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Abstract

Most existing reference-based distributed ob ject systems in-

clude some kind of acyclic garbage collection, but fail to

pro vide acceptable collection of cyclic garbage. Those that

do pro vide suc h GC curren tly su�er from one or more prob-

lems: sync hronous op eration, the need for exp ensiv e global

consensus or termination algorithms, susceptibilit y to com-

m unication problems, or an algorithm that do es not scale.

W e presen t a simple, complete, fault-toleran t, async hronous

extension to the (acyclic) clean up proto col of the SSP Chains

system. This extension is scalable, consumes few resources,

and could easily b e adapted to w ork in other reference-based

distributed ob ject systems|rendering them usable for v ery

large-scale applications.

Keyw ords: storage managemen t, garbage collection, refer-

ence trac king, distributed ob ject systems.

1 Intro duction

Automatic garbage collection is an imp ortan t feature for

mo dern high-lev el languages. Although there is a lot of ac-

cum ulated exp erience in lo cal garbage collection, distributed

programming still lac ks e�ectiv e cyclic garbage collection.

A lo cal garbage collector should b e c orr e ct and c omplete .

A distributed garbage collector should also b e asynchr onous

(other spaces con tin ue to w ork during a lo cal garbage collec-

tion in one space), fault-toler ant (it w orks ev en with unreli-

able comm unications and space crashes), and sc alable (since

net w orks are connecting larger n um b ers of computers o v er

increasing distances).

Previously published distributed garbage collection algo-

rithms fail in one or more of these requiremen ts. In this pa-

p er w e presen t a distributed garbage collector for distributed

languages that pro vides all three of these desired prop erties.

Moreo v er, the algorithm is simple to implemen t and con-

sumes v ery few resources.

The algorithm describ ed in this pap er w as dev elop ed

as part of a reference-based distributed ob ject system for

Ob jectiv e-CAML (a dialect of ML with ob ject-orien ted ex-
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tensions). Remote references are managed using the Stub-

Scion P air Chains (SSPC) system, extended with our cyclic

detection algorithm. Although our system is based on trans-

paren t distributed references, our design assumptions are

w eak enough to supp ort other kinds of distributed languages;

those based on c hannels, for example ( � -calculus [8 ], join-

calculus [3], and others).

The next t w o sections of the pap er in tro duce the basic

mec hanisms of remote references and the SSPC system for

acyclic distributed garbage collection. Section 4 describ es

our cycle detection algorithm, and includes a short example

sho wing ho w it w orks. Section 5 brie
y in v estigates some

issues related to our algorithm. Sections 6 and 7 analyze

the algorithm in greater depth, and discuss some of the im-

plemen tation issues surrounding it. The �nal t w o sections

compare our algorithm with other recen t w ork in distributed

garbage collection and presen t our conclusions.

2 Basics

W e consider a distributed system consisting of a set of spaces.

Eac h space is a pro cess, that has its o wn memory , its o wn

lo cal ro ots, and its o wn lo cal garbage collector. A space can

comm unicate with other spaces (on the same computer or

a di�eren t one) b y sending async hronous messages. These

messages ma y b e lost, duplicated or deliv ered out of order.

Distributed computation is e�ected b y sending messages

that in v ok e pro cedures in remote ob jects. These remote

pro cedure calls (RPCs) ha v e the same comp onen ts as a lo-

cal pro cedure call: a distinguished ob ject that is to p er-

form the call, zero or more argumen ts of arbitrary (includ-

ing reference) t yp e, and an optional result of arbitrary t yp e.

The result is deliv ered to the caller sync hronously; in other

w ords, the caller blo c ks for the duration of the pro cedure

call. Enco ding an argumen t or result for inclusion in a mes-

sage is called marshaling ; deco ding b y the message recipien t

is called unmarshaling.

When an argumen t or result of an RPC has a reference

t yp e (i.e. it refers to an ob ject) then this reference can serv e

for further RPCs from the recipien t of the reference bac k to

the argumen t/result ob ject. The ob ject is also protected

from garbage collection while it remains reac hable; i.e. un til

the last (lo cal or remote) reference to it is deleted.

In the follo wing sections w e will write name

X

( A ) to indi-

cate a v ariable called name lo cated on space X that con tains

information ab out ob ject A . W e will write a is incr e ase d to

b to mean the v ariable a is set to the maxim um of v ariable

a and v ariable b .
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Figure 1: A reference from A in space X to B in space Y .

2.1 Remote references

Marshaled references to lo cal or remote ob jects are sen t in

messages to b e used in remote computations (e.g. for remote

in v o cation).

Suc h a reference R from ob ject A in space X to ob ject

B in space Y is represen ted b y t w o ob jects: stub

X

( R ) and

scion

Y

( R ). These are represen ted concretely b y:

� a lo cal p oin ter in X from A to stub

X

( R ); and

� a lo cal p oin ter in Y from scion

Y

( R ) to B .

A scion corresp onds to an incoming reference, and is

treated as a ro ot during lo cal garbage collection. An ob ject

ha ving one or more incoming references from remote spaces

is therefore considered liv e b y the lo cal garbage collector,

ev en in the absence of an y lo cal reference to that ob ject.

The stub is a lo cal \pro xy" for some remote ob ject. It

con tains the lo cation of its asso ciated matc hing scion. Eac h

scion has at most one matc hing stub, and eac h stub has

exactly one matc hing scion. If sev eral spaces con tain stubs

referring to some ob ject B , then eac h will ha v e a unique

matc hing scion in B 's space: one scion for eac h stub.

A reference R is created b y space Y and exp orted to

some other space X as follo ws. First a new scion scion

Y

( R )

is created and marshaled in to a message. The marshaled

represen tation enco des the lo cation of scion

Y

( R ) relativ e to

X . The message is then sen t to to X , where the lo cation is

unmarshaled to create stub

X

( R ).

