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Abstrac t

W e desc rib e a new i n c rem en ta l a lgo rithm f or the co n c u r-

re n t recla m atio n of a prog ram ' s a llo ca t e d , y et unreac hable ,

data . Our a lgo rithm is a v ari an t of m ark- &-sw e ep col lec-

ti on t ha t |unlik e p r ior desi gns|run s m utato r, m a rk er, a n d

s w eep er threads co n c u rren tly wi t hout ex pli cit �n e-gra in syn -

c hroniz atio n on shared-m em ory m ulti p ro cess ors . A gl obal ,

but i n f req uen t, s y nc hroniza t i on co o rd i n a tes th e p er-ob j ect

co lo ring m a rk s u s ed b y the three threads; �ne-grai n sy nc hro-

niza tion is a c h i ev ed wi th o u t lo c k i n g v ia t he basi c m em ory

co nsistency g u a ran tees com m o n l y pro v i d e d b y m ultipro ces-

s or h a rdw are. W e h a v e im plem e n ted t w o v ers ions of th i s

a lgo rithm (cal led V C GC ): in the Inferno o p erating system

a n d in the S M L/NJ ML com pil er. M eas u rem e n ts, c om pared

to a sequen ti al genera tional co lle ctor, ind i cate th a t V CGC

ca n sub s t a n ti all y re d uce w orst-cas e pause l atencies as w el l a s

re d uce o v e rall m e m ory usa ge. W e rem ark t hat the deg rees of

f reedom on th e rates of m a rk i n g and sw eeping e n a b l e explo-

ra tion o f a range of reso u rce tradeo�s, but m ak e s \o pt i m al"

tuning for ev en a sm a ll set of a p pli catio n s di�cult.

1 I ntro du ction

G arbage co ll ection|th e a u to m atic recl am ati on o f a pro-

g ram 's sp en t and unreac hable stora ge|is a v a luable s y s t e m s

i m p l em en ta tion tec hn i q ue. B y autom a tical ly iden tif y i n g ac-

ce ssi b l e and h e n ce p o ten ti all y i n -use data , garbag e co llec t i on

(GC ) shoulders the error-prone task of m e m ory a ll o ca t i on

a n d d ea llo ca t i on f or th e prog ram m er. In doi n g s o, G C can

i m p ro v e co de q ual it y and prog ram m er pro ductiv i t y .

In additio n to the b ene�t of pro v i d i n g a h i gh degre e of

s afe t y at th e la n g uage l ev el , ga rbage co lle ction b ecom es vi-

ta l i n system s where ind e p enden t , p erhaps u n tru s ted , pro-

g ram s m u st e�cien tly co e x i st in a shared a d dress space .

In a dis tribu ted sy s tem , f or ex a m ple, c o de can m i gra t e b e-

t w e en c om pu te no d e s and m a y n ee d to cros s se cu ri t y m em -

branes [ 10, 15] . An im p o rt e d piece o f co d e m a y need t o

s h a re s t o rag e w ith other i m p orted co d e ; it is th e op era t i n g

s y stem ' s resp onsi b i lit y to rec o v er suc h s torag e only w h en n o

prog ram s | l o ca l or re m ote|h a v e l iv e p o in ters in t o it. In

a system w ith GC , prog ram s cannot g en e rate a p oin ter to

data th e y d o not o wn; this el im inates a la rge clas s o f secu-

rit y p ro b l em s wi th o u t the im p os ition (b y th e hardw a re and

OS ) of m e m ory protecti on.

Ga rbage c oll ection, ho w ev er, incurs cos ts th a t m a nifes t

them sel v es as c om binations of increas ed m em ory usag e, ru n-

tim e o v erhea d s o n da t a acce sses , and long latencie s th a t

disrupt a progra m 's executio n . The requ i rem en ts of l arge

m em o ry a n d f as t p ro cess or re n der m a n y curren t GC im ple-

m en tatio n s u n u s able o n s m all clie n ts ( e.g. , m o b i le co m m uni-

ca t o rs); l ong col lecti on l atencies i m p a ir d e p l o y m e n t of GC in

prog ram s th a t require som e degree of \ real ti m e " op erati on

( e.g. , c om m un i catio n s proto col s s u c h as F o x [5 ] or in ter ac-

tiv e wi n do w system s). C on v en tional stop-& -cop y coll ectors

[9 , 2 2], for ex a m p l e, requ i re substan tial additio n a l sto rage

f or m aking copies o f liv e data . Ev en hig h -p erfo rm ance gen-

era tional c oll ectors [ 25, 2 7, 1 8] p erio dica lly s iph o n al l data

f rom m em o ry through the p ro ces sor a n d i n to a n o th e r area

in m em ory . M ark -&- s w eep coll ectors ( e.g. , [19 , 7, 4] ) , o n th e

other hand , h a v e the dis adv an tag e t ha t they m ust con tin u-

al ly step through the en t i re se t of free and in- use p ro gra m

ob j ects.

T o add re ss g arbag e col lectio n ' s inheren t costs , col lecto r

desi gners incorp or ate c onc urr e ncy in to th ei r des igns ( e. g . ,

[4 , 2 , 23 , 1 2, 1 1, 26, 7] ) b o th to in terl ea v e com putatio n w ith

co llec t i on (thereb y reducing GC l atencie s) and to del ega t e

the t a sk o f GC t o add i tional pro cess ors in a paral lel m a c h i n e

(th e reb y standing to im pro v e o v er all p erf orm a n c e). Exist-

ing c oncu rre n t GC alg orithm s l o os ely fa ll i n to o n e o f t w o

cl ass es: v a ria tions o n m ark -&- s w eep co llec t i on ( e.g. , [ 7, 26] )

and i n cre m en ta l s top- &-cop y coll ectors ( e.g. , [11 , 2 , 23, 1 2]).

Pra ctica l m a rk -&- sw eep desig ns to d a te do not e x p os e m ax-

im a l concurren c y : sw eeping m ust strictly f ol lo w m arking,

they ca n not o v e rlap in ti m e. (La m p o rt [ 17] a n d Qu ei n nec,

et al. [24 ] desc rib e a p proa c h e s that do o v e rlap m a rk i n g and

sw eeping. A s w e discuss ( x 3), th e ir a p proa c hes a re i m p ra cti-

ca l d ue to q uadrati c- tim e m a rk i n g a n d � ne-gra in m utator{

m ar k er s y nc hroniza t i on.) Increm en t a l stop- &-cop y coll ec-

tors , o n t he o th er h a n d, still requ i re th e la rge m em o ries

inheren t in genera t i onal co llec t i on.

T h i s pap er's alg ori t hm |cal led V ery Co ncu rre n t Ga rb a ge

C oll ectio n (V C GC )| a lso u s es co n currency t o o�set G C's

co sts, bu t do es so w ith a v a riati on on t he m a rk -& -sw eep

al go rithm th a t, u nli k e its predeces sors , has b o th of th e fo l-

lo wing prop ertie s:

1. m u ta tion, m a rk i n g , a n d s w eeping o ccur in paral lel as

th re e s ep a rate th r eads; and

2. no sy nc hroniza tion is requ i red b et w ee n th e m utator,

m ark er, and sw eep threa d s.
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B y \no s y nc hronizati on" w e m ea n no l o c ks, criti cal s ectio n s ,

f etc h -and- a d d prim iti v es, et c. W e as sum e only that the com -

puter's m em ory system p erf orm s m ac hine-w ord w rites atom -

i cal ly ; that is, i f lo cati on M hol d s x b ef ore y i s written t o

M , re ads o f M at a n y p oi n t in the co m pu tati on and fro m

a n y pro cess or wi ll return ei t her x o r y , bu t nev er a n \i n ter-

m edia te" v a lue (suc h as the high bits of x and the lo w b i ts

o f y ). C on tem p o rary m u l tipro ce sso r com put e rs pro v i d e th i s

f orm of m em o ry ato m icit y .

Our a lg orithm do es req uir e i n f req uen t g loba l ba rrier syn -

c hroniz atio n e v en ts to dem a rcate the a lgo rithm 's p has es|

exp erim en ts indica te th a t s u c h ev en ts a re separa ted in ti m e

b y m an y m il lio n s o f instructions. A to m ic m ac hine- w ord

w rites, and infrequen t b a rriers , su�ce to syn c hro n i ze the

V CGC a lgo rithm fo r m ultipro c esso r op era tion. Ex tensi on

o f t he alg orithm to m u l tiple m utator th re ads neces sita t e s

s y nc h r onizati on on a ll o ca t i on w h i c h m a y b e a v oi d ed in part

b y a llo cating f rom m ultiple li sts or i n m ultiple are n a s sim ul-

ta n eo u s ly ( x 2 .4 and x 4 .2 ) .

V CG C, as d o o th er concurren t col lector s [ 28, 13 ], re-

quires a write (or read) barri er a s a m ec hanis m wi th whic h

the m u ta t o r com m un i cates da t a - g raph c hang es to th e c ol-

l ector. Ou r wri t e barrie r is as y nc hronous (non-b l o c king)

a n d requires no in ter - pro ce sso r co o rd i n a tion a side f rom the

a fo rem en ti oned m em ory a tom ici t y . W e pro vide C so u rce fo r

this barri er i n an app e n dix.

