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ABSTRACT

Many concurrengarbagecollection(GC) algorithmshave been
devised, but few have beenimplementedand evaluated partic-
ularly for the Java programminglanguage. Sapphireis an al-
gorithm we have devisedfor concurrentcopying GC. Sapphire
stressesninimizing the amountof time ary given application
threadmay needto block to supportthe collector In particu-
lar, Sapphireis intendedto work well in the presencef alarge
numberof applicationthreadspn small-to medium-scalshared
memorymultiprocessorsA specificproblemthat Sapphiread-
dresseds not stoppingall threadswhile threadstacksare ad-
justedto accounfor copiedobjects(in GC parlancethe“flip” to
thenew copies).

Sapphireaxtendspreviousalgorithms,andis mostcloselyre-
latedto replicatingcopyingcollection,a GC techniquen which
applicationthreadsobsere and updateprimarily the old copies
of objects[13]. The key innovations of Sapphireare: (1) the
ability to “flip” onethreadat a time (changingthe threads view
from the old copiesof objectsto the new copies),asopposedo
needingto stopall threadsandflip themat the sametime; and
(2) avoiding areadbarriet

1. OVERVIEW

Sapphireis a new concurrentcopying GC algorithm, designed
for type-safeheap-allocatinganguages. It aimsto minimize
the time an applicationthreadis blockedduring collection. A
specificadvanceSapphiremakesover prior algorithmsis incre-
mental“flipping” of threads.Previousalgorithmsincludea step
duringwhich all applicationthreadsarestoppedtheir stackstra-
versed,and pointersin the stacksredirectedfrom old copiesof
objectsto new copies.In systemghatmight have mary threads,
we anticipatethatthis pausewill be unacceptableSapphirealso
avoidsusingareadbarriet

The applicationsto which Sapphireis tamgetedare multipro-
cessorsener programs. Thesemight have a large numberof
threads,eachhandling a network session,and a considerable
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amountof sharedstatein main memory We are interestedn

avoiding significantpausesntroducedby GC thatmightbe per

ceptiblein variably poor responsdime. We aimedfor an al-

gorithm that will scaleto the numberof processordor which

sharednemoryis feasible.Sapphira@ntroducesno multiproces-
sor memoryconsisteng issuessuchasthe needfor additional
memory-fencenstructions etc. (seeAppendixE).

We organizethis paperasfollows. This overview sectioncon-
cludeswith someuseful definitions. Section2 is the heartof
the presentationdiscussinghe phasef collectionandcover-
ing the innovationsin detail. Section3 considershow we can
combinevariousof the phasesseparatedh Section2 for clarity
of exposition. Section4 relatesSapphireto prior work. Section
5 describesour prototypeimplementatiorand measuremente-
sults,andconcludes.Several appendicesonsidemore specific
issuemotessentiato the primary presentation.

Memory Regions:We definesereraldistinctmemoryregions.
A region may containslots (memorylocationsthat may contain
pointers)aswell asnon-slotdatal We assumehatall slotsin a
region canbe foundwithout ambiguity

e U - A region of the heap(i.e., potentially sharedamong
all threads)whoseobjectsare not subjectto reclamation
in a particularinvocation of the collector U standsfor
uncollected For corveniencene alsoincludein U all non-
thread-specifislotsnot containedn objects.

e C - A region of the heap(potentially sharedamongall
threads)whoseobjectsaresubjectto reclamatiorin a par
ticular invocationof the collector C standsfor collected.
Cis furtherdividedinto:

— O-0ld spaceCopiesof C objectsexistingwhenthe
collectorinvocationstarted.

— N - New space:New copiesof objectssurviving the
collection.

C consistonly of objects,i.e., it hasno “bare” slots,un-
like U, which may containslotsnotin objects.

e S- Stack:Eachthreadhasa separatestack,privateto that
thread. The S regions containslots, but no objects,i.e.,
theremay be no pointersfrom heapobjectsinto stacks?
For corveniencewe includein S otherthread-locaklots,
suchasthosecorrespondingo machineregistersholding
references.

Ourterminologyshouldbefamiliar to mostreadersbut we pro-
vide aglossaryin anappendix.

2This still allows purelylocal objectsto beallocatednto stacks,
solong asreferenceso themcannot‘escape’into theheap.



Which objectsarecollectedandnot (U andC above) is an arbi-
trary choicefor Sapphire. One might usegenerationabr ma-
ture object space(Train) [9] schemesfor example. Sapphire
can“piggy-back” someof its needson a generationatollectors
write barrier;i.e., Sapphirewill needto find pointerfromU to C,
anda datastructuresuchasarememberedetwill save scanning
u.

OnedifferencebetweenSapphireandreplicatingcollectionis
thatwe assumehatnew objectsareallocatedin U, not C. Note
that this helps guarantegerminationof marking and copying,
sinceC is not growing. This decisiondoesimposewrite barrier
costson newly createdobjects,since Sapphireneedsto process
their slotsthatpointto C objects.

Sapphirds a purely copyingcollector, andthusis exact(also
calledaccurate)asopposedo conserative or usingambiguous
roots. Perhapghis is olbvious, but in Sapphirethe collectorruns
concurrentlywith all the mutatorthreads.