3 Stub-Scion P air Chains

The SSPC system [13 ] is a mec hanism for distributed refer-

ence trac king similar to Net w ork Ob jects [1] and supp orting

acyclic distributed garbage collection. It di�ers from Net-

w ork Ob jects in sev eral imp ortan t resp ects, suc h as: a re-

duction of the n um b er of messages required for sending a

reference, lo w er latencies, fault-tolerance, and supp ort for

ob ject migration. Ho w ev er, w e will only describ e here the

part needed to understand its garbage collector.

The garbage collector is based on reference listing (an

extension of reference coun ting that is b etter suited to un-

reliable comm unications), with time-stamps on messages to

a v oid race conditions.

The follo wing explanation is based on the example sho wn

in Figure 1. This simple example is easily generalizable to

situations ha ving more references and spaces.

Eac h message is stamp ed b y its sender with a mono-

tonically increasing time. When a message con taining R is

sen t b y Y to X , the time-stamp of the message is stored in

scion

Y

( R ) in a �eld called scionstamp . When the message

is receiv ed b y X , a �eld of stub

X

( R ) called stubstamp is

incr e ase d to the time-stamp of the message. F or stub

X

( R ),

stubstamp con tains the time-stamp of the most recen t mes-

sage con taining R that w as receiv ed from Y . Similarly for

scion

Y

( R ), scionstamp is the time-stamp of the last mes-

sage con taining R that w as sen t to X .

When ob ject A b ecomes unreac hable, stub

X

( R ) is col-

lected b y the lo cal garbage collector of space X . When

stub

X

( R ) is �nalized, a v alue called threshold

X

[ Y ] is in-

cr e ase d to the stubstamp �eld of X . threshold

X

[ Y ] there-

fore con tains the time-stamp of the last message receiv ed

from Y that con tained a reference to an ob ject whose stub

has since b een reclaimed b y the lo cal garbage collector.

After eac h garbage collection in space X , a message LIVE

is sen t to all the spaces in the immediate vicinit y. The

immediate vicinit y of space X is the set of spaces that ha v e

stubs and scions whose asso ciated scions and stubs are in X .

The LIVE message sen t to space Y con tains the names of all

the scions in Y that are still reac hable from stubs in X . The

v alue of threshold

X

[ Y ] is also sen t in the LIVE message to

Y . This v alue allo ws space Y to determine the most recen t

message that had b een receiv ed b y X from Y at the time

the LIVE message w as sen t.

Space Y extracts the list of scion names on receipt of the

LIVE message. This list is compared to the list of existing

scions in Y whose matc hing stubs are lo cated in X . An y

existing scions that are not men tioned in the list are no w

kno wn to b e unreac hable from X , and are called susp ect.

A susp ect scion can b e deleted, pr ovide d there is no danger

that a reference to it is curren tly in tr ansit b et w een X and

Y .

T o prev en t an incorrect deletion of a susp ect scion, the

scionstamp �eld of susp ect scions is compared to the

threshold

X

[ Y ] con tained in the LIVE message. If

threshold

X

[ Y ] > scionstamp ( scion

Y

( R ))

then some stub referred to b y a message sen t after the last

one con taining R has b een collected. This implies that the

last message con taining R w as receiv ed b efor e the LIVE w as

sen t, and so an y stub created for R from this message m ust

no longer exist in space X . The susp ect scion can therefore

b e deleted safely .

T o prev en t out-of-order messages from violating this last

condition, an y messages from Y mark ed with a time-stamp

smaller than the curren t v alue of threshold

X

[ Y ] are re-

fused b y space X . ( threshold

X

[ Y ] m ust therefore b e ini-

tialized with a time-stamp smaller than the time-stamp of

the �rst messages to b e receiv ed.) This mec hanism is called

threshold-�ltering.

The LIVE message can b e extended b y a \missing time-

stamps" �eld, to inform the space Y of the time-stamps

whic h are smaller than threshold

X

[ Y ] and whic h ha v e not

b een receiv ed in a message y et. Y then has the p ossibilit y

of re-sending the corresp onding messages using a new time-

stamp and newly-created scions, since older messages will

b e refused b y the threshold-�ltering.

The ab o v e algorithm do es not prev en t premature dele-

tion of scions con tained in messages that are dela y ed in tr an-

sit . These deletions are ho w ev er safe, since suc h dela y ed

messages will b e refused b y the threshold-�ltering.

This situation can o ccur only if a more recen t message

arriv es b efore some other dela y ed message, and the more

recen t message causes the creation of stubs that are sub-

sequen tly deleted b y a lo cal garbage collection b efore the

arriv al of the dela y ed message. This can not happ en with



FIF O comm unications (suc h as TCP/IP). Moreo v er, threshold-

�ltering of dela y ed messages is not problematical for applica-

tions using unreliable comm unications (suc h as UDP), since

these applications should b e designed to function correctly

ev en in the presence of message loss. Threshold-�ltering and

message loss due to fault y comm unication are indistinguish-

able to the application.

The ab o v e distributed garbage collection mec hanism is

fault-toler ant . Unreliable comm unications can not create

dangling p oin ters, and scions are nev er deleted in the case

of crashed spaces that con tain matc hing stubs (whic h sup-

p orts extensions for handling crash reco v ery). Moreo v er, it

is sc alable b ecause eac h space only sends and receiv es mes-

sages in its immediate vicinit y , and asynchr onous b ecause

lo cal garbage collections in eac h space are allo w ed at an y

time with no need to sync hronize with other spaces.