W e h a v e bu i lt t w o V CG C im plem en tatio n s to dem o n -

s t r ate that th i s alg orithm is v i able in rea l system s. The

s y stem s d i � er ra d i cal ly i n the c h a racteri stics (si ze, l ife t i m e)

o f the da t a t hey construct. This i n dica tes that V C GC m a y

b e app l icable to a wi d e range of system s req uiri n g auto-

m a tic s torag e m a n a gem e n t. S i n ce m arking and sw e ep i n g

o ccur concurren t l y , t hei r resp ectiv e rates m a y b e a d j usted t o

\ tu ne" m e m ory usa ge, pause l atency , and ex ec u tio n s p eed.

Our �rst im plem en tatio n is i n Infe rn o [15 ]. Infer n o is a dis-

tri b uted o p er ating system that sup p o rt s m o b i le co de. Stor-

a ge is co lle cted b y a ref erence- c oun ting co lle ction sc hem e

a u g m en ted with V CG C; refe ren c e co u n ting ass u res the i n -

s t a n t recl am ati on o f la rge ob j ects ( e.g. , bitm aps) and V CGC

re clai m s the c y cl ic s tru ctures th a t elude ref erence coun ting .

Via V CGC , I nf ern o i s able to o v erl ap l ength y t ra n s actio ns

(I/O and com m un i cati on) w ith col lectio n. F o r ex a m p l e, u s er

i n put in I nf ern o o ccurs concurren t l y wi th GC .

Our s econd i m p l em en t a tion is in th e Stand a rd ML of

New Jerse y co m p i ler [ 3] w h e re w e repla ce SML/ N J 's m ulti-

g eneratio n a l sto p -&- co p y col lector [ 25 ] wi t h V C GC . T h i s

V CGC im plem en tatio n uses a n a llo cati on a rena (esse n tia lly

a zero - th g eneratio n) as a b u�er; m ost ob j ects do not s u r-

viv e ea rly genera t i ons [ 18] and hen c e their a llo cati on fro m

a s torag e lis t ca n b e a v o ided . Em piri cal co m p a riso n , on a

unipro ce ssor , of V CG C a n d SML/NJ' s ge n era tional col lec-

to r co n s isten tly �n ds la rge redu cti ons (3 X { 7X) in t he length

o f m a x i m um G C pauses wi t h V CGC . Ma x i m um V CGC

pauses a re i n the t ens of m i lli seco n ds v e rsu s h undr e ds fo r

s t o p- &- c op y genera t i onal co llec t i on. W e als o � nd s u bsta n -

ti al red uctio n in o v era ll m em ory usa ge|o v er 35 % f or one a p -

pli catio n . T h e dram a tic im pro v em e n ts in p a u s e a n d m em ory

p erf orm a n ce , h o w ev e r, com e a t th e pri ce of increas ed ex ec u -

ti on tim es . W e a rgue that V C GC' s p erf orm a n ce in SML/ N J

i s com para b l e to that of tra d i t i onal m a rk and sw eep c ol-

l ectors [19 , 7, 4] and that f u rther sp eed ca n b e g otten b y

executio n on a m ulti p ro cess or.

T he m ai n con tribut i on o f this pap er is t he V C GC alg o-

ri th m ; i t is descri b ed in the next se ction. W e disc u ss rel ated

l iterature i n Secti on 3. Sectio n 4 descri b es th e t w o V CGC

i m p l em en ta tions and prese n ts results.

2 V C GC Algo rithm

Here w e d e scrib e the V er y C oncu rr en t Ga rbage Col lecti on

al go rithm . W e �rst rev i ew the co n v en ti onal f ree- l ist al lo ca-

tio n that u nderli es V C GC' s all o ca tor. Second, w e gi v e th e

V CGC al gori th m f or a pu re ly fun cti onal m utato r, th a t is,

f or p ro gra m s wi t ho u t m u ta b l e state (refe ren c es). In Sec-

tio n 2 .3, w e then e x tend the cor e alg orithm to adm it m uta-

tio n via ref erences. Fi n a lly , w e d e scrib e ho w th i s a lgo rithm

ca n supp o rt m ultiple m ut a tor th rea d s ( x 2 .4).

2.1 F ree-list A ll o c a tion

V CGC re q uires a c on v en t i onal f ree-lis t a llo cato r that con-

ceptuall y w orks as fo llo w s. (I m ple m en tati ons ca n a v oi d m uc h

of the o v erhea d t ha t genera l f ree-lis t al lo cators incur; Sec-

tio n 4 descri b es th e all o ca tor optim i zatio n s w e i m p l em en t e d . )

Up o n initia liza tion, a fre e- l ist a llo cato r p a rcels th e m em ory

a v ail able f or fre e- l ist a llo catio n i n to o ne or m ore initial ly

f ree b l o c ks .

1

F r ee blo c k s are li n k ed to f orm th e f r e e li s t . A

requ e st fo r sto rage (b y th e m u ta t o r) sca n s th e free lis t fo r

a b l o c k th a t ful�ll s the requ es t. I n the si m p l est sc hem es

2

,

up on � nding the �rst suc h b l o c k, th e all o ca tor rem o v es i t

f rom th e fre e l ist and hands it to the req ues t e r. When a

blo c k is iden ti�ed (b y th e sw eep er) as no longe r i n use, it is

ag ai n plac ed o n the free li st. W e re q uire that it b e p o ssible

to � nd a ll b l o c ks i n th e system and d e t e rm ine, for a giv en

blo c k , w h ether or n o t i t is curren tly a llo cated.

2.2 F unc tiona l Algo rithm

Fi gure 1 con tains th e functional V C GC al gor ith m . V C GC

op era tes in ep o chs . The curr ent ep o ch i s th e ep o c h de-

noted b y the in tege r v ari able e poch (line a ).

3

An e p o c h

crea tes t hree co n curren t threads (lines e,f ,g ) fo r the m u-

tato r, m a rk er, and sw eep er. W e des crib e t hem separa tely

b elo w. An ep o c h i m aps to o n e o f th re e c olo rs b y th e f u nc-

tio n :

CO LOR( i) � i m o d 3

All data (all o ca t e d o b jects ) that a re in u s e ( i .e. , not on th e

f ree list) carry one o f th e three colo rs.

2.2.1 Muta to r

T h e m utato r is the a p pli catio n p ro gra m . It is p a ram eteri zed

b y the colo r of the curren t ep o c h , c all ed the mutat or c olor

(li n e e in Fig ure 1). It a llo cates data b y req ues t i n g space

f rom the free-li st a llo cato r ( x 2 .1). Data th us all o ca ted are

co lore d w ith th e m u ta t o r co lor giv en b y COL OR(e poch) . Only

w h en no free b l o c k is a v a il able need the m utator w ai t fo r th e

sw eep er to re clai m one. O b j ects w ith m utato r col or m u s t

b e retained at l eas t through the en d of the c u rren t e p o c h.

T h er e are no d a ta rac es w ith t he m a rk er o r sw eep er si n ce

the m u ta tor is \co lo r b l ind . " I t o nly ta gs n ew ly al lo c ated

data with the curren t ep o c h's col or; it do es not e x am i n e

co lors a s it tra v erse s da t a .

M u tato r- s w eep er s y nc hronizati on on fre e- l ist a ccess es ca n

b e a v o ided b y m ai n ta ining t w o free - li st p o in ters|one fo r

1

T h e term s \blo c k" and \ob je ct" ma y b e read in te rc h angeabl y .

W e u s e th e term \b lo c k" for s torage with con t en t anon ym o u s to the

op e ration b e ing de scrib ed .

2

Exte nsions to th is all o cation sc h em e can sel ect b lo c ks based on

b e st � t rath er than �rst �t, coale s c e adj ace n t f ree b lo c ks, etc. Se e

Kn u th [14] f or f urth er de tails.

3

T h e �r s t e p o c h is n um b ere d \2" to a v oid \ n egativ e " e p o c hs in

color c ompu tations. T h e ep o c h v ariabl e is a \ big int " that do e s not

wra p . T hi s d ec laration is s ole ly e xp ository sinc e only th e thre e m os t

rec en t ep o c h s (inc lud ing the cu rren t one ) ne ed b e distingu ished ; t w o

bits of s t a te s u � c e for this in prac tice .
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( a ) big in t epoc h = 2;

( b ) ro ot set t r oots = f g ;

( c ) thr e ad t muta tor, mark er, sweep er;

( d ) forev er f

( e ) m utat or  mak e thr e ad m utat e(CO LOR(e poch ));

( f ) m arke r  mak e t hread ma rk(r oots , COL OR(e poch) );

( g ) s weep er  mak e thr e ad s weep (COL OR(ep och- 2));

( h ) b arr ier sy n c f marke r, s weepe r g ;

( i ) / * in vari ant: all reac habl e da ta ha ve C OLOR( epoc h) * /

( j ) susp e n d thr e ad m utat or;

( k ) r oots  get ro ot s ( muta tor) ;

( l ) d e l e t e th reads f mu tato r, m arker , sw eeper g ;

( m ) e poch ++;

g

Fig ure 1: T h e V C GC al g ori thm op erate s as a se ries of e p o c h s . An ep o c h conc urre n tly (1) run s the m utator, (2) mark s , with the cu rren t

ep o c h' s c olor ( COLOR(ep och) ), all data that w ere re ac hab le in t he pr eviou s e p o c h , and (3) rec laim s an y data mark e d with COLOR (epoch-2 ) , the

m utator color of t w o ep o c h s ago. The f unc tion COLO R(i) is d e�n ed as ( i mo d 3) .

m utator a llo cati on a n d th e o th e r f or sw eep er recla m atio n.