2. THE SAPPHIRE ALGORITHM

Sapphiresplitsinto two majorgroupsof phasesThefirst phases,
whichwe call Mark-and-Copy(a) determinevhich O objectsare
reachabldérom rootslotsin theU andS regionsand(b) construct
copiesof the reachableO objectsin N. During the Mark-and-
Copy phasesnutatorsreadandupdateonly the O copiesof ob-
jects.TheO andN copiesof ary givenreachabl@bjectarekept
looselysynchronizedary changesnadeby a mutatorthreadto
O copiesbetweertwo synchronizatiompointswill be propagated
to theN copiesbeforepassinghe secondsynchronizatiorpoint.
This takesadvantageof the Java Virtual Machinespecifications
memorysynchronizatiorrules[12].23 The point is that updates
to both copiesneednot be madeatomicallyandsimultaneously
If all mutatorthreadsare at synchronizatiorpoints, thenthe O
andN copieswill be consistentwith one anotheroncewe are
in collection phasesn which mutatorscan obsere both O and
N copies.We call this propertydynamicconsistencyetweernO
andN space.

The secondgroup of phasescalled Flip, is concernedwith
flipping pointersin S andU sothatthey pointto N spaceandnot
O space. In Sapphirethis group of phasesusesa write barrier
only (i.e., no readbarrier). Sapphireallows unflippedthreadgo
accesdoth O andN copiesof objects,even of the sameobject.
Previous concurrentcopying collectorseither redirectaccesses
of O objectsto their N copies(usinga readbarrier), or insure
that all accesseareto O objects(andflip all at once). Incre-
mentalflipping plushaving no readbarrieradmitsthe possibility
of accesdo both O andN copiesat the sametime. This possi-
bility requiresslightly tightersynchronizatiorof updatego both
copies.

It alsoaffectspointerequalitycomparisong== in Java), since
onemustbe ableto respondhatpointersto the O andN copies
of the sameobjectare equalfrom the viewpoint of the Java pro-
grammer;the equality comparisomeededs similar to the im-
plementationof eq by Brooks[5]. It is importantto note that
(a) comparisonwwith the constantnul | neednot do ary extra
work, and (b) neitherdo comparison®f two variablesthat are
bit-wiseequalor whereeithervariableis nul | . Hereis pseudo-
codefor == (which would obviously be inlined, and optimized
for thecasewhereoneof theargumentss staticallyO (nul 1)); it
callsf | i p- poi nt er - equal for themorecomplicateccase:

3\We assumeprogramswithout dataraces. We describehow to
handleJavavol at i | e variablesn anappendix.

/1 Poi nter Conparison
poi nter-equal (p, q) {

if (p==q) return true;

if (q ==0) return fal se;

if (p==20) return fal se;
return flip-pointer-equal (p, q);
}

Thefl i p- poi nt er - equal call doesinvolve whatis effec-
tively areadbarrier;however, we claimthisis arareoperation.

2.1 The Mark-and-Copy Phases:
Achieving Dynamic Consistency

The specificphasesare: Mark, Allocate, and Copy. Note that
in practicea numberof thesephasescanbe combinedandper
formedtogetherassketchedater However, the algorithmicex-
planationsareclearerif we separatéhe phases.

A usefulway to understandhesephasess in termsof the
traditionaltri-color markingrules(see,e.g.,[11]). Underthese
rules, eachslot and objectis consideredo be black, meaning
markedandscannedgray, meaningmarkedbut not necessarily
scannedpr white, meaningnot marked. Slots containedwithin
anobjecthave thesamecolor astheobject.A singlerulerestricts
colors: a black slot may not point to a white object. Sapphire
treatsS slotsasgray, sothey may containpointersto objectsof
ary color. This implies that storing a referencein a stackslot
doesnot requireary work to enforcethe color rule. Updatesof
sharedmemory (globalsand heapobjects)do requirework, in
theform of awrite barriet

Initially we considerall existing objectsandslotsto bewhite.
As collectionproceedspbjectsprogressn color from white, to
gray, to black. In Sapphire plack objectsare never turnedback
to gray andrescannedThe goal of the Mark phasef the col-
lectoris to color every reachableC objectblack. Further ary
objectunreachablevhenmarkingbegins will remainwhite, and
the collectorwill reclaimit eventually Newly allocatedobjects
areconsideredo beblack.

Exceptfor the dynamic consisteng aspectsthe Mark-and-
Copyphasesreessentiallya concurrenimarkingalgorithmfol-
lowedby copyingof themarkedobjects.For thisreasonpnecan
easilyextendthe algorithmto treatsuchfeaturesasweakrefer
encesandfinalization. Sincethey areorthogonatto thefocusof
this paperwe do notdiscusghemfurther.