Ho w ev er, the mec hanism is not complete. Distributed

cycles will nev er b e deleted b ecause of the use of reference-

listing. The remainder of this pap er presen ts our con tri-

bution: an algorithm to detect and cut distributed cycles,

rendering the SSPC garbage collector complete.

4 Detection of free distributed cycles

The detector of free distributed cycles is an extension to

the SSPC garbage collector. Spaces ma y elect to use the

acyclic SSPC GC without the detector extension (e.g. for

scalabilit y reasons). Spaces that c ho ose to b e in v olv ed in

the detection of cycles are called participating spaces; other

spaces are called non-participating spaces. Our detector will

only detect cycles that lie en tirely within a set of participat-

ing spaces.

4.1 Overview

The algorithm is based on date propagation along c hains of

remote p oin ters. The useful prop ert y of this propagation is

that reac hable stubs receiv e increasing dates, whereas un-

reac hable stubs (b elonging to a distributed cycle) are ev en-

tually mark ed with constan t dates.

A threshold date is computed b y a cen tral serv er. Stubs

mark ed with dates inferior to this threshold are kno wn to

ha v e constan t dates, and are therefore unreac hable. Eac h

participating space sends the minim um lo cal date that it

wishes to protect to the cen tral serv er (stubs with these

dates should not b e collected). This information is based

not only on the dates mark ed on lo cal stubs, but also on the

old dates propagated to outgoing references.

The algorithm is async hronous (most v alues are com-

puted conserv ativ ely), toleran t to unreliable comm unications

(using old v alues in computations is alw a ys safe, since most

transmitted v alues are monotonically increasing) and b enign

to the normal SSPC garbage collector (non-participating

spaces can w ork with an o v erlapping cluster of participating

spaces, ev en if they do not tak e part in cycle detection).

4.2 Data structures and messages

Stubs are extended with a time-stamp called stubdate . This

is the time of the most recen t trace (p ossibly on a remote

site) during whic h the stub's c hain w as found to b e ro oted.

Stubs ha v e a second time-stamp, called olddate , whic h is

the v alue of stubdate for the previous trace.

Scions are extended with a time-stamp called sciondate .

This is a cop y of the most recen tly propagated stubdate

from the scion's matc hing stub|i.e. the time of the most

recen t remote trace during whic h the scion's c hain w as found

to b e ro oted. The stubdate s from a space are propagated

to their matc hing scions in some other space b y sending a

STUBD A TES message.

STUBD A TES messages are stamp ed with the time of

the trace that generated them. Eac h site has a v ector,

called cyclicthreshold , con taining the time-stamp of the

last STUBD A TES message receiv ed from eac h remote space.

The cyclicthreshold v alue for a remote space is p erio di-

cally propagated bac k to that space b y sending it a THRESH-

OLD message. The emission of THRESHOLD messages can

b e dela y ed b y sa ving the cyclicthreshold v alues for a giv en

time in a set called CyclicThresholdToSend un til a partic-

ular ev en t.

Eac h site can protect outgoing references from remote

garbage collection. F or this, it computes a time called lo-

calmin , whic h is sen t in a LOCALMIN message to a dedicated

site, the Dete ction Server , where the minim um localmin of

all spaces is main tained in a v ariable called globalmin . LO-

CALMIN messages are ac kno wledged b y the Detection Serv er

b y sending bac k A CK messages.

Finally , to compute localmin , eac h site main tains a p er-

space v alue, called ProtectNow , con taining the new dates to

b e protected at next lo cal garbage collection. These v alues

are sa v ed in a p er-space table, called Protected Set , to

b e re-used and th us protected for some other lo cal garbage

collections.

4.3 The algo rithm

A Lamp ort clo c k is used to sim ulate global time at eac h

participating space.

1

4.3.1 Lo cal p ropagation

The curren t date of the Lamp ort clo c k is incremen ted b efore

eac h lo cal garbage collection and used to mark lo cal ro ots.

Eac h scion's sciondate is mark ed with a date receiv ed from

its matc hing stub. These dates are propagated from the

lo cal ro ots and scions to the stubdate �eld of all reac hable

stubs during the mark phase of garbage collection. If a stub

is reac hable from di�eren t ro ots mark ed with di�eren t dates

then it is mark ed with the largest date.

Suc h propagation is easy to implemen t with minor mo di-

�cations to a tracing garbage collector. The scions are sorted

b y de cr e asing sciondate , and the ob ject memory traced

from eac h scion in turn. During the trace, the stubdate

for an y visited unmarke d stub is increased to the sciondate

of the scion from whic h the trace b egan.

4.3.2 Remote p ropagation

A mo di�ed LIVE message, called STUBD A TES , is sen t to all

participating spaces in the vicinit y after a lo cal garbage col-

lection. This message serv es to propagate the dates from all

stubs to their matc hing scions. These dates will b e propa-

gated (lo cally , from scions to stubs) b y the receiving space

at next lo cal garbage collection in that space.

1

A Lamp ort clo c k is implemen ted b y sending the curren t date in

all messages. (In our case, only those messages used for the detection

of free cycles are concerned). When suc h a message is receiv ed, the

curren t lo cal date is increased to b e strictly greater than the date in

the message.



increment current date;

FIF O add(cyclicthresholdtosend set,

(current date,cyclic threshold[]));

Ma rk from ro ot(lo cal ro ots,current date);

8 scion 2 so rted scions, f

if scion.scion date < globalmin then

scion.p ointer := NULL;

else

if scion.scion date = NO W then

Ma rk from ro ot(scion.p ointer,current date);

else

Ma rk from ro ot(scion.p ointer,scion.scion date);

g

8 space 2 spaces, f

8 stub 2 space.stubs, f

if stub.stub date > stub.olddate then

decrease p rotect no w[space] to stub.olddate;

stub.olddate := stub.stub date; g

FIF O add(p rotected set[space],

(p rotect no w[space],current date));

p rotect no w[space] := current date;

Send(space,STUBD A TES,current date,

f8 stub 2 space.stubs,

(stub.stub id,stub.stub date) g );

g

lo calmin := min(p rotected set[])

Send(server,LOCALMIN,current date,lo calmin);

Figure 2: Pseudo-co de for a lo cal garbage collec-

tion. The Protected Set s and Cyclicthreshold-

ToSend Set are implemen ted b y FIF O queues with

three functions ( add , head and remove ).