T h us, this pro d ucer-consum er h a n do� c an o c cu r without

explici t syn c hro n i zatio n . (I m ple m en ta t i on detail s o f suc h a

m ec ha n i sm a re in Sectio n 4. 2.1 .)

2.2.2 M a rk er

T h e m a rk er th rea d is a lso para m eterized b y the c u rren t

ep o c h ' s m utato r co lor (line f in Fi gure 1 ). I t is resp onsi b l e

f or bringing rea c h a b l e da t a f rom the l ast ep o c h \up to date" ;

these a re d a ta th e m utator ca n re ac h a nd hence incorp ora te

i n to new da t a structu res . On ce initial ized b y th e m utator ,

o nl y the m ar ker may alte r an o bj e ct's c olor . This is c en tra l

i n all o wi n g us to disp ense wi t h a ll �n e-gra in sync h ro n i za-

ti on. The m a rk er r ecu r siv ely tra v er ses da t a rea c h a b l e fro m

the m utator' s r o ot set

4

of the prev i ous ep o c h . T his ro ot set

i s co p i ed fro m the m utator at the end of a n ep o c h (li n e k )

f or u s e b y the m a rk er in th e nex t ep o c h.

T he m ark er ca n reac h data th a t h a v e e ith e r th e p re v io us

ep o c h ' s colo r ( CO LOR( epoch -1) , ca lle d th e marke r c ol o r ) o r

the curren t ep o c h ' s co lo r ( COLO R(ep och) , th e m u ta tor co lo r).

F or ea c h datum d en co un tered, th e m ark er theref ore do e s

o n e of t w o things. If t he co lo r of d is the m ark er co lor, d ' s

co lo r i s c h a n g ed to the m u ta t o r colo r and data rea c h a b l e

f rom d a re re cu rs iv e ly m ar k ed i n th i s fa shion. Otherwi se, if

d 's colo r is the m utato r co lo r, d is not c hanged or further

exam i n e d . In th i s la t ter ca se, d w a s|d uring this ep o c h|

previousl y ex a m ined b y th e m ut a tor and d 's descendan t s a re

kno wn t o ha v e b ee n m ark ed .

5

When th e m ark e r com pletes , th e in v aria n t that \ all reac h-

a b l e data ha v e t he m utator co lo r" (li n e i ) hol d s. Note that

i n the curren t e p o c h the m a rk er w ill n ev er encoun te r d a t a

w ith CO LOR( epoch -2) b ecause at th e end o f t he p re v io us

m a rk phase (a n d ep o c h) al l rea c h a b l e d a ta m ust h a v e had

C OLOR( epoc h-1) .

T here is n o m utato r- m a rk er ra ce si n ce t he m a rk er' s only

visi b l e s ide e � e ct is to c hange col ors on o b jects tag ged with

the previous ep o c h's col or. A s n o ted ab o v e, th e m u ta t o r i s

o b l ivious to col ors.

4

All li v e d ata is re a c habl e f rom th e r o ot se t . T h is set u s u ally

consists of p rogra m register s and stac k en tri es.

5

With ex tension to ref ere nc es ( x 2.3), data with the m utator's color

coul d a l s o ha v e b e en al lo cate d in the c urre n t ep o c h.

2.2.3 Sw ee p er

T h e s w eep er threa d i s param e t e rized b y CO LOR(e poch -2) ,

ca lled th e s we ep e r c olor (line g i n Fi gure 1). I t exam -

ines ev ery blo c k o f s torag e i n the s y stem . I f blo c k b has

sw eep er co lo r it m a y b e d e all o ca ted and return ed to th e

f ree lis t ; recl am ati on o f b i s s af e b ec ause n ei th e r the m u-

tato r nor m a rk er can rea c h i t. If b h a s CO LOR( epoch ) o r

CO LOR(e poch -1) , it i s skipp ed b eca use it i s stil l p oten tial ly

in u se . ( B lo c k s wi th m ark e r co lor ( COLO R(ep och-1 ) ) w ill

ei t her b e m a rk ed w ith COLO R(epo ch) during this ep o c h if

rea c h a b l e f rom the ro ot set o r th e ir co lo r rem ai n s un c hange d ,

indica t i n g th a t t hey h a v e b eco m e ga rb a ge. Ga rb a ge th u s

iden ti�ed wil l b e detected b y the sw eep er in the nex t ep o c h . )

It is s im ple m a tter f or an im ple m en ta t i on to m ak e re clai m ed

f ree li sts a v ail able f or m utator all o ca t i on wi th o u t explici t

sync h ro n i zatio n ( x 4).

T h er e i s n o s w eep er-m u ta tor race and no sw eep er-m ark e r

ra ce si n ce t he s w eep er re ads co lors b ut do es n o t wri t e t hem .

T h e o n l y col or th a t m a y c hange fro m \ un derneath" th e

sw eep er is a m ark er co lor c hangi n g to the m utato r col or (re-

ca ll, o n l y th e m a rk er m a y c h a n g e an ob jec t ' s col or). M ark e r

and m utato r co lors a re, ho w ev er, ig n o red b y the s w eep er;

the a tom ici t y a ssum ption ( x 1) co n s trains th e v a lues read to

v a lid c olo rs. The sw eep er o n l y m o di�es ( re clai m s) blo c k s

w ith C OLOR( epoc h-2) , w h i c h a re inacces sible to th e m uta-

tor and m a rk er.

Note that the i n terpretati on of a concrete colo r c hanges as

the ep o c h c h a nges. During e p o c h i , fo r exam ple, al l data

tag ged wi th CO LOR( i) are l iv e b e cause they w ere al lo c ated

b y th e m utator in th i s ep o c h or w ere m ark ed b y the m ark e r

w ith this colo r si n ce t hey w ere re ac hable f rom the la st ro o t

se t . Data t a gg ed w ith COL OR(i- 1) m a y or m a y not b e en-

co u n tered b ef ore ep o c h end b y th e m ark er and m ark ed w ith

CO LOR(i ) dep end i n g on w h e t her or not they are reac hable

f rom th e ro o t s et. Data tag ged wi th C OLOR( i-2) wil l b e re-

cl aim ed b y th e s w eep er du ri n g ep o c h i ; suc h data w ere n o t

m ar k ed i n ep o c h i � 1 si n ce they w er e unreac hable to th e

m ar k er, and hence to t he m u ta tor.

When the sw ee p e r a n d m ark e r threads ha v e co m p l eted

their tra v ersa l o f t he s y s t e m 's blo c ks and of the prog ram 's

li v e data resp ec t i v el y , they rend e zv o u s a t a barri er s y nc hro-

niza t i on (line h ). This barri er is the only s y nc h ro nizati on
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i n the a lgo rithm and o ccurs v ery infrequen tly (only af ter

co m plete m ark er/s w eep er pas ses). A l l wri t e s b y al l th rea ds

m ust com plete b ef ore th e barri er ex i ts t o en s u re that al l

m a rk er recol orings are v i sible to the nex t ep o c h's sw ee p er .

A t this p oi n t t he m u ta t o r t hrea d is susp ended and the m u -

ta t o r's ro o t set is copied a n d reta ined for m arking in the

next ep o c h (line k ). T h rea d sta t e is res et (l ine l ) and the

next ep o c h en t e red (li n e m ).

2.3 E x tension to R e ferenc e s

State, i n th e f orm of m ut a b l e refere n ce s, p oses proble m s

f or concurren t

6

g arbag e co lle ctors since a sub g raph G

0

of

the d ynam ic data g raph G m a y b ecom e tem p ora rily d i sco n -

nected fro m G . Since a c oll ector' s m ark i n g p has e tra v erse s

G , sub g raph G

0

m a y n o w no t b e encoun t e red and prop erly

m a rk ed. Y et G

0

m a y la ter b e reco n nected to G in a pla ce

a lrea d y visi t e d b y th e m ark er. In th i s s cenario G

0

h a s b e-

co m e i n a cces sible to t he m ark e r b ef ore b e ing m a rk ed. T h i s

ca n result in G

0

's data b e ing i n c orrectl y recla im ed w h i le stil l

l iv e .