Mark Phase: This hasthreesteps: Pre-Mark,to install the
Mark Phasenrite barrier Root-Mark,to handlenon-stackoots,
andHeap/Stack-Markto completemarking. Pre-Mark installs
thewrite barrier written herein C-like pseudo-codé:

/'l Mark Phase Wite Barrier

I this is only for pointer stores
I the update is *p = q

I the p slot may be in Uor O
I the g object may be in Uor O

q) {

_q’
mark-write-barrier(q);

mar k- phase-write(p,

* — .

mark-write-barrier(q) {
if (old(q) && !marked(q)) {

“Notethatdifferentphasesf thecollectoremploydifferentwrite
barriers sowe needsomewayto changehe mutatorswrite bar
rier aswe go, probablyeitherby changinga single global vari-
ablereadby all thethreadspr by changingndividual perthread
variableswithin eachthread.



/] old & !marked means "white"
enqueue- obj ect (q);
/1 enqueue object for collector
/1 to mark |ater

b}

Notice that mutatorsdo not perform ary markingdirectly, but
rather enqueueobjectsfor the collector to mark. It is useful
to considerenqueuedbjectsas beingimplicitly gray; thenthis
write barrierenforceghe no-black-points-to-whiteule.

Why enqueueatherthanhaving mutatorsmark directly? Ul-
timately, we will combinemarkingwith copying,andthe mark
stepwill theninvolve allocatingspacefor a new copy of the ob-
ject. Having mutatorsdo this allocationleadsto a synchroniza-
tion bottleneck We avoid this bottleneckby having the collector
dotheallocationandcopying. Further eachmutatorhasits own
queuesoenqueuindiasno synchronizatioroverhead Whenthe
collector scansa mutators stack,it alsoemptiesthat mutators
queuepy threadingt ontoa singlecollectorinput queue.

TheRoot-Mark stepiteratesthroughU slotsand“grays” ary

white C objectsreferredo by thoseslots,usingmar k- wr i t e- barri

We considerthis to be “blackening”the U slots. Note thatasof
this step,storesinto newly allocatedobjects,includinginitializ-
ing stores,invokethemar k- wri t e- barri er, andthusnew
objectsare treatedasblack. Sincethe collectoris invoking the
write barrier, the relevantobjectsappeaimmediatelyon the col-
lector’sinputqueue.

While one could scanthe U region to find the relevantslots,
morelikely oneusesthe rememberedetdatastructurebuilt by
agenerationalvrite barrier, to locatetherelevant slotsmoreeffi-
ciently [11].

In the Heap/Stack Mark step, the collector works from its
input queue,a setof explicitly gray (marked)objects,andthe
threadstacks. For eachenqueuedbiject,the collectorchecksif
the objectis alreadymarked. If it is, the collectordiscardsthe
queueentry; otherwise,it marksthe objectand entersit in the
explicit gray setfor scanning. For eachexplicitly gray object,
its slotsareblackenedusingmar k- wri t e- barri er onthe
slots’ referents),and then the objectitself is consideredlack.
Thisis representetly thefactthatthe objectis markedout notin
the explicit gray set. The collectorwill repeatedlyproceeduntil
theinput queueandthe explicit gray setarebothempty

Note thatan objectmay be enqueuedor markingmorethan
once,by the sameor differentmutatorthreads;however, even-
tually, the collectorwill markthe objectandit will nolongerbe
enqueuedy mutators.

Heap/StackMark also involves finding S pointersto O ob-
jects. To scana mutatorthreads stack,the collectorbriefly stops
the mutatorthreadat a safepoint (aboutwhich morelater),and
scansthe threads stack (and registers)for referencedo white
O objects,invoking the Mark Phasewrite barrier on eachref-
erence. (One might usestackbarriersto boundstackscanning
pauseg6].) While thethreadis stoppedthe collectormovesthe
threads enqueuedbjectsto the collector’s queue(usingjust a
few pointerupdatedo grabthe queueall at once). The collector
resumeghe threadandthenprocesseds input queueandgray
setuntil they areemptyagain.

Whileit is easyto scamanindividual threads stackfor pointers
to white objects,it is harderto seehow to reachthe situationof
having no pointersto white objectsin ary threadstack. Thekey
problemis thateven after athreads stackhasbeenscannedthe
threadcan entermore white pointersinto its stack,sincethere
is no readbarrierpreventingthat from happening.The key fact

neededto understandhe solution is that threadscannotwrite
white referencednto heapobjects becausehe write barrierwill
(implicitly) graythewhite referentfirst.

Supposehatbetweena certaintime t; anda latertimet, we
have scannedeachthreads stack,noneof the threadstackshad
ary white pointersnoneof thethreadshadary enqueueadbjects,
andthecollector’s inputqueueandgray sethave beenemptythe
whole time. We claim that thereare now no white pointersin
S or in markedO objects,and thusthat marking is complete.
We obsere thata threadcanobtaina white pointeronly from a
(reachableyrayor white object. Therewereno objectsthatwere
gray betweert; andt,, soa threadcould obtaina white pointer
only from awhite object,andthethreadmusthave hada pointer
to thatobjectalready But if thethreadhadary white pointers,it
discardedhemby thetimeits stackwasscannedandthuscannot
have obtainedary white pointerssincethen. This appliesto all
threadssothethreadstackscannotcontainary white pointers.