4.3.3 Cha racterisation of free cycles

Lo cal ro ots are mark ed with the curren t date, whic h is al-

w a ys increasing. Reac hable stubs are therefore mark ed with

increasing dates. On the other hand, the dates on stubs in-

cluded in unreac hable cycles ev olv e in t w o di�eren t phases.

In the �rst phase, the largest date on the cycle is propagated

to ev ery stub in the cycle. In the second phase, no new date

can reac h the cycle from a lo cal ro ot, and therefore the dates

on the stubs in the cycle will remain constan t forev er.

Since unreac hable stubs ha v e constan t dates, whereas

reac hable stubs ha v e increasing dates, it is p ossible to com-

pute an increasing threshold date called globalmin . Reac h-

able stubs and scions are alw a ys mark ed with dates larger

than globalmin . On the other hand, globalmin will ev en-

tually b ecome greater than the date of the stubs b elonging

to a giv en cycle.

Scions whose dates are smaller than the curren t glob-

almin are not traced during a lo cal garbage collection. Stubs

whic h w ere only reac hable from these scions will therefore

b e collected. The normal acyclic SSPC garbage collector

will then remo v e their asso ciated scions, and ev en tually the

en tire cycle.

4.3.4 Computation of globalmin

globalmin is computed b y a dedicated space (the Dete ction

Server ) as the minim um of the localmin v alues sen t to it b y

eac h participating space.

2

The cen tral serv er alw a ys com-

2

globalmin could b e computed with a lazy distributed consensus.

Ho w ev er, a cen tral serv er is easier to implemen t (it can simply b e

Receive(space,STUBD A TES,

gc date ,stub set, threshold) =

increase cyclicthreshold[space] to gc date;

old scion set := space.scions;

space.scions := fg ;

8 scion 2 old scion set, f

�nd(scion.scion id,stub set, found, stub date);

if found o r scion.scionstamp > threshold then f

if scion.scionstamp < threshold then

increase scion.scion date to stub date;

space.scions := space.scions U f scion g

gg

Figure 3: Pseudo-co de for the STUBD A TES handler.

The �nd function lo oks for a scion iden ti�er in the

set of stubs receiv ed in the message. If the stub

is found in the set then found is set to true, and

stub date is set to the date on the asso ciated stub.

If the scionstamp is greater than the threshold in

the message then the scion is k ept aliv e and its date

is not set.

Receive(space,LOCALMIN,gc date,lo calmin) =

if gc date > threshold date[space] then f

increase threshold date[space] to current date;

lo calmin[space] := lo calmin;

globalmin := min(lo calmin[]);

Send(space,A CK,gc date,globalmin);

g

Figure 4: Pseudo-co de for the Detection Serv er. The

message is treated only if garbage collection date is

the lattest date receiv ed from the space.

putes globalmin from the most recen tly receiv ed v alue of

localmin sen t to it from eac h space. (See the pseudo-co de

in Figure 4.)

4.3.5 Computation of localmin

localmin is recomputed after eac h lo cal garbage collection

in a giv en participating space. (The pseudo-co de is sho wn

in Figure 2.)

W e no w in tro duce the notion of a pr ob ably-r e achable stub.

A stub is probably-reac hable either when it has b een used b y

the m utator for a remote op eration (suc h as an in v o cation)

since the last lo cal garbage collection, or when its stubdate

is increased during the lo cal trace.

This notion is neither a lo w er nor an upp er appro xima-

tion of reac habilit y . A stub migh t b e b oth reac hable and

not probably-reac hable at the same time; it migh t also b e

probably-reac hable and not reac hable at some other time.

Ho w ev er, on an y reac hable c hain of remote references there

is at least one probably-reac hable stub for eac h di�eren t date

on the c hain. Therefore, since eac h space will \protect" the

date of its probably-reac hable stubs, all dates on the c hain

will b e \protected".

T o detect probably-reac hable stubs after the lo cal trace,

the previous stubdate of eac h stub (stored the olddate

one of the participating spaces), and lo cal net w orks (where suc h a

collector is most useful) often ha v e a cen tralized structure.



Receive(server,A CK,gc date,globalmin) =

FIF O head(cyclicthresholdtosend set,

(date,cyclic thresholds to send[]));

if date � gc date then f

rep eat f

FIF O remove(cyclicthresholdtosend set,

(date,cyclic thresholds to send[]));

g until (date == gc date);

8 space 2 spaces, f

Send(space,THRESHOLD,

cyclic thresholds to send[space]);

g ;

Figure 5: Pseudo-co de for the A CK message handler.

Old v alues in the CyclicthresholdToSend Set can

b e discarded, since they are smaller than those whic h

will b e sen t in the THRESHOLD messages. Their cor-

resp onding ProtectNow v alues in the Protected Set s

will therefore also b e remo v ed when the THRESHOLD

messages is receiv ed.

�eld), is compared to the newly-propagated stubdate . F or

eac h participating space in the immediate vicinit y , a date

(called ProtectNow ) con tains the minim um olddate of all

stubs whic h ha v e b een detected as probably-reac hable since

the last lo cal garbage collection.