F o r V CG C, the ref erence p ro b l em m anif ests its elf a s f ol-

l o ws . Du ri n g e p o c h i , the m u ta tor fe t c hes the con ten t v of

re ference cell r . It r etains v (p erhaps in a reg ister) b efo re

up d a ting r with v

0

. T h a t i s, th e m utator redir ects r 's li n k

f rom p o in ting to v to p o in ti n g to v

0

. Data rea c h a ble f rom v

i s s t i ll li v e, but p oten t i al ly inacce ssi b l e to th e m ark er s ince

the m ut a tor m a y ha v e altere d the gr aph re ac hable f rom the

ro ots. T hat is, r m a y ha v e hel d th e o n l y ref erence to v

a n d th e m a rk er m a y not h a v e rea c h ed and m a rk ed v (v ia

r ) b efo re th e m utator repla ced it wi t h v

0

. The sol u ti on t o

this problem is to requ i re the m utato r to co m m unica t e the

re p l aced co n ten t v as a r o ot to the concurren tly runn i n g

m a rk er th rea d.

7

I n parti cu l ar, t he m ark e r m ust pro c ess th i s

new ro ot b e fore ep o c h i + 1 c an co m m ence. In Wi lso n ' s

cl ass i�catio n [28 ], V C GC i s a snaps hot -at -t he- b e g i nning al-

g orithm since it reta in s t he data rea c h a b l e fro m the ro o ts at

the b e ginning of an ep o c h i n to the next ep o c h .

Note t ha t u nli k e co n v en ti onal concurren t m a rk -&- s w eep

a lgo rithm s [7 ] and including desig n s th a t m ark during s w eep

[ 17, 2 4], V C GC requ i res that th e repla ced ob j ect|and not

the t a rget of the redirecti on| b e m ark ed ( cf. Dijkstra , et

a l . 's sha de op erati on [ 7]).

F igure 2 i s t he functional V CGC a lgo rithm extend ed t o

s u pp ort ref erence up date. B efo re a n u p date to a refere n ce ,

the m ut a tor pla ces the curren t con t e n t o f the refe ren c e in

a s tor e s et . The m a rk er m arks ele m en ts in the store set in

the sa m e m anner as it m ar k s ro ots in th e r o ot s et ( x 2. 2.2 ).

T h e di�erence is t ha t elem e n ts m a y app ear in the s tore set

a sync hr on ously d uring an e p o c h. The whil e l o op h a n dle s

the (exp e cted l y ra re) cas e of m ark er com pleti on fo llo w ed b y

a m u tato r store-se t i n s ertion im m e d i ately b efo re m u ta t o r

s u s p e n si on. N o te th a t the sw ee p e r i s com plete b ef o r e the

w hile lo op and need not b e res tarted in the l o o p b o d y b e-

ca use neither m utator n o r m ark er ca n generate th i s ep o c h ' s

s w eep er col or.

T o circ u m v en t a ll �ne- g rai n m utator/ col lecto r sy nc hro-

niza tion in V CG C, the s tore set (wri t e barri er) i s im ple-

m en ted a s a n o n -blo c king st or e l ist . (A C im ple m en ta t i on

o f suc h a s t o re lis t i s in the app e n dix.) Du ri n g an ep o c h the

m utator builds a li n k ed l ist of store ro ots, wi th new sto re

6

R e fe ren ce s p ose proble ms i n c on v en ti onal stop-&-cop y colle ctors

as w e ll sinc e p oin ters from o l der to y oun g e r gene rations (du e to ref -

ere nc e up d ates) ma y in tro du ce ad dition al ro o t s .

7

An optim iz ation is p os sib le whe n v 's col or is the m utator c olor:

v n ee d not b e com m un icate d as a r o ot s in ce it and th e data re ac habl e

from it ha v e b ee n, or will b e, e ncou n tere d b y the m a r k e r.

ro ots i n s erted at the head o f the l ist. T he m ark er tra v erses

this l ist un ti l it re v is its a p o si t i on in th e lis t it has previ-

ousl y vis ited. The m ar k er s ees the sto re li st as \em pt y "

w h en it co n ta ins no elem e n ts or when the m a rk er' s s tore-lis t

tra v ersa l en ds a t the h ea d o f th e li st. Of co u rs e the store s et

m a y b eco m e n o n -em pt y a s th e m u ta t o r i n s erts add i tional

ro ots. When a n ep o c h com ple t e s, the store l ist is res et to

the p h y s ica lly em p t y lis t . The app end i x pro v i d e s furth e r

detai l.

2.4 Mult iple Muta to rs

V CGC s t ra ig h tfo rw a rd l y adm its m u l tiple m utato rs. E ac h

m ut a tor thread all o ca tes ob j ects o f m u ta tor col or and m ain-

tai n s a separ ate store set fo r its ref erences. The m ark er m u s t

no w exam ine m u l tip l e store sets instea d of o n e. I f a llo cati on

is fro m a sing le fr ee lis t, syn c hro n i zatio n a m ongst m uta-

tors is req uire d o n all o ca t i on. This syn c hroniz atio n ca n b e

a v oided b y pro v i d i n g m ultiple f ree l ists or b y bu�ering all o-

ca t i on i n p er-m u tato r a llo cati on a renas.

3 Relat ed W o rk

T h e V CGC a lg orithm of this pap er is one in a long li n e

of m ark- &-sw e ep a lgo rithm s star t i n g wi t h McC arth y ' s [1 9].

Here w e descri b e ho w V C GC di�ers f rom p ri or co n curren t

m ar k -& -sw eep a lgo rithm s. In p a rticular, w e con trast V C GC

w ith Dij k s tra, et a l . 's co lle ctor [7 ] and wi t h Lam p o rt's [ 17]

and Qu ei n nec, et al. ' s [2 4] \ m ark- DU RIN G - sw eep" (MDS)

exten s ions thereo f. T h e M D S col lectors p a rtial ly a t ta in our

go al | c oncu rre n t m a rk i n g and sw e ep i n g |b ut di�er f u nda-

m en tall y i n desi gn, whic h im pacts their pra ctical im plem en-

tati on. W e al so briey desc rib e other re lev a n t approa c h es

to co n curren t g arbag e c oll ectio n . Jo n e s and Lins' b o ok [ 13]

and W i lso n ' s surv ey [28 ] p ro v i d e f u rther d eta ils a n d con tex t.

3.1 D ijks tra , et al. 's On- the-Fly C o llec t o r

Dij k stra , e t a l . 's i n cre m en tal col lector [ 7] i n tro d uced th e w ell

kn o wn t ric olor abst r a ction (white, g ra y , b l ac k ) to reas on

ab o u t m utator{ col lector i n tera ctio n . V C GC t o o uses th ree

co lors (m ut a tor, m a rk er, and sw e ep e r), b ut do es so in a si g-

ni�can tly di�eren t m a n ner. W i th th e tric olo r a b s t r actio n ,

ob j ects in th e ro o t set a re �rst g ra y ed at the b egi n ning of

a col lecti on ph a se. A g ra y ob j ect x is m ar k ed bla c k b y th e

m ar k er, and x 's c h i ldren g ra y ed. As th e y are genera t e d ,

gr a y o b jects a re q ueued for m a rk i n g . Ob jects that reta in

the white m ark are garbag e up on m ark er co m p l etion. A t

this p o in t, in terpretatio n of w h i t e and blac k i s re v ers ed , and

the n ext col lectio n phase i n i tiated. Note that th e i n terpre-

tati on o f gra y do es n o t c hange d uri n g a ph a se transiti on

w ith the tri col or abstracti on. F urth er m o re, i n Dijkstra , et

al. ' s co llecto r, sw ee p i n g m ust stri ctly fol l o w m a rk i n g since a

w h i t e ob j ect's co lor m a y c hange (to gra y and late r to blac k)

at an y p oi n t in the m a rk ph a se.

V CGC , in con tras t , all o ws in terlea v i n g of m a rk ing and

sw eeping. W e c an (u nco n v en tio nall y ) ca st V CG C usi n g th e

trico lo rs as fo llo w s. During a n ep o c h t he V CGC sw e ep er re-

cl aim s w h i te o b jec t s . T he m utato r a llo cates bla c k ob j ects.

T h e m ark er b l ac k e n s gra y ob j ects. N ote that|u nli k e stan-

dard trico lor m a rk i n g | the m ar k er do es n o t en c oun ter w h i t e

ob j ects and hence nev er gra y s o b j ects. When the m utato r

m o d i � es the data g raph , i t com m unicates w ith the m uta-

tor to ensure that th e o v erw ritten o b ject w ill b e bla c k ened

in the cu rre n t ep o c h. A t t he end o f a n ep o c h , colo rs are

rei n terpreted: bla c k is re m app e d a s g ra y , g ra y rem app ed

4



bi g i n t ep och = 2;

ro ot s et t root s = fg ;

ro ot s et t stor es = fg ;

thr ea d t mut ator , ma rker, swe eper ;

for e v er f

mut ator  m ak e thr ead mut ate(s tore s, CO LOR( epoc h));

mar ker  mak e thr e ad mark (stor es, roots , CO LOR( epoch ));

swe eper  m ak e thr ead swe ep(CO LOR( epoch -2)) ;

barr ier sync f mar ker, swee per g ;

susp end thr ea d mut ator;

whil e (sto res 6= ; ) f

resum e thr e ad s f mut ator , ma rker g ;

barr ier sync f mar ker g ;

susp end thr e ad muta tor;

g

/* invar iant : a ll re acha ble d ata has COLOR (epo ch) * /

roo ts  get r o o ts (mu tator );

delete t hreads f muta tor, mark er, s weep er g ;

epo ch++;

g

Fi gure 2 : V CGC algorith m for m utab le ref ere nc es.

a s white, and w h i t e re m app e d as b l ac k. Wh en th e e p o c hs

c hange , gra y o b jec t s |ob jec t s not re ac hable b y th e m ark er

a n d hence not prom o ted t o blac k|b e com e w hite b y virtue

o f this co lor re m app i n g . It is not usef u l to state the con v e n -

ti onal in v ari an t th a t th e m u ta tor m a y n o t crea t e a p oin ter

f rom a blac k ob j ect to a white one b ecause the m utato r nev er

s ees white ob j ects.