The agumentconcerningreachableO objectsis straightfor
ward. TheO objectsnitially referredto by U slotswereall added
trthe gray setand have beenprocessedandno additionalones
have beenaddedby thewrite barriersincet;. A chainof reacha-
bility from ablackslotto awhite objectmustpasshroughagray
object(becausef the tri-color invariant),andsincethereareno
grayobjectsall reachableéD objectshave beenmarked.

Herearetwo potentiallyusefulimprovementsfor stackscan-
ning. First, threadghathave beensuspendedontinuouslysince
their last scanin this mark phaseneednot be rescanned. Sec-
ond, if we usestackbarriers[6], we canavoid rescanningld
framesthat have not beenre-enteredy a threadsincewe last
scannedts stack.

Becauseof the possibleand necessarygeparatiorof pointer
storesfrom their associatedwrite barriers, stack scanningre-
quiresthatathreadbein a GC-consistenstatei.e., whereevery
heapstoreswrite barrierhasbeenexecuted.

2.2 Allocation and Copying

The markphase®stablishwhich O objectsarereachableOnce
we determinethe reachableO objects,we allocatean N copy
for eachof them(Allocation Phaserndthencopythe O copy’s
contentgo theallocatedN copy(CopyPhase).

Allocation Phase: Onceall reachableO objectshave been
marked the collectorallocatesspacefor anN copyfor eachone
of themandsetsthe O copy’s forwardingpointerto referto the
spaceresenred for the N copy. We thensaythe O copy s for-
wardedto theN copy. Clearlytheformatof objectsmustbesuch
asto supporta forwardingpointerwhile still allowing all normal
operation®n the objects®

If the collectorsavesallist of the objectscannedn the mark
phasethenit canusethatlist to find the O copies.Theforward-
ing pointer slot might sene for the list; if we combinephases

5This optimization may be importantin the presenceof large
numbersof threads,mostof which are suspendedor the short
term.

8This is different from a stop-the-worldcollector, which can
“clobber” partof the O objectaslong asthe datais preseredin

theN copy. In Sapphirewe canstill clobbera heademord, but
themutatorwill have to follow the forwardingpointerwhenever
it needsthe moved information. Also, installing the forward-
ing information mustbe donecarefully, so that mutatoropera-
tionscanproceedatary time. Thisis fairly easyif thecollector
usescompare-and-swapetrying asnecessaryto install the for-

wardingaddressWe “overload” our forwardingon a “thin lock”

schemd2].



(discussedater),thenwe do not needanexplicit list.

Our algorithmalsorequiresusto beableto find the O copyof
anobjectfrom its N copy. We do this usinga hashtable,which
we discardafter collection.If we hadinsteadusedbackpointers
from N copiesto O copies,we would have neededto remove
them,involving anextra passover theN copies.

Copy Phase: The Copy Phaseneedsa new write barrier, to
maintain(dynamic)consisteng betweenthe O andN copiesof
objects;the Pre-Copy step establisheshatwrite barrier shovn
in this pseudo-code:

/1 Copy Phase Wite Barrier:
I handl e ptrs, non-ptrs differently
I p->f = q is the desired update
I objects p, g may be in Uor O
copy-wite (p, f, Q)
p->f = q; copy-wite-barrier(p, f, q);}
copy-write-barrier(p, f, q) {
1f (forwarded(p)) {
pp = forward(p);
qq = forward(q); // qq==q for non-ptrs
pp->f =qqg; // wote Ofirst, then N

f or war d( p)
return (forwarded(p) ?
forwardi ng-address(p) : p); }

Unlike most copying collectorwrite barriers,this write barrier
appliesto heapwrites of non-pointervaluesaswell asof point-
ers. It doesthe samework asreplicatingcopyingcollection,but
with tighter synchronization.It requireswork regardlessof the
generationatelationshipof the objectswhen storinga pointer
Finally, notethata pointerin an N copy alwayspointsto U or
N spacenotto O spacewe maintaintheinvariantthatN copies
neverreferto O copies.

TheCopy stepcopiesthe contentsf eachblack O objectinto
its correspondingllocatedN copy: If adatumcopiedis apointer
to an O object, it is first adjustedto point to the N copy of the
object.

A tricky thing aboutthis phases that, asthe collectorcopies
objectcontents mutatorsmay concurrentlybe updatingthe ob-
jects.While copy-wri t e-barri er will causehe mutators
to propagateheir updatesof O copiesto the N copies,the mu-
tatorscangetinto aracewith the collector Sincewe preferthat
the mutatorwrite barriernotbeary slowveror morecomplex than
it alreadyis, we placethe burdenof overcomingthis raceupon
the collector, asshown in this pseudo-code:

/1 Collector word copying algorithm

I Goal : copy *p to *q

I p points to an O object field

I g points to the corresponding N field
co

py-word(p, q) )
I = max-cycles; // nunber of times to
do { /1 try non-atomc copy | oop
wo = *p;
wn f orwar d(wo) ;

~

wn==wo for non-ptrs

wn;

*p == wo) return;

done if no change

e (--i > 0);

gq; // do these reads in order!
P;

— %
—+O
~

5857
I ||§

wn2 = forward(wo);
/1 wn2==wo for non-ptrs
conpar e- and-swap (g, wn, wn2);

addr ess, ol d-val ue, new-val ue

if the conpare-and-swap fails, it's
ok, because it neans the nutator
copi ed the new val ue

~~
~—~——

Seethe relatedappendixfor discussiorof the correctnessf
this algorithm. Notethatit assumeshatmutatorsdo not attempt
updatesconcurrentlywith eachother(i.e., they useproperlock-
ing to avoid dataraces). We treatJava vol ati | e fieldsin a
separatappendix.