The v alue of ProtectNow for eac h space is sa v ed in a

p er-space set, called Protected Set , after eac h garbage col-

lection. ProtectNow is then re-initialized to the curren t date.

The localmin for the space is then computed as the min-

im um of all ProtectNow v alues in all the Protected Set s.

This new v alue of localmin is sen t to the detection serv er

in a LOCALMIN message.

The next v alue of globalmin will b e smaller than these

olddate s. All olddate s asso ciated with stubs that w ere de-

tected probably-reac hable since some of the latest garbage

collections will therefore b e protected b y the new v alue of

globalmin : stubs and scions mark ed with those dates will

not b e collected.

3

globalmin m ust protect the olddate s rather than the

stubdate s. This is b ecause the scions asso ciated with probably-

reac hable stubs m ust b e protected against collection, and

these scions are mark ed with the olddate of their matc h-

ing stub. In fact globalmin not only protects the asso ci-

ated scions, but also all references that are reac hable from

probably-reac hable stubs and whic h are mark ed with the

olddate s of these stubs.

4.3.6 Reduction of the Protected Set

STUBD A TES and LOCALMIN messages b oth con tain the

date of the lo cal garbage collection during whic h they w ere

sen t.

When a STUBD A TES message is receiv ed (see Figure 3),

the p er-space threshold CyclicThreshold is increased to the

GC date con tained in the message. The CyclicThreshold

for eac h participating space is sa v ed in the CyclicThresh-

oldToSend Set b efore eac h lo cal garbage collection.

Eac h LOCALMIN message receiv ed b y the Detection Serv er

is ac kno wledged b y a A CK message con taining the same

GC date. When this A CK message is receiv ed (see Figure

3

The sligh tly cryptic phrase \some of the latest garbage collec-

tions" will b e explained in full in the next section.

Receive(space,THRESHOLD,cyclic threshold) =

FIF O head(p rotected set[space], (p rotect no w,gc date));

while (gc date � cyclic threshold) f

FIF O remove(p rotected set[space],

(p rotect no w, gc date));

FIF O head(p rotected set[space],

(p rotect no w, gc date));

g

Figure 6: Pseudo-co de for the THRESHOLD handler.

5) , the CyclicThreshold s sa v ed in the CyclicThreshold-

ToSend Set for the lo cal garbage collection started at the

GC date of the A CK message are sen t to their asso ciated

space in THRESHOLD messages. Older v alues (for older lo-

cal garbage collections) in the CyclicThresholdToSend Set

are discarded (This is p erfectly safe. When a space receiv es a

THRESHOLD message it will p erform all of the actions that

should ha v e b een p erformed for an y previous THRESHOLD

messages that w ere lost).

When a CyclicThreshold date is receiv ed in a THRESH-

OLD message, all older ProtectNow v alues in the Protected

Set asso ciated with the sending space are remo v ed. (See

Figure 6.) These v alues will no longer participate in the

computation of globalmin .

W e can no w explain the cryptic phrase \some of the lat-

est garbage collections" that app eared in the previous sec-

tion.

The olddate on a probably-reac hable stub is protected

b y a ProtectNow in a Protected Set . It will con tin ue to

b e protected for a certain time, un til sev eral ev en ts ha v e o c-

curred. The new stubdate m ust �rst b e sen t to the matc h-

ing scion in a STUBD A TES message. F rom there it is prop-

agated from b y a lo cal trace to an y outgoing stubs (new

probably-reac hable stubs in that space will b e detected dur-

ing this trace). The new localmin for that m ust then b e

receiv ed and used b y the detection serv er (ensuring that the

olddate s on the newly detected probably-reac hable stubs

are protected b y next v alues of globalmin ). After this, the

A CK message receiv ed from the detection serv er will trigger a

THRESHOLD message con taining a Cyclicthreshold equal

to the GC date of the STUBD A TES message (or greater if

other STUBD A TES messages ha v e b een receiv ed b efore the

lo cal garbage collection). Only after this THRESHOLD mes-

sage is receiv ed will the the ProtectNow b e remo v ed from its

Protected Set .

4.4 Example

Figures 7, 8 and 9 sho w a simple example of distributed

detection of free cycles.

Spaces A and B are participating spaces; space C is the

detection serv er. The system con tains t w o distributed cy-

cles C (1) and C (2), eac h con taining t w o ob jects: O

A

(1) and

O

B

(1) for C (1), O

A

(2) and O

B

(2) for C (2). C (1) is lo cally

reac hable in A , whereas C (2) has b een unreac hable since

date 2. A lo cal garbage collection in A at date 6 has prop-

agated this date to stub

A

(1), whic h w as previously mark ed

with date 2. The Protected Set asso ciated with B con tains

a single en try: a ProtectNow 2 at date 6.

In �gure 7, a lo cal garbage collection o ccurs in B at

date 8. The date 6, mark ed on scion

B

(1), is propagated to

stub

B

(1) whic h w as previously mark ed with 2. B sa v es the
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Protected = { 
   (space      = A;
    GC date    = 8;
    protectNow = 2)}

Protected = { 
   (space      = B;
    GC date    = 6;
    protectNow = 2)}

(C,LOCALMIN,8,2)

(B,ACK,8,2)

(A,THRESHOLD,6)

(A,STUBDATES,8,{6,2})

A B

C globalmin = 2

localmins: A -> 2
           B -> 2

gc_date localmin

globalmin

gc_date

gc_date dates

C(1)

C(2)

O(1) O(1)

O(2) O(2)

A

A

B

B

stub(1)

scion(1) stub(1)

scion(1)

stub(2) scion(2)

scion(2) stub(2)

A

A B

B

B

BA

A

Figure 7: After a lo cal garbage collection at date 8 on space B, the new lo calmin 2 is sen t to the detection serv er C. After

the ac kno wledgmen t, the cyclic threshold 6 message is sen t to A, whic h will remo v e this en try from its protected set.

new ProtectNow 2 asso ciated with A in its Protected Set .