3.2 Ma r k-D UR ING- S w eep Collecto rs

V CGC p i p elines m a rk and s w eep p ha ses in a m anner sim -

i lar to col lecto r d es ig n s of La m p ort [1 7] and Queinnec, et

a l . [ 24] . Bo t h prio r \m a rk -D URI NG-sw e ep " col lecto rs w e re

deri v ed f rom D i jkstra, et al. ' s alg orithm [ 7]. Ex tra co m p l ex -

i t y (� v e col ors ) a llo ws them to �nd the sa m e concurrency a s

V CGC . Ho w ev er, b oth MDS col lector s use Dij k s t r a's atom i c

s hade o p eratio n i n b oth m u ta tor and m ark e r. (Qu e inn ec ,

e t al . req uir e i t in their s w eep er as w ell .) That is , exis t i n g

M D S col lecto rs requ i re frequen t in ter-p ro cess or sync h ro n i za-

ti on am ongs t m ark e r and m utator during t y pica l co m p uta-

ti on b eca u s e either m a y concurren t l y m o d i fy a co lo r visi b l e

to t he o t her. V C GC re q uires n o � ne-gra in s y nc hroniza t i on

b ey ond that pro vided b y m em o ry read/w rite ato m icit y ( x 1 );

this is p oss ible b eca use o n l y t he m ark e r m a y c hange an o b -

j ect's c olo r. B oth previo u s M DS co llec t o rs ar e d es crib ed

w ith qu a dratic-tim e m ark ers whic h m ak e their im plem en ta-

ti on y et m ore im practic al. T o our kno wl ed g e, neither prio r

M D S app ro ac h ha s b ee n im plem en ted.

3.3 Other Conc urrent C oll ec to rs

Steele 's co m pactif y i n g col lector [26 ] p erf orm s a col oring m ark-

&-sw ee p co llec t i on, b ut d o es not in terlea v e m arking a n d

s w eeping. S tee le's al gori th m als o requires � ne-gra in syn -

c hroniz atio n b et w een m u ta tor and coll ector. An o rth o gona l

a p proa c h to c oncu rr en t m a rk and sw e ep col lectio n is i nc r e-

ment al c opying w h i c h pro vides a n a v en u e for f ut ure V CGC

p erf orm a n ce com pari son. B ak er desig n e d a n i n cre m en ta l

co p ying col lecto r [4 ] b a sed o n th e trico lor white-gr a y -blac k

a b s tractio n . Hals t e ad [11 ] exten ded Ba k er' s core sc hem e

to s h a red- m em o ry m ultipro cesso rs b y usi n g � ne-gra in sy n-

c hroniza tion o n ind i v i d ual ob j ects. Ap p el , Ell is, and Li [2]

prop os e using con v en tio n a l m em o ry -m anag em en t hardw are

to serv e as th e rea d barrie r in Bak er's i n cre m en ta l c op y-

ing coll ector [4] . Thereb y they shif t t he g ran u l ari t y of th e

barri er fr om individu a l o b jects to pag es o f ob jec t s . They re-

p ort pause latencie s in a n ea rly ML co m piler. B o ehm uses

m em o ry m anag em en t hardw are to run m ark- s w eep coll ec-

tio n i n para llel with th e m utato r [ 6] , b ut seri ali zes m a rk i n g

and sw e ep i n g and r eq uires m u tato r{co lle ctor syn c hro n i za-

tio n on ob j ect all o ca tion. Co n c u rren t r eplic at i on- b as e d co l-

le ctors [ 12, 23] d es igned fo r M L and i m p l em en te d on paral lel

m ac hines ha v e|as has V C GC o n a un i p r o ces sor|reduced

m axim um p a u s e latenci es to ten s of m i lli seco n ds. Un l ik e

repli cating sc hem es, V CG C do e s not rel y on p r op erties of

the system b ei n g col lected ( e.g. , p oin ter-eq ual it y s em an tics).

Doli gez a n d Lero y [8 ] im plem en ted a concurren t, h yb ri d ,

sto p -&- co p y m a rk -& -sw eep co llecto r f or M L. T heir c op y-

ing co lle ctor recla im s a pro cesso r's lo ca l ( i.e. , cac he) m em -

or y a n d the m ark- &-sw e ep c oll ector re clai m s sto rag e in th e

share d g lobal h ea p. Doli gez a n d Lero y em plo y � ne-gra in

sync h ro n i zatio n a n d d o not o v erlap th e co lle ctor's m a rk and

sw eep phases .

4 Implementat ions

T h i s sectio n desc rib es im plem e n tati ons of V CG C in t w o sys-

tem s: In f erno [1 5] and SML/ N J [3 ]. The t w o d e scriptio n s

ar e org anize d as an o v erv i ew of th e system i n rela tion to

GC , f oll o w ed b y discuss ions o f th e im plem en tatio n o f th e

f ree-list m anag er, col ors , m a rk er, s w eep er, a n d m utato r.

4.1 V C GC in Inferno

T h i s secti on d e scrib es t he h y brid ref erence-coun ti n g /V C GC

co llec t o r o f th e Inferno op era ting sy s tem .

5



4.1.1 Inferno

Inferno [15 ] pro vides a distri b uted, net w ork co m p uting e n -

viro n m en t in w h i c h re sources are m a d e transparen tly ac-

ce ssi b l e fro m an y w h e re in the net w ork. In f erno's prim ary

use is to pro vide a s ecure i n f orm a tion d ia l-tone for net w ork

a p pli ances and a p pli cati ons. T h e sy s tem treats app l ica t i on

co de as a re source that can b e deplo y ed t hro u g h o u t the n et-

w ork a n d ru n on a v ari et y of cl ien t s o r serv e rs rega rd l ess of

their pro c esso r arc hitecture or un derl y i n g o p erating s y ste m .

C o de fo r the system is wri tt e n in Lim b o [16 ] and co m p i led

f or a virtual m a c h i n e ca lled Dis [1 5]. An Infer n o i n s t a nce

co n ta ins either a n in terpreter, j u st-in-t i m e c om pile r (JIT ),

o r b o t h.

Inferno w a s desig n e d to ru n in s m all devices w ith a s lit-

tl e a s one m e gab y te of m em ory . Lazy a lg orithm s lik e stop

a n d c op y w ork w e ll when th e re i s substan tial ly m ore fr ee

m em o ry th a n t he w orking set to am or t i ze the co st o f c ol-

l ectio n s [ 28] . R ef erence coun t i n g (R C) h a s t w o prop ertie s

cruci al to the Inferno en v ir onm en t. Firs t, the co st o f c ol-

l ectio n is co n s t a n t and b ound ed, w h i c h p erm its audio a n d

video e n co ders a n d deco d ers to run p redic t a b l y . S e cond,

(non cy cl ic) m em ory s tru ctures are rec lai m ed im m e d i ately

a fter their la st refe ren c e h a s b een des t r o y ed, m a k i n g fo r a

v ery s m all m em ory fo otprin t. H o w ev e r, it is w ell kn o wn

that R C do es not detect cy cl ic ga rb a ge. B y add i n g a co n -

curren t col lectio n a lgo rithm (V CG C) th a t can co e x is t with

R C w e reta in R C' s adv an tag es whil e increm en t a ll y recl aim -

i n g cy cl ic ga rbage. R ef erence co u n ting m anag es ab o u t 98 %

o f the ob j ects whil e d o ing t y pic al dev e lopm en t ( Li m b o com -

pil es, edits, run s , a nd deb ugs ) i n the Inferno w ind o w system

(w ritten in Lim b o). The exibili t y of th i s h ybrid m o del ha s

g iv e n I nf ern o rea l-tim e garbag e co ll ection while stil l a ll o w-

i n g a sub s tan ti al am o u n t of co n trol b y t he p ro gram m e r o v er

o b ject li fetim e .