2.3 Flip Phases

Thelater Sapphirephasesre: Pre-Flip,Heap-Flip, Thread-Flip,
andPost-Flip.Thegoalof thesephasess systematicallyo elim-
inate O pointersthatmay be seenand usedby a thread,asfol-
lows. First, we install a write barrier that helpskeeptrack of
placespossiblycontainingpointersto O objects.We next insure
thatthereareno heap(U region) pointersto O objects.We then
startflipping threadsat will.

We startwith an invariantthat N copiesdo not point to O
copiesandthenestablisrendmaintainthatneitherU nor N slots
referto O copies.The Heap-Flipphaseloesthis, by eliminating
ary U pointersto O copies.Unflippedthreadamayhave pointers
to O andN copies,evento the sameobject, but flipped threads
never referto O copies.The Post-Flipphasesimply restoreghe
normal(i.e., not-during-collectionyvrite barrierandreclaimsthe
O region.

As long asthereare ary unflippedthreads,all threadsmust
updateboththe O andN copiesof C objects.However, because
of theway in which we takeadwantageof Java mutualexclusion
semanticsthe order (O first or N first) doesnot matter’ The
main import is that we needa way to “unforward” from an N
objecttoits O copy.

Since unflippedthreadsmay accessoth O andN copiesof
the sameobject,pointervariableequalitytestssuchasp == g
needto be alittle morecomple, aspreviously discussedSince
comparisonsvith nul | areunafected,andsincemostpointer
comparisongre probablytestsfor null pointers,it is unlikely
thatthe morecomple pointerequalitytestwill have significant
impact.

We contendthatthe logical aliasingof thetwo distinctcopies
of objectsis nota problem;seetherelatedappendix.

The Pre-Flipphasenstallsthe Flip PhaséNrite Barrier; here
is the pseudo-code:

/1 Flip Phase Wite Barrier

I p->f = q is the update

I object p may be in U O or N
I g may be a ptr or non-ptr:

I omt forwarding for non-ptrs
I if qis aptr, it may refer

1/ toU O or N

fl

ip-wite(p, f, ) {

p->f = q;

i1 f (forwarded(p))
/1 true for BOTH O and N copies so
/1 that this follows O >N or N>0
pp = forward(p);
agq = q;
if (old(qq)) qq = forward(qq);

/] omt step above for non-ptrs
pp->f = qq;

"The situationwith volatile fields is more comple; seethe ap-
pendix.




b}

The Flip Phasewrite barriermustbe installedbeforethe Heap-
Flip phase.Otherwiseunflippedthreadsmight write O pointers
in U slots. Likewise, the pointerequalitytestmustbe installed
now, sincethe Heap-Flipphasewill startto exposeN pointersto
unflippedthreads?

TheHeap-Flip phasds straightforwardit scansevery U slot
thatmightcontainanO pointer, fixing O pointersto referto their
N copies. Becauseof possibleraceswith mutatorupdatesthe
collectoremploysa compare-and-swapperatoy ignoring fail-
ures(sincethe mutatorthreadcanonly have writtenanN pointer
in this phase) Hereis pseudo-code:

/1 Heap-Flip: U space ptr forwarding
I p points to a U slot,

I that may point to an O object
flip-heap-pointer(p) {

q="p;

if (old(q))

comnpar e- and- swap(p, q, forward(q));
/] avoid race with mnutator

TheThr ead-Flip Phasés alsostraightforwardgiventhewrite
barrier setby the Pre-Flip phase. To flip a given thread,one
replacesall O pointersin the threads stack and registerswith
their N versions. This can be doneincrementallyusing stack
barriers,asdiscussedor marking. For flipping S slots, we use
fli p-heap- poi nt er. Any new threadsstartflipped.

The Post-Flip Phasedoes“clean up” andfreeing. Onceall
threadshave flipped,we canturn off thespecialrite barriersand
revert to the normalwrite barrierusedwhenGC is not running.
After guaranteeindhat no threadis still executinga flip write
barrier(which mighttry to acces®n O copy),the collectormay
then discardthe hashtable mappingN copiesto O copiesand
reclaimO space.

3. MERGING PHASES

Some Sapphirephasesmust be strictly orderedand cannotbe
meged. However, we canmeige theseMark-and-Copyphases
into a ReplicatePhase Root-Mark, Heap/Stack-MarkAllocate,
andCopy. ThePre-MarkphasenustprecedeReplicatejikewise,
the Flip phasegnustfollow it andoccurin order The meiging
is mostly straightforwardhereis pseudo-codéor the Replicate-
Phasewrite barrier:

/ Replicate Phase Wite Barrier
/ p->f = q is the update
/ object p nmay be in Uor O
/ object g may be in Uor O
/ This is for ptrs and non-ptrs
epl i cate-phase-wite(p, q) {
* = q’
replicate-wite-barrier(p, f, q); }
replicate-wite-barrier(p, f, Q)
copy-write-barrier(p, f, Q);
/1 above for q ptr or non-ptr
mark-write-barrier(q);
/1 above only if qis a ptr
}

8The pointerequalitytestcanbe installedall the time, if thatis
moreconvenientor efficient.