It then sends a STUBD A TES message with the new stub-

dates to A , and a LOCALMIN message with its new localmin

2 to the detection serv er. After sa ving this new localmin ,

the detection serv er sends an A CK message to B con taining

the same date as the original LOCALMIN message. A glob-

almin v alue (p ossibly not up-to-date) can b e piggybac k ed

on this message. After reception of this A CK message, B

sends a THRESHOLD message to A con taining the date of

the last STUBD A TES message receiv ed from A . A conse-

quen tly remo v es the asso ciated ProtectNow en try from its

p rotected set, whic h is no w empt y .

In �gure 8, a lo cal garbage collection o ccurs in A at date

10. The curren t date 10 is propagated to stub

A

(1), previ-

ously mark ed with 6. The ProtectNow asso ciated with B is

therefore decreased to 6. stub

A

(2) do es not participate in

the computation of ProtectNow , since is still mark ed with 2.

This ProtectNow is then sa v ed in the Protected Set , and

the new localmin (6) is sen t to the detection serv er. After

the reception of the A CK message from C , a THRESHOLD

message is sen t ot B whic h remo v es the asso ciated en try

from its Protected Set . Ho w ev er, its localmin on the de-

tection serv er is still equal to 2, th us, prev en ting globalmin

from increasing.

In �gure 9, a lo cal garbage collection o ccurs in B at date

12. The new localmin computed in B is equal to 6. The

new globalmin is therefore increased to 6. All scions mark ed

with smaller dates will not b e traced, starting from the mo-

men t that A and B receiv e this new v alue of globalmin .

Consequen tly scion

A

(2) and scion

B

(2) will not b e traced in

subsequen t garbage collections, and O

A

(2), O

B

(2), stub

B

(2)

and stub

A

(2) will b e collected b y lo cal garbage collections.

A t the same time, scion

A

(2) and scion

B

(2) will b e collected

b y the SSPC garbage collector when STUBD A TES messages

that do not con tain stub

B

(2) and stub

A

(2) are receiv ed b y

A and B resp ectiv ely . The cycle C (2) has no w b een en tirely

collected.

5 Related issues

5.1 New remote references and non-pa rticipating spaces

When a new remote reference is created, the stub olddate

is set to the curren t date and the sciondate is initialized

with a sp ecial date called NOW . Moreo v er, eac h time a scion

lo cation is resen t to its asso ciated space, a new stub ma y

b e created if the previous one had already b een collected.

sciondate is therefore re-initialized to NOW eac h time its

scion's lo cation is resen t in a message.

Scions mark ed with NOW propagate the curren t date at

eac h garbage collection. A newly-created scion therefore

b eha v es as a normal lo cal ro ot, un til a new date is prop-

agated b y a STUBD A TES message from its matc hing stub.

The SSPC threshold is then compared to the scionstamp

to ensure that all messages con taining the scion ha v e b een

receiv ed b efore �xing the sciondate .

This mec hanism is also used to allo w incoming refer-

ences from non-participating spaces. ( STUBD A TES mes-

sages will nev er b e receiv ed from non-participating spaces.)

The sciondate s of their asso ciated scions will therefore re-

main at NOW forev er, and they will act as lo cal ro ots. Dis-

tributed cycles that include these remote references will nev er

b e collected. This is safe, and do es not impact the complete-

ness of the algorithm for participating spaces.

W e m ust also cop e with outgoing references to non-parti-

cipating spaces. W e m ust a v oid putting en tries in the Pro-
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Protected = { 
   (space      = A;
    GC date    = 8;
    protectNow = 2)}

Protected = { 
   (space      = B;
    GC date    = 10;
    protectNow = 6)}

(C,LOCALMIN,10,6)

(A,ACK,10,2)

(B,THRESHOLD,8)

(B,STUBDATES,10,{10,2})

A B

C globalmin = 2
localmins: A -> 6
           B -> 2

Figure 8: After a new lo cal garbage collection in A, localmin

A

is increased to 6.

tected Set s for non-participating spaces, since no THRESH-

OLD messages will b e receiv ed to remo v e suc h en tries. (This

w ould prev en t localmin and hence globalmin from increas-

ing, th us stalling the detection pro cess.) A space m ust there-

fore only send STUBD A TES messages to, and create en tries

in the protected set s for, kno wn participating spaces. The

list of participating spaces is main tained b y the detection

serv er, and is sen t to other participating spaces whenev er

necessary (when new participating space arriv es, when a

space quits the detection pro cess, or if a space is susp ected

of ha ving crashed or is b eing to o slo w to resp ond).

5.2 Coping with mutato r activit y

The m utator can create and delete remote references in

the in terv al b et w een lo cal garbage collections. Dates on a

remotely-reac hable ob ject migh t therfore nev er increase b e-

cause of a \phan tom reference": eac h time a lo cal garbage

collection o ccurs in a space from whic h the ob ject is reac h-

able, the m utator giv es the reference on the ob ject to an-

other space and deletes the lo cal reference | just b efore the

collection. Greater dates migh t therefore nev er b e propa-

gated to the ob ject and the ob ject w ould b e detected as a

free cycle, whereas it is still reac hable (see Figure 10 for an

example).