A p ro gra m runn i n g on the Dis v i rtu a l m ac hine [1 5] co n -

s ists of a set of threads. Eac h th re ad has a pro gram co u n ter

a n d call s t a c k b ut c o de a nd d a ta m a y b e sha red wi th other

threads run ning on the m ac hine. T h rea ds a re s c h e d uled t o

execute b y the virtual m ac hine rather than b y the und erl y -

i n g o p erating system (if a n y) . T h i s all o ws Dis to m ultiplex

m a n y threads on to a singl e s y stem p ro ces s but als o to co n -

tro l t he in terlo c k i n g o f th e heap. A l l th rea ds o ccup y a singl e

l ogi cal heap w hic h is co n s tru cted from a link ed li st o f larg e

m em o ry are as cal led regio ns. M em ory w ithin the regio ns

i s org anized as a f ree li st u s ing an un bal anced t e rn a ry tree .

No des in the t re e a re s orted b y b l o c k si ze. As usual , a d j a-

ce n t free blo c k s a re m erged to con trol f rag m en tati on. The

thread c all stac ks and m o du l e p oi n ters | g lo b a l data fo r the

curren tly ex ec u ting m o du l es|co m p ri se the ro o t set fo r In -

f erno GC.

During idle v i rt ua l- m a c hine cycles , the GC th re ad runs

to col lect unrefere n ce d data ; it m a y b e preem pted at a n y

ti m e b y a m ut a tor th re ad b eco m ing ready . T h i s h a s p ro v ed

e�ec t i v e i n r ed ucing t he l atency of g arbag e col lecti on b y

o v erl app i n g i t wi th I/O.

4.1.2 Inferno Ma r k er & S w eep er

In I nfe rn o , the V C GC m a rk i n g and s w eeping threads a re

m er ged. In a sc hed ule r q ua n tum , the G C threa d v is its a

n um b er o f blo c k s i n the h ea p b y tra v ersi n g th e reg io n table .

C ol lectio n la t e n cy c an b e m o di�ed b y increas ing o r decre as-

i n g th e n um b e r of b l o c ks visited i n ea c h q uan tu m . The op er-

a tion of th e s w eep er i s trivial ; the sw eep er sets the R C of al l

blo c k s wi t h sw eep er co lor to zero , f orci n g th e ir im m edia te

dea llo catio n. T h e Inferno m a rk er uses a m o d i � e d fo rm of the

al go rithm descri b ed in x 2. 2.2 . T h e m a rk er im plem e n tati on

in tro duces a f ourth sta t i c colo r in to the al gori th m , call ed

the p ro p a ga t o r, to a v o id k eeping b oth a stac k fo r ro o t s et

tra v ersa l a n d a s tore set o f refe rence up d a tes. (T ec hniqu es

suc h a s this fo r a v oi d i n g recursi v e m arking a re c atal oged b y

J ones and Lins [13 ]. ) When a n ep o c h b e gins eac h ro o t is

m ar k ed a s a p ro p a ga t o r. A c oun t of propag ators cre ated

du ri n g a n ep o c h i s m a in t a ined. W hen the m a rk er rea c h es

an ob j ect w ith the propaga tor col or it is reco lore d wi th th e

m ut a tor col or and ea c h p oi n ter w ith i n the ob jec t i s colo red

as a p ro p a ga t o r and the c oun t of propag ato rs increm en t e d .

An e p o c h i s co m p l ete when n o n e w propag ators are cre ated

du ri n g a pass th ro ugh th e reg ion ta b l e. (In t ro du cti on of a

propag ator col or req uire s a n u m b er of pas ses th ro u g h th e

heap prop o rt i onal to the depth of the deep est data struc-

ture; this h a s n o t b een pro b l em atic in pra ctice since R C

recl aim s m o st stora ge.)

4.1.3 Inferno Mut ato r

T h e In f erno m u ta t o r u s es typ e de scr i p tor s , i m p l em en t e d as

v a ria b l e- l en g th bitm a p s , to d es crib e w h i c h w ords in an ob-

j ect a re p oi n ters . T yp e descr ip to rs all o w th e col lecto r to tra-

v e rse th e heap w ithout requ i ring and sea rc h i n g f or tagg ed

p oi n ters . An ob j ect's t yp e, alo n g wi th its c olo r, i s s t o red ad-

j acen t to i t s da t a . The m utato r co p i es ref erences wi th th e

virtual m ac hine's movp instruction w h i c h copies a refer en ce

f rom so u rce to des t i n a tion and p e rform s t he a ctions requ i red

b y b oth g arbag e coll ectors | i t i n cre m en ts a n d d ec rem en ts

the refere n ce co u n ts of the so u rce a n d destinatio n o p e rand s

res p e ctiv el y . Since th e source op era nd is a m u ta b l e refer en ce

as d e scrib ed in Sectio n 2 .3, t he m utator c olo rs the ob je ct

the refere n ce p oi n ts to a s a p ro p a ga t o r and increm e n ts th e

propag ator c oun t|th i s is equ i v al en t to inserting the o v er-

w ritten ref erence in the store s et. Since th e re a re only a

�n i te n um b er of v al id refere n ce s in th e h ea p , and a ll new

ob j ects are created i n th e m u ta t o r co lo r, it fol lo w s that an

ep o c h m ust term inate. Whil e an ep o c h wi ll term i n a t e , m a n y

pass es through the heap m a y b e requ i red f or it to do so . W e

ha v e not observ ed this p oten t i al problem in p ra ctice.

4.2 V C GC fo r SML/N J

Here w e d e scrib e a un i p ro cess or i m p l em en ta tion of V C GC

in v ersi on 10 9. 31 of th e S M L/NJ ML co m p i ler; a f ut ure p o rt

of th i s im plem en tatio n to a m ultipro cess or stands to furth e r

im pro v e p e rform a n c e.

SML/ N J [3] is a com pil er fo r S ta n dard ML [ 21 , 20 ], a

higher order a n d stro n g ly t y p ed la n g u a ge. ML p ro gra m s are

w ritten i n a m o stly f u nctio n a l st yle; that is, ref erence u p-

dates a re rare. The SML/NJ i m p l em en ta tion is ga rb a ge co l-

le cted b y Rep p y's m ulti-generati onal s t o p -&- c op y col lecto r

[2 5] whic h is w ritten i n C . T h e SML/ N J system al lo c ates a

lo t o f sm a ll data at a rapid rate. On a set of com m on b en c h-

m ar k prog ram s, w e observ ed th a t o v er 90 % of th e al lo c ated

data is l ess th a n 9 6 b yt e s in l en g th . F or a n earl ier co m p i ler,

Ap p el rep orts th a t the system all o ca tes a w o rd of data fo r

ev ery 3 {7 m a c h i n e instructio n s e x ecuted [1] . F urtherm ore,

m os t data ( � 93 %) dies b efo re the curren t a llo catio n are n a

(t y pica lly a m ega b yt e ) is f ull. W e use a n a ll o ca t i on are n a

to bu �er ob j ects and redu ce dem and o n th e m a rk -& -sw eep

co llec t o r. A l lo c atio n in t his bu�er pro ceeds wi t ho u t col or-

ing. Wh e n th e al lo c atio n arena b e com es full , liv e o b jects are

as sig n e d a col or and co p i ed in to space obtained from V C GC

f ree lists .

SML/ N J ob j ects ( e.g. , re cords, arra y s, stri n g s, etc . ) are

al w a ys ta gge d w ith a t yp e and, when neces sary , wi t h a
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l en g th �eld [25 ]. T h i s tag i s four b ytes in siz e a n d is used b y

the run t i m e s y stem and b y the p ol y m o rp hic-equ a lit y m ec ha-

nis m to iden tify o b jects d yn a m ica lly . T w o bits of S M L/NJ' s

data - o b ject descr ipt o r tag are used to ho ld t he three co lo rs

re q uired f or V CG C. T h e m axim u m size of v a ria b l e- s ize M L

data ( e.g. , re cords, strings ) is th u s re d uced b y a f actor of

f our (to 2

23

).

4.2.1 SML /NJ F r e e L is ts

W e im plem en ted t w o k i n ds of free - li st m anag er in the run -

ti m e system . The �rst is a g eneral - purp o se f ree-lis t m anag er

that can store ob j ects of an y size . G en e ral-pu rp os e free-li st

m a n a gers p erf orm bu ddy co ale scing (see , e . g. , [14 ]) to a v o id

f rag m en ta t i on. T h e seco n d kind of m anag er is a �xe d - n f ree-

l ist m anag er that only handles data n w o rd s i n length. In

co n tra st to the genera l- purp ose m a n a ger, a �x ed- n m anag er

i s extrem el y f as t since it nev e r needs to do v aria b l e- s ize com -

putatio n s. M oreo v er, a �xed - n li st cannot frag m en t . Sw ee p -

i n g is a lso f as t i n �x e d - n m ana gers s ince it in v o lv es only a

�xed -si ze p o in ter increm en t. As a f u rther optim iza tion, w e

r un-leng th enc o de co n tig u o u s free blo c k s | this s p e ed s f ree-

l ist creati on, sw ee p i n g , and al lo c atio n .