This simply combinesthe previous Mark and Copy Phasewrite
barriers.

As for the collector, we obsere that “marked” is now repre-
sentedby “forwarded”. Therearea variety of waysto represent
the explicit gray set; we choseto “mark” (forward) recursvely,
becausé avoidedmultiple scanof the objects.

In the replicatephase mutatorsdo nothing“special”, except
usethe ReplicatePhasewrite barrier The collectordoesthe al-
locationandcopyingasbefore,andthe write barriersimply en-
queueseferencesThe collectorthusactsasfollows:

1. It scansroot slots, heapslots (slotsin U that might re-
fer to O objects),and stackslots, and for eachone calls
mar k- wr i t e- barri er, possiblyaddingreferenceso
its input queue.The orderdoesnot affect correctness.

2. For eachreferencan its inputqueuejf thereferentis not
yet forwarded,it allocatesa new copy andinstallsa for-
wardingpointer We call thesesteps or war d- obj ect .

3. As partof f or war d- obj ect, it recursvely processes
eachslot of thejust-forwardedobject,forwardingtheref-
erentif needed. It alsoupdateshe N copy'’s slot to re-
fer to its referents N copy asneeded.We call this work
scan- sl ot.

4. The phaseerminatesvhen(a) all rootsandU heapslots
have beenscanned(b) all N copieshave beenscanned,
and(c) all threadstackslotshave beenscannedndfound
to containno white pointerswhile thecollectorqueuehas
remainedempty

/ Scan sl ot
/ called for each field f of each
/ obj ect p needi ng scanni ng
/ object pisinN
/ We: copy the field from O space,
/ forward the referent, and install
/ the N address
can-slot(p, f) {
pp = unforward(p);
copy-word(&pp->f), &p->f));
f or war d- obj ect (p->f);
/| above only if p->f is a pointer
if (forwarded(p->f)) {
/'l also only if p->f is a pointer
v = p->f;
vv = forward(v);
conpar e- and-swap (& p->f), v, vv);
/] avoid race with mutator

/
/
/
/
/
/
/
s

4. RELATED WORK AND DISCUSSION

Themostcloselyrelatedwork is thatof NettlesandO'Toole[13].

They describea concurrentopyingalgorithmcalledreplicating
collectionthatdiffers from prior work in that(a) it hasmutators
obsere andupdateonly the O copiesbeforetheflip, thusavoid-

ing areadbarrier and(b) tracksall writes so that the collector
bringsthe N copiesinto consisteng with the O ones. Sapphire
improvesreplicatingcollectionin atleastthesesignificantways:
(a) it usesthe mutatorwrite barrierto propagateipdatessothe
O andN copiesaremorecloselysynchronized(b) it allows mu-

tatorsto seeboth O andN copies,and(c) it flips threadstacks
andthe heapincrementally As previously mentionedthe latter
is especiallyimportantwhenthereare mary threads. Sapphire
alsomakeshetterguaranteesf terminationthandoesreplicating
collection, becausenew objectsare not allocatedin the region

beingcollected.



Therearemary previousconcurreniand/orincrementatopy-
ing collectors,most of which usea readbarrierto insurethat
mutatorsseeonly the N copiesof copiedobjects. Examplesn-
cludethe algorithmsof Baker[3], Brooks[5], and Appel, Ellis,
andLi [1], in additionto Nettlesand O’'Toole. Becauseof their
N-space-onlyinvariant, thesealgorithmscannotflip incremen-
tally without addinga readbarrier Therearesomerefinements
of replicatingcollection,suchasspecialtreatmenf immutable
data[10] (importantfor ML, but not ashelpful for Java) andof
thread-pvatedata[8, 7], but noneaddressncrementaflipping
while copyingthe sharecheap.

In sum,Sapphirds anew approacto concurrentopyingcol-
lection, usinga differentmutatorinvariant. Thefirst concurrent
copyingcollectorsuseda readbarrierto enforcean N-spacen-
variant, replicatingcollection usesan O-spacenvariantbut re-
quiresatomicflipping, andSapphireallows mutatorreference$o
O andN spaceandsupportincrementaflipping. Sapphiredoes
rely on a propertyparticularto Jaza, namelya memorymodel
anddefinition of propersynchronizatior(absencef dataraces).
We exploit thatpropertyto avoid makingall heapupdatestomic
during collection. Thus, Sapphiremay be appropriatefor lan-
guageswith similar semantics.

Data Races: We say a Java programhasa dataraceif two
threadanupdatethe samenon-wlatile field concurrently Pro-
gramswith dataracesmay exhibit nev behaiors under Sap-
phire, but the effects are similar to thoseallowed when opti-
mizing ([12, p. 378]). Further the valuesstoredinto ary field
areonesstoredby somethread,so Sapphirecannotviolate Jaza
type-safety In ary case,for properly synchronizedprograms,
Sapphireproducesresultsconsistenwith the Java Virtual Ma-
chineSpecification.

