. The lo cal

reference counting scheme is almost as e�cient as other distributed reference counting

schemes currently prop osed, but it is easier to implement.

The group reference counting scheme inherits all the adv antages of the traditional

reference counting schemes and it can also reclaim cyclic structures if they are ex-

p ected by the programmer. So it can b e used on ob ject-oriented systems which often

create cyclic structures.

The distributed algorithm of the group reference counting scheme can b e used

for ob ject-oriented concurrent language on distributed systems. In order to analyze

tra�c of messages and the num b er of ob jects that are really garbage but cannot b e

reclaimed, we are conducting exp eriments with some typical application programs.

The result of our p erformance simulation will b e rep orted in a subsequent pap er.

Ackno wledgmen ts

The authors wish to thank Etsuya Shibayama and T akuo W atanabe for numerous

helpful discussions. Also the authors thank T ak a yuki Nak agawa for writing the sim-

ulation program of this GC scheme.

References

[1] D.Decouchant: DESIGN OF A DISTRIBUTED OBJECT MANAGER FOR

THE SMALL T ALK-80 SYSETM, ACM OOPSLA, pages 444-450, 1986.

[2] John K.Bennett: The Design and Implementation of Distributed Smalltalk,

ACM OOPSLA, pages 318-330, 1987.

[3] Eric Jul,Henry Levy

, Norman Hutchinson,and Andrew Black: Fine-Grained Mo-

bility in the Emerald System, ACM T rans. on Computer Systems, V ol. 6, No.1,

pages 109-133, F ebruary 1988.

[4] J.Cohen: Garbage collection of linked data structures, Computing Surveys, 13(3)

pages 341-367, Septemb er 1981.

[5] D.R. Brawnbridge: Cyclic reference counting for combinator machines, In Pro c.

F unctional Pro gr amming L anguages and Computer Ar chite ctur e, pages 273-288,

Springer-V erlag LNCS 201, September 1985.

[6] D.P .F riedman, D.S.Wise: Reference counting can manage the circular environ-

ments of mutual recursion,Inf.Pro c ess.L ett.,8(1) pages 921-930, January 1979.

[7] D.G.Bobrow: Managing Reentrant Structures Using Reference Counts, ACM

T r ans. on Pr o gr amming Languages and Systems, 2(3) pages 269-273, July 1980.

[8] A.Deb: Parallel garbage collection for graph machines, In Pro c. of the Santa

F e Workshop on Graph Re duction, pages 252-264, Springer-V erlag LNCS 279,

September 1986.

[9] K.Shimizu, M.Maeka wa, J.Hamano: Hierarchical Ob ject Group in Distributed

Op erating Systems, PROCEEDINGS The 8th International Conferenc e on Dis-

tributed Computing Systems. , pages 18-24, San Jose, California, June 1988.

[10] Y.Honda, A.Y onezaw a: Debugging Concurrent Systems Based on Ob ject

Groups, In S.Gjessing and K.Nygaard, editors,Pro c. of Eur op e an Conferenc e

on Obje ct-Oriente d Pr o gr amming(ECOOP), LNCS 322, Springer-V erlag, 1988.

Revise d version in [14].

[11] Claus-W erner Lermen, Dieter Maurer: A Proto cl for Distributed Reference

Counting, Pro c. 1989 ACM Confer enc e on Lisp and F unctional Pro gr amming,

pages 432-443, ACM SIGPLAN/SIGACT/SIGAR

T, Cambridge, Masachusetts,

August 1986.

[12] D.I.Bevan: Distributed garbage collection using reference counting, In Pro c.

P ARLE Par al lel Ar chite ctur es and Languages Eur op e, pages 176-187, Springer-

V erlag LNCS 259, June 1987.

[13] B.Goldb erg: Generational Reference Counting: A Reduced-Communication Dis-

tributed Storage Reclamation Scheme, SIGPLAN Conf. on Pro g. Lang. Design

and Imp., pages 313-321, June 1989.

[14] Y onezawa, A. (ed.): ABCL: An Ob ject-Oriented Concurrent System | Theory ,

Language, Implementation and Applications |, The MIT-Press, March 1990.