W e instan tia t e �xed - n li st m anag ers fo r all w ord size s

2 � n � 51 2 si n c e m os t S M L/NJ o b jects are s m all . Larg er

o b jects a re hand l ed b y a singl e instance of a ge n er al-p urp os e

m a n a ger. C o de ob j ects are handled b y a n o th e r i n s t a nce

o f the ge n era l-p urp os e m anag er. (S M L/NJ c om piles to the

hea p . ) A separa te m a n a ger fo r co de is necess ary si n c e p o in t-

er s i n to co de n ee d n o t p oin t a t th e head o f t he en c los ing co de

o b ject|du ri n g G C, it is necess ary to m a p a co de p oin ter t o

the h ea d of the co de ob je ct that hol d s i t . Giv en a heap

p o in ter p , w e use SML/NJ' s im plem en tatio n [1, 25 ] of a Big

B ag of P age s to \ lo o k up" w h i c h f ree-lis t m anage r, i f a n y , i s

m a n a gi n g p .

T he f ree- l ist m anag ers c onstru c t free li sts on dem and;

that i s, w h en a fre e li st l b ec om es em p t y , a nd the s w eep er ha s

not re clai m ed ob je cts fo r l , a d diti onal s torag e (in C = 8 K

b y te c h unk s) is req ues t e d from th e op era ting s y stem . W e

o p ted to extend the m u ta tor's free l ists i n s tead of w ai ting fo r

the sw eep er to �nd a p propria tely size d g arbage . Initia lly , n o

s p a ce is all o ca ted to a fr ee li st| a n initial all o ca tion request

cre ates th e lis t . If ob je cts o f s ize m are nev er crea ted, the

�xed - m m a n a ger wi ll not o ccup y stora ge.

F o r e ac h free l ist, w e m ain tain t w o p o in ter s, one to the

hea d of the lis t used for m utator al lo c atio n and o n e f or lis ts

re clai m ed b y the sw eep er. W hen th e m utato r's l ist is ex -

hausted, it copies the sw e ep er's p oi n ter to its p oi n ter a n d

cl ears th e sw e ep er's p o in ter. T h e sw e ep e r, up on se eing a

cl ear p oin ter, d e p o sits a recla im ed l ist t here. T h i s pro d ucer-

co nsu m e r hando� ca n b e done without explici t sync h ro n i za-

ti on. A t an e p o c h b oun da ry , t he sw ee p er 's list is app en ded

to the m utato r's.

4.2.2 SML /NJ Ma rk e r

When th e a llo ca t i on arena i s full , S M L/NJ en ters the run -

ti m e system and run s th e GC threads. This �rst em pties the

a rena b y cop y i n g its li v e data i n to the fre e lis t s and co lo rs

the th u s copied data wi th the curren t ep o c h's m u ta tor co lor .

T h e m ar k er is th en p er m itted to m ark M ob j ects. Ma rk i n g

pro ceeds recursi v ely v i a a stac k. T o d a te, w e h a v e fo un d

a � xed 16 K m ark sta c k to s u �c e; a f u ture im ple m en ta t i on

w ill d yn a m ica lly ex tend t he sta c k when n ec essa ry , or thread

the ob je cts to b e m ark ed ( cf. [1 3]).

A c op y o f th e ro o t se t fo r the m a rk er is obtai n ed a t the

end of an ep o c h w h e n the m a rk er a n d sw eep er ha v e com -

pleted. This c ond i tion si gnals th a t a t th e next � l l of th e

al lo catio n a rena, th e ro o t s et is to b e co pied in t o th e (no w

em pt y ) m ark e r s t a c k .

4.2.3 SML/N J Sw eep er

T h e s w eep er s w eeps S free-li st c h unk s ev ery tim e a n all o ca tion-

ar en a �ll trig gers G C. Reco v ered b l o c ks a re app e n ded to

the cu rr en t fre e lis t und er co n s tru cti on, retained in a lo cal

p oi n ter. Con tig u o u s f ree blo c k s a re coa les ced usi n g ru n-

le n g th enco ding ( x 4. 2.1 ). T h e sw eep er p erio d i call y c hec k s

if the m utato r has acquired the l ast recla im ed l ist (clea r

sw eep er-lis t p oin ter). If so , i t up d a tes the sw ee p e r li st w ith

the l ist fro m the lo c al p oin ter.

4.2.4 SML/N J Mutat o r

T w o m inor com pil er c hange s w ere nece ssa ry t o use V C GC

w ith co d e g enerated b y SML/ N J . The � rs t w a s to redu ce

the s ize of o b jec t leng t h � e lds i n descri p to rs t o m a k e space

f or a colo r. The s econd w as to em i t co de to b uil d a store

li st f or V CG C ( s ee x 2 .3 ) . An elem e n t o f t he store lis t con-

tai n s b oth the a d dress of the up d a ted ref erence (to trac k

ro ots f or co p ying i n to the a llo cati on arena) a n d a p o in t e r

to t he refere n ce' s prio r co n ten ts (to tra c k r o ots fo r V C GC

m ar k ing).

4.2.5 Res ult s

T im ings f or SML/ N J b enc hm arks u s ing V C GC a n d con-

v e n tio n a l genera t i onal co lle ction are in T a ble 1. W e re-

p ort th e m a x im um p a u s e l atency , la rges t w o rk i n g s et, total

and GC tim e s fo r com pili n g and runn i n g six ML b en c h-

m ar k s. P a u s e latenci es are in m ill isec ond s , m em o ry s izes

in m ega b ytes, and run tim es in seco n ds using th e notati on

c o m p i le-t i me + ex e c ution-t i me . The kn uth-b endi x p ro gra m

run s the Kn uth- B en dix co m p l etio n alg ori t hm to pro duce a

decis ion pro ce d ure f or term equali t y in a theo ry ; life im -

plem en ts C on w a y's g am e of Life , man delbr ot co m p utes el-

em en ts of its nam e sak e's s et

8

, ray do e s so m e ra y tra cing,

si mple p e rfor m s u i d -dy nam ic s co m p utatio n s , a n d ts p op-

tim i zes tra v eli n g sal esm a n to u rs . T im ing s w ere d o n e o n an

un l oa d ed 150 Mhz R 44 00 SGI C hall en g e. Def ault com pile r

se t ti n g s a n d a n all o ca tion a rena o f one m eg ab y te w ere u se d .

Our initia l g oa l w as to reduce pause l atencie s to b e lo w

10 0 m il lis econds. I t w a s e asy to �nd M and S v a lues (th a t

go v ern res p e ctiv e ly t he n um b er of ob j ects m a rk ed and th e

n u m b er o f blo c k s sw ept p er al lo catio n -are n a � l l) that re-

du c ed the m a x im um pause to tens o f m i lli seco n ds. It w as

ho w e v er di�cult to do so wi th o u t i n c reasi n g V CGC m em -

or y usa ge to b e y ond th a t of th e generati onal c oll ector. This

is in part d ue to th e conse rv ativ e nature o f V CG C whic h

m a y retai n  o at i ng g arb age f or a couple o f ep o c h s . T h e

n u m b ers i n T able 1 a re th e res u l t o f a revise d go al | to

si m u l t a neously m inim i ze pause tim es and m em o ry usa ge.

W e exp e rim en t a lly se t tl ed on th e (a lb eit a d ho c ) settings

f or M and S w here k = 4 and E i s th e curren t e p o c h

n u m b er. M = k D = ( E + 1 ) + K

M

w here D i s the n um b e r

of ob j ects m a rk ed i n the previous e p o c h and K

M

= 10 00.

S = k C = ( E + 1) + K

S

w here C is th e n um b er of c h un ks cur-

ren tly appropriated b y th e free li sts a n d K

S

= 10 . T h e

tun a b l e V CG C p a ram eters require furth e r s t udy .

M em ory usa ge w a s m eas u red b y t ra c k i n g the m axim um

am o un t of OS m em ory h el d b y the SM L / N J ru n tim e a t a n y

8

T h e mandel brot b e nc h mark can b e disc oun te d b e cause it req uire s

essen ti ally no G C.
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Max. P ause (m s) Mem o ry (MB) T ota l Tim e (s) GC T im e (s)

kn uth- bendi x 7 9 20 .5 17 .3 2+9.9 4 11. 41+7 .10 V CG C

40 4 22 .3 7 .4 2+3.2 7 2. 46+0 .53 g ene r at i o nal

lif e 8 0 16 .6 7. 14 + 1 3.8 2 5. 20+7 .06 V CG C

31 4 21 .9 2 .3 6+6.5 8 0. 68+0 .09 g ene r at i o nal

mand elbro t 8 0 14 .0 0 .7 5+2.3 5 0. 47+0 .00 V CG C

31 5 21 .9 0 .2 9+2.3 5 0. 04+0 .00 g ene r at i o nal

ra y 7 9 16 .4 8. 86 + 2 7.8 2 5.5 0+16 .86 V CG C

31 4 21 .9 3. 84 + 1 1.6 9 0. 91+0 .04 g ene r at i o nal

simpl e 8 0 24 .4 48. 63 + 3 4.5 4 3 3.7 3+23 .92 V CG C

47 5 31 .7 26 .0 6+9.8 8 13. 01+0 .43 g ene r at i o nal

ts p 8 0 20 .6 7. 26 + 8 8.0 2 4.4 2+60 .93 V CG C

51 6 32 .8 3. 13 + 3 1.0 2 0. 65+1 .45 g ene r at i o nal

T ab le 1: Un ipro c essor timi ng re s u lts of ML p rograms using t he S ML/NJ c o m pil er with V CGC c olle ction , tune d to sim ultane ously re duc e

maxim um p a u s e laten cy and m em ory usage. Comp a r is on v alu es a r e tim ings of SML/NJ's gen eration a l c olle ctor. Ru n time s are w rit ten

c om pi le -ti m e + e xe cution - t im e .

ti m e. This am o u n t co n ta ins the com pile r si n ce it m u s t b e

re siden t to com pil e the app l icati on. Me m ory usag e with

V CGC is re d uced b y as m uc h a s 37 % in t he ca se of tsp .