5. PROTOTYPE IMPLEMENT ATION
AND RESULTS

We did a proof-of-algorithmimplementatiorof Sapphirein the
Intel OpenRun-timePlatform (ORP)? a completeJava Virtual
Machine (JVM) and JIT (just-in-time) compiler for the 1A-32.
The ORP includestunedimplementation®f several GC algo-
rithms, includinga stop-the-worlccopyingcollector STW.

ImplementingSapphirén the ORPnecessitatemhsertingwrite
barriers(a) for non-pointeraswell aspointers and(b) atplaces
where a stop-and-collectGC would not needthem becauset
would scan(specifically the global roots area). We offer mea-
surement®f GC pausdimes(lengthof time mutatorthreadsare
blockedbecauseof GC) to shaw that Sapphireis indeedeffec-
tive in minimizing pausesSinceSapphirehasyetto be carefully
tuned, thesepausesshould be takenas upperboundson what
one canachieve with the algorithm. Note that our goal hereis
to validatethe algorithm,not to evaluateperformancesinceour
implementatiorof Sapphirds nottuned.

Hardware platform: We usedan Intel two-processoPen-
tium Il systemrunningat 300 Mhz with 512 Kb of cacheand
256 Mb of mainmemory(DK440LX motherboard)The operat-
ing systemwasWindows NT Workstation4.0.

Benchmark programs: To stresstestthe algorithm, we de-
signeda multi-threadedbenchmarkprogramthat (a) continu-
ously builds objectsandcontinuouslydiscardehem,and(b) can
do sousingmultiple threads.Our benchmarkconsistsof: (1) a

9The ORPR including source code, is available at

http://lwww.intel.com/research/mrl/orp.

GCthreadthatsleepauntil aGCis requestedndnurseryalloca-
tion spaces low; (2) a GC requestinghreadthatloopsforever
requestinga GC andthensleepingl0 milliseconds;and(3) one
or moreallocatingthreads. An allocatingthreadconsistsof an
outerloopiterated1000times,andaninnerloop thatbuilds 1000
linked lists of 1000numberechodeseach. The innerloop also
traverseseachlist, andthendiscardghelist; anexceptionis the
first list it builds, which it retains(to force additionalcollector
work). The total spaceallocatedby an allocatingthreadis 3.2
Gh.

We ran benchmarksvith 1 allocatingthreadandwith 5 allo-
catingthreadq16 Gbtotal allocation).We alsoranavariantwith
oneallocatingthread but adeepstack(anextra 1000frames)oe-
tweenthe outerandinnerloop, to seeif thetime neededor stack
scanningor flipping would changesignificantly We call these
benchmark®ne, Five, and Deep. The heapsize wasapproxi-
mately 128 Mb for all benchmarkssothey requirea numberof
collectionsin orderto complete. We ran eachbenchmarkfive
timesandaggreatetheresults.

Pausetimes: Sincethe primarygoal of Sapphirds minimiz-
ing mutatorthreadpausetimes, thatis the primary resultwe in-
cludehere.Firstwe give tablesshaving for eachbenchmarkhe
minimum, maximum, mean,50%ile (median),90%ile, 95%ile,
and99%ile pausdimes,in microsecondsacrossll 5 runsof the
program.Secondwe shav pausetime histogramsasgraphsfor
eachprogram againaggr@atingthedataof the 5 runs.Notethat
the vertical scaleis logarithmic, emphasizingutlying points.
We find that Sapphiremeetsour goal of very short pausedor
OneandDeep.It doeslesswell on Five, whereit is stronglyaf-
fectedby OS schedulingconcernssincewe have only 2 CPUs.
We believe that similar effects causedthe outliersin One and
Deepaswell. We believe this effect canbe controlled;it does
notappeato be afundamentaproblem.

Pausdimes(microseconds)
Prog | Min Max Mean | 50% | 90% | 95% 99%
One 66 4710 165 89 | 525 641 705
Deep 71 2321 169 89 | 529 643 713
Five 53 | 122129 | 1865 | 118 | 567 | 3464 | 46982
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Additional statistics: The table belon shows the total time
(in seconds}o run eachbenchmarkprogram5 times, with the
stop-the-worldcollector (STW) and with Sapphire(Sapph). It
alsoindicatesthe total numberof GCsover 5 runsfor eachcol-
lector, andthe total numberof pausesn Sapphireruns,to scan
athreads stack. We notethat our VM doesnot allow scanning
atary pointin mutatorcode;we simply restarta threadandtry
againlaterif it is at an“unsafe” point. The tablealsoindicates
the numberof pauseghat found threadsat unsafepoints. Our
Sapphirewrite barrieris currently untuned,so our 1-2% slow-
down comparedvith STW canlikely beimproved. We obsenre
thatour STW pausesvere generallyl7—25milliseconds much
largerthantypical Sapphiregpauses.