Suc h transien t references ma y mo v e from stubs to scions

(for in v o cation) or from scions to stubs (b y reference pass-

ing). In the �rst case, w e mark the in v ok ed scions with the

curren t date (This prev en ts globalmin from stalling). In the

second case, w e ensure that eac h time a stub is used b y the

m utator (for in v o cation, or cop y to/from another space) its

olddate is used to increase the ProtectNow asso ciated with

the space of its matc hing scion. The date of the ProtectNow

therefore alw a ys con tains the minim um olddate of all the

stubs that ha v e b een used in the in terv al b et w een t w o lo cal

current date = 2 current date = 5

2

2

2
2
2

2

A B

localmin = 2 localmin = 5

stub 

R

O1

1

1
2O

Figure 10: With its lo cal reference to O

1

, A in v ok es

stub

1

whic h creates a new lo cal reference in B to O

2

.

A deletes its lo cal reference R

1

, and p erforms a new

lo cal garbage collection. stub

1

is therefore re-mark ed

with 2, and localmin

A

is increased to 5. This is

incorrect, since the cycle is reac hable from B . This

is the reason wh y the external m utator activit y m ust

b e monitored b y the detector of free cycles.

garbage collections. This protects an y ob ject reac hable from

these stubs against suc h transien t \phan tom references".

5.3 F ault tolerance

Our algorithm is toleran t to message loss and out-oforder

deliv ery . The STUBD A TES , THRESHOLD , LOCALMIN and

A CK messages are only accepted if their sates are greater

than those of the previously receiv ed suc h message. More-

o v er, the computations are alw a ys conserv ativ e when using

old v alues. Ev en LOCALMIN messages ma y b e lost: no A CK

messages will b e sen t and therefore no THRESHOLD will b e
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Protected = { 
   (space      = A;
    GC date    = 12;
    protectNow = 6)}

Protected = { 
   (space      = B;
    GC date    = 10;
    protectNow = 6)}

(C,LOCALMIN,12,6)

(B,ACK,12,6)

(A,THRESHOLD,10)

(A,STUBDATES,12,{10,2})

A B

C globalmin = 6

localmins: A -> 6
           B -> 6

Figure 9: After a new lo cal garbage collection in B, localmin

B

is set to 6, and globalmin is increased to 6. Th us, the free

cycle mark ed with 2 will b e collected since its date is no w smaller than globalmin .

to other spaces, whic h will con tin ue to protect the dates that

the lost LOCALMIN messages w ould ha v e protected.

Crashed spaces (or spaces that are to o slo w to resp ond)

are handled b y the detection serv er, whic h can exclude an y

susp ected space from the detection pro cess b y sending a sp e-

cial message to all participating spaces. The participating

spaces set the sciondate s for scions whose matc hing stubs

are in the susp ect space(s) to NOW , and remo v e all en tries for

the susp ected spaces in their Protected Set s.

Finally , the detection serv er ma y also crash. This do es

not stop acyclic garbage collection, and only delays cyclic

garbage collection. A detection serv er can b e restarted, and

dynamically rebuild the list of participating spaces through

some sp ecial reco v ery proto col. It then w aits for eac h par-

ticipating space to send a new localmin v alue b efore com-

puting a new up-to-date v alue for globalmin .

6 Analysis

W e can estimate the w orst-case time needed to collect a

newly unreac hable cycle. It is the time needed to propagate

dates greater than those on the cycle to all reac hable stubs.

Assuming that spaces p erform lo cal garbage collections at

appro ximately the same rate, w e de�ne a p erio d to b e the

time necessary for spaces to p erform a new lo cal garbage

collection. The time needed to collect the cycle is equal to

the pro duct of the length of the largest c hain of reac hable

references b y the p erio d:

time

collection

= max

leng ths

� time

per iod

W e can also estimate the n um b er and the size of the mes-

sages that are sen t after a lo cal garbage collection. There is

one LIVE message (sen t b y the SSPC garbage collector), plus

one STUBD A TES message and one THRESHOLD message

sen t for eac h space in the immediate vicinit y . The �rst t w o

messages can b e concatenated in to a single net w ork message.

Hence there are only t w o messages sen t for eac h space in the

vicinit y . The STUBD A TES message con tains one iden ti�er

and one date for eac h liv e stub referring to the destination

space, plus the SSPC threshold time-stamp. The THRESH-

OLD message con tains only the CyclicThreshold v alue for

the destination space.

One LOCALMIN message is also sen t to the detection

serv er, and one A CK message sen t bac k from the serv er.

The Protected Set con tains triples for eac h space in the

vicinit y . F or a space X in the vicinit y of Y , the n um b er

of triples for X in the Protected Set of Y is equal to the

n um b er of lo cal garbage collections that ha v e o ccurred on Y

since the last garbage collection on X . If the frequencies of

the garbage collections in the di�eren t participating spaces

are similar, the Protected Set should not gro w to o m uc h.

If one space requires to o man y garbage collections, and its

Protected Set b ecomes to o large, it should a v oid p erform-

ing cyclic detection after eac h garbage collection (but not

stop garbage collections) un til su�cien t en tries in its Pro-

tected Set ha v e b een remo v ed.

Finally , a v ery large n um b er of spaces ma y use the same

detection serv er. The serv er only con tains t w o dates p er

participating space, and the computation of the minim um

of this arra y should not b e exp ensiv e.

7 Implementation

Our algorithm has b een incorp orated in to an implemen ta-

tion of the SSP Chains system written in Ob jectiv e-CAML

[5 ], using the Unix and Thread mo dules [6].



The Ob jectiv e-Caml implemen tation of SSPC consists of

1300 lines of co de, of whic h 200 are asso ciated with the cyclic

GC algorithm. The propagation of dates b y tracing w as

implemen ted as a minor mo di�cation to the existing Caml

garbage collector [2 ]. The Mark from root(roots) func-

tion w as c hanged in to Mark from root(roots,date) , whic h

marks stubs reac hable from a set of ro ots with the giv en

date. This function is then applied �rst to the normal lo cal

ro ots with the curren t date (whic h is alw a ys greater than

all the dates on scions), and then to sets of scions sorted

b y decreasing dates. Eac h reac hable stub is therefore only

mark ed once, with the date of the �rst ro ot from whic h it is

reac hable.