Other b enc hm arks s h o w space redu cti ons of o v er 3 0% ( life ,

m andel brot , ray , simp le ); k nuth -ben dix ga ins only 8 %.

W e no t e that o u r V C GC im plem e n tati on do es not con t a in

a v al u a b l e S M L/NJ space o pt i m iza t i on: stripping descri p -

to rs f rom pai rs a s they are p r om oted f rom the a ll o ca t i on

a rena. By m o v ing co lors o u t of descri p to rs, V CGC c an p er-

f orm s im il ar o p tim i zati ons and stands to im pro v e lo c ali t y

a n d furth er reduce space u s ag e.

P ause la tencies w ere m ea sured b y enabling s y s t e m tim ers,

during GC , o f the com pil es and ru ns o f the b enc h m a rk s .

M axim u m V CGC pause s ra nge fro m threef old redu ctio ns

( li fe , mande lbro t , ra y ) to s ixfol d red uctio n s ( tsp ). The

t w o o t her d a ta i n tensiv e a p pli catio ns ( knu th-b endi x a n d

s imple ) e x hibit b ett e r than �v ef old redu cti on in their m a x -

i m u m GC pa u se . A s noted, o n e ca n trade an increa se in

m em o ry usag e f or e v en b etter p a u s e p erf orm ance and b et-

ter o v eral l r u nning t i m es.

Ov erall V CGC p erf orm ance su�ers due to th e go al of re-

ducing b o t h pause tim es and m e m ory . T o tal ti m e increa sed

b y as m uc h as a fa ctor of fo ur and t yp i call y b y a f actor of t w o

to three. T hese tim es c an b e reduced b y l en g th e n i n g e p o c hs

(l ess m a rk i n g and s w eeping p er � ll ed all o ca tion ar en a ) b ut

a t t he co st of m ore m em o ry i n w hic h t o  o at ga rbage . W e

w ere a b l e to app ro ac h to w ithin ab o u t 3 0% o f t he g enera-

ti onal tim es , but w ith la rger m em or y size s. (P a u se tim e s

w ere ex ce llen t, < 20m s , h o w ev e r.) Ho w e v er, the V CG C m u -

ta t e , m ark, and s w eep t hrea d s do no m ore basi c w ork than

the resp ectiv e phase s o f traditio n a l m ark- &-sw ee p col lecto rs

[ 19, 7 , 4 ]. (T o see th i s, sim ply del a y th e sw eep th re ad un ti l

m a rk i n g is co m p l ete.) F urth e rm ore, V C GC' s store set im -

plem e n tati on is n o t o v erly exp e n s iv e com pared to standard

barri er tec hniq ues (see J ones a nd Li n s [1 3] o r Wil son [ 28] ).

W e theref ore cl aim th a t t he V CG C m ea surem en ts are fa irly

i n dica tiv e o f m ark- &-sw eep col lectio n (wi th an a ll o ca t i on

bu� e r) o f SML/NJ prog ram s in g ener al a n d hen c e are not

due to th e V CG C al go rith m p er se . W e note th a t V CG C a n d

o th er co n curren t m a rk -&- s w eep coll ectors ( e.g. , [ 17, 2 4, 7 ])

oa t g arbag e a nd th e refo re req uire a d ditio n a l stora ge a n d

i ts a sso cia ted pro c essi n g b ey ond that of sequen ti al m ark-& -

s w eep.

V CG C pa u se and run ti m e p erf orm ance stands to g reatly

i m p ro v e f rom im plem en tatio n on a m u l t i p ro ces sor t hat can

truly o v erl ap m a rk ing , s w eeping and m utatio n in tim e.

5 Summ a ry

W e ha v e desi gned and i m p l em en te d a n ew v aria n t of m ark-

&- s w eep sto rage recla m atio n c all ed V ery Concurren t Garbag e

C oll ectio n . I n th i s a lg orithm , the m utator, m ark er, and

sw eep er threa d s op era te co n c u rre n tly w ithin ep o c hs; a n o v el

co lori n g s c h em e iden ti�es recyclable data. W e im plem en ted

V CGC in the co m m ercia l Infer n o op era ting s y stem to de-

tect a n d recl aim dis carded cyclic d a ta. Ou r o th er im ple-

m en tatio n is in the SML/ N J ML com pil er, w h ere V C GC

ca n el im inate lo ng GC pause l atencies w h i le reducing m em -

or y usa ge. T uning V CGC fo r pause, m e m ory , and e x ecu-

tio n p erf orm a n ce | a s w e ll a s c hara cterizi n g its m ultipro c es-

so r p erf orm a n c e| a re d i rectio n s f or furth er in v e stiga tion.
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typedef struct root_lis t {

root_ t root;

struc t root_l ist *nex t;

} root_ set_t;

root_se t_t *roo t_set = NULL; /* set of eleme nts */

root_se t_t *las t = NULL ; /* last root_se t captur e */

root_se t_t *bef ore_last = NULL; /* befo re_last root_set capture */

root_se t_t *thi s = NULL ; /* next element to remo ve */

/* inva riant: ' this' al ways lie s betwee n 'last' and 'be fore_las t' inclu sive. */

/* remo ve():

* Ret urns the next no t yet re moved el ement fr om 'root _set', N ULL if t here cur rently isn't an element in 'roo t_set'.

* Cal led only by the marker t hread.

*/

root_se t_t *rem ove()

{

root_ set_t *t mp;

/* in variant: 'last' and 'bef ore_last ' elemen ts, if n on-NULL, have al ready be en remo ved */

if (t his == b efore_la st) {

bef ore_last = last; this = last = root_set ;

}

if (t his == b efore_la st) retu rn NULL;

tmp = this; this = t his->nex t;

retur n tmp;

}

/* inse rt(x):

* Ins erts lis t node ' x' into the root _set for subsequ ent mark er remov al.

* Ass umes a r oot has been enc apsulate d in a f resh lis t node ' x' by ca ller.

* Cal led only by the mutator thread.

*/

void in sert(roo t_set_t *x)

{

x->ne xt = roo t_set;

Memor yBarrier (); /* force wr ite of p revious line to memory * /

root_ set = x;

}

/* done ():

* Ret urns tru e if eve ry eleme nt in th e root s et has b een remo ved by m arker.

* Mus t be cal led with both mu tator an d marker threads halted, and the ir memor y reads /writes complete .

*/

bool_t done()

{

retur n before _last == root_se t;

}

App endix

T h e a b o v e C co de pro v i d e s n o n- blo c k i n g s et fun c t i ons fo r

i m p l em en ti n g a n async h ro n o u s w rite b a rrier fo r the V CGC

a lgo rithm . In parti cu l ar, the co d e req uire s no explici t syn -

c hroniz atio n ev en though the m u ta tor m a y a d d ro o ts (with

i nsert ) to th e s et while t he m a rk er co n curren tly rem o v e s

ro ots ( w ith rem ove ). T h i s wri te- bar rier a lgo rithm ass u m e s

a tom ic m a c h i n e-w o rd m em o ry w rites, as de�n ed in th e i n -

tro d uctio n ( x 1 ) . Note that th ere i s a read/w rite rac e with

the re ad of r oot set in rem ove and th e w rite to roo t se t

i n inse rt . T h i s ra ce is tolera ble, h o w ev er , b eca u se m em -

o ry wri tes are ato m ic and subsequ en t c all s t o r emov e w il l

re t ri ev e the \ m iss ed " el em en t (s ). The i nser t f u nctio n co n -

ta ins a m em o ry b a rrier t hat fo rces all p end i n g w rites t o

m em o ry on pro ce sso rs that m a y re order w rites; its op era t i on

ho w ev er i s lo ca l to the executing pro ce sso r and d o es not i n -

v olv e i n ter-p ro ces sor s y nc hroniza t i on. Here i t en s u re s that

the inserti on ( x->ne xt = roo t set ) i s se en b y o th er pro ces-

s ors b e fore root set is reset to x . N o te that the roo t se t li st

m o n o tonica lly increas es in le n g th o v er tim e; it m a y im m e-

dia tely b e recl aim ed when the m u ta tor and m ark er th rea ds

a gree that the set is em pt y ( i. e . , w h en done s u cce ed s ).
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