Finalization of stubs (required for up dating the thresh-

old when they are collected) is implemen ted b y using a list

of pairs. Eac h pair con tains a w eak p oin ter to a stub and a

stubstamp �eld. After a garbage collection, the w eak p oin t-

ers are tested to determine if their referen t ob jects are still

liv e. The stubstamp �eld is used to up date the threshold

if the w eak p oin ter is found to b e dangling.

The Protected Set is implemen ted as a FIF O queue for

eac h participating space. The head of the queue con tains the

ProtectNow v alue, whic h can b e mo di�ed b y the m utator

b et w een lo cal garbage collections. When a THRESHOLD

message is receiv ed, en tries are remo v ed from the tail of the

queue un til the last en try has a date greater than the one in

the message. Finally , localmin is computed as the minim um

of all en tries in all queues.

Ob jectiv e-CAML has high-lev el capabilities to automat-

ically marshal and unmarshal sym b olic messages, easing the

implemen tation of complex proto cols. Some mo di�cation

of the compiler and the standard ob ject library w as needed

to enable dynamic creation of classes of stubs and dynamic

t yp e v eri�cation for SSPC. Ho w ev er, these mo di�cations are

not related to either the acyclic GC or the cycle detector al-

gorithm.

8 Related w o rk

8.1 Hughes'algo rithm

Our algorithm w as inspired Hughes' algorithm. In Hughes'

algorithm, eac h lo cal garbage collection pro v ok es a global

trace and propagates the starting date of the trace. Ho w-

ev er, the threshold date is computed b y a termination al-

gorithm (due to Rana [11 ]). The date on a stub therefore

represen ts the starting date of the most recen t global trace

in whic h the stub w as detected as reac hable. If the thresh-

old is the starting date of a terminated global trace, then

an y stub mark ed with a strictly smaller date has not b een

detected as reac hable b y this terminated global trace. It can

therefore b e collected safely .

Ho w ev er, the termination algorithm used in this algo-

rithm requires a global clo c k, instan taneous comm unication,

and do es not supp ort failures. Moreo v er, eac h lo cal garbage

collection in one space triggers new computations in all of

the participating spaces. Suc h b eha vior is not suitable for a

large-scale fault-toleran t system.

8.2 Recent w o rk

Detecting free cycles has b een addressed b y sev eral researc hers.

A go o d surv ey can b e found in [10 ]. W e will only presen t

more recen t w ork b elo w.

All three of the recen t algorithms are based on partition-

ing in to groups of spaces or no des. Cycles are only collected

when they are included en tirely within a single partition.

Heuristics are used to impro v e the partitioning. These al-

gorithms are complex, and ma y b e di�cult to implemen t.

Moreo v er, their e�ciency dep ends greatly on the c hoice of

heuristic for selecting \susp ect ob jects".

Mahesh w ari and Lisk o v's [7 ] w ork is based on bac k-tracing.

The group is traced in the opp osite direction to references,

starting from ob jects that are susp ected to b elong to an

unreac hable cycle. An heuristic based on distance selects

\susp ected ob jects". If the bac kw ard trace do es not en-

coun ter a lo cal ro ot, the ob ject is on a free cycle. Their

detector is async hronous, fault-toleran t, and w ell-adapted

to large-scale systems. Nev ertheless, bac k-tracing requires

extra data structures for eac h remote reference. F urther-

more, ev ery susp ected cycle needs one trace, whereas our

algorithm collects all cycles concurren tly .

Ro drigues and Jones's [12 ] cyclic garbage collector w as

inspired b y Lang et al.[4 ], dividing the net w ork in to groups

of pro cesses. The algorithm collects cycles of garbage con-

tained en tirely within a group. The main impro v emen t is

that only susp ect ob jects (according to an heuristics suc h

as Mahesh w ari and Lisk o v's distance) are traced. Global

sync hronization is needed to terminate the detection. It is

di�cult to kno w ho w the algorithm b eha v es when the group

b ecomes v ery large.

The DMOS garbage collector [9] has some desirable prop-

erties: safet y , completeness, non-disruptiv eness, incremen-

talit y , and scalabilit y . Spaces are divided in to a n um b er of

disjoin t blo c ks (called \cars"). Cars from di�eren t spaces

are group ed together in to trains. Reac hable data is copied

from cars in one train to cars in other trains. Unreac hable

data and cycles con tained in one car or one train are left

b ehind and can b e collected. Completeness is guaran teed

b y the order of collections. This algorithm is highly com-

plex and has not b een implemen ted. Moreo v er, problems

relating to fault-tolerance are not addressed b y the authors.

9 Conclusion

W e ha v e describ ed a complete distributed garbage collector,

created b y extending an acyclic distributed garbage collector

with a detector of distributed garbage cycles. Our garbage

collector has some desirable prop erties: async hron y b et w een

participating spaces, fault-tolerance (messages can b e lost,

participating spaces and serv ers can crash), lo w resource

requiremen ts (memory , messages and time), and �nally ease

of implemen tation.

It seems w ell adapted to large-scale distributed systems

since it supp orts non-participating spaces, and consequen tly

clusters of cyclically-collected spaces within larger groups of

in terop erating spaces.

W e are curren tly w orking on a new implemen tation for

the Join-Calculus language. F uture w ork includes the han-

dling of o v erlapping sets of participating spaces, proto cols

for serv er reco v ery , and p erformance mesuremen ts.
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