Additional Statistics

Prog STW | GCs || Sapph| GCs | Pauses| #Unsafe
Name secs secs

One 504 | 2255 507 | 2060 | 23064 17593
Deep 504 | 2240 508 | 2071 | 21749 16214
Five 505 673 515 540 | 18849 11627

In conclusion,Sapphireoffers a new approachto concurrent
copyingcollection,thatminimizesthreadblocking (pause}imes
while avoiding areadbarrier We introducedandexplainedSap-
phire,andin additionwe have implementedandoffer somemea-
surement®f thealgorithm,strengtheninguramgumentthatit is
correctanddemonstratinghatits pauseimesareindeedsmall.

APPENDIX
A. TERMINOLOGY

Thereare someterms,commonto the GC literatureand/orthe
Java languageor virtual machine,whosedefinition we repeat
herefor clarity.

collector, collector thread: One or moreloci of control (not
necessarilylava threads but possibly OS threads)that perform
garbagecollection work (as opposedto executing application
code)

flip: Changingslotsreferringto O objectsto referto the cor
respondingN copies.Thisis mostusuallyappliedto theflipping
of slotsin S (threadstacks) but alsoappliesto slotsin U.

JNI, Java Native Interface: An interfacedefinedby SunMi-
crosystemswith theintentof allowing native code(e.g.,written
in C) to accesslava objects but in a controlledfashionallowing
copyingcollectorsand suchto work in the presencef uncoop-
eratve andunknowvn code. JNI operatedy imposinga level of
indirectionon objectaccessesThe JNI's table of pointersit has
handedutto native codeis agroupof slotsthatarerootsfor col-
lectionandthuspartof the U region, aspreviously mentioned.

mutator mutator thread: One or more loci of control, gen-
erally Java threadqor OS threadsaccessinghe heapthrougha
controlledinterfacesuchasJNI), thatperformapplicationwork.
A mutatorobviously interactswith the collectorwhenthe muta-
tor allocateqthoughsuchinteractiondoesnot generallyrequire
closesynchronization)updatesheapslots, and“flips” its stack
from old-spaceo new-space.

null pointer: A specificpointervaluethatrefersto no object.
By convention, the null pointervalueis numericallyO in most
systemsput Sapphiredoesnot dependon that.

object: A collectionof contiguousnemorylocations lying in

asingleregionthatcanbeaddressedndaccessedia references.

Objectsdo not overlap and may be relocatedindependentlyof
oneanotherby the collector In mary casesanobjectaswe use

the term herecorrespondgo a Java object, but sometimesve
may usemultiple low-level objectsto represena single Java ob-
ject. A typical caseof thisis a Java objectwith complex monitor
locking happening.An objectmay containslots, non-slotdata,
or both.

pointer: Theaddres®f anobject,i.e., areferencgq.v.).

readable: An objectis reachabléf arootslotpointstoit, ora
reachablebjecthasaslotpointingtoit. Putanothemway, reach-
ability is the transitive closureof referencefollowing, starting
from roots.

read barrier: Operationgperformedwhenloadinga pointer
(or possiblywhenaccessings referentobject). It is calledabar
rier becauseheoperationsnustbe performedbeforethe pointer
useproceedssincethe barriermay replacethe pointerwith an-
otherone,etc. Sapphiredoesnot usereadbarriers.

refelence:Theaddres®f anobject,alsocalledapointer Here
wegenerallymeanthevalue;if we meanamemorylocationcon-
tainingareferencewe usetheword slot.

root: A slotwhosereferentobject(if ary), is consideredeach-
able,alongwith all objectstransitvely reachabldrom it. The S
andU regionscontainroots,which arewherecollection“starts”
in its determinatiorof reachablé objects.

slot: A memorylocationthatmaycontainareferencépointer)
to anobject. It mayalsoreferto no object,i.e., containthe null
pointer As previously mentionedwe assumethat memorylo-
cationscanbe catgyorizedinto slotsand non-slotdatacorrectly
andunambiguously

syndironizationpoint: A pointin code thatwhenreacheden-
tails a synchronizatiorbetweerthreads.We alsousethetermto
referto the reachingof a synchronizatiorpoint, i.e., an eventin
time. The Java programmindanguageandthe Java virtual ma-
chinehave precisedefinitionsof requiredsynchronizatiorpoints
and their effects. The principal points are acquisitionand re-
leaseof monitorlocks,andreadsandwritesof volatile variables.
Sapphireassumeshat usercodeobeys the protocols(i.e., non-
volatilefieldsarenotaccessedoncurrentlyi.e., withoutmonitor
locksbeingheld).

write barrier: Operationgerformedwhena datum(typically
a pointer)is storedinto a heapobject. The operationsneedto
belooselysynchronizedvith the actualupdate put the synchro-
nizationrequirementsregenerallynot asstringentasfor aread
barrier Generationatollectorsusewrite barriersto detectand
recordpointersfrom older to youngergenerationsso thatupon
collectionthey canlocatepointersfrom U to C efficiently. Sap-
phireusesmorecomple write barriersin somephasesto bring
O andN copiesof objectsinto consisteng andto assistin flip-
ping. Someof thesewrite barriersmustoccur for all updates
ratherthanonly thosethatstorepointers.

B. CORRECTNESSOF copy- worD

We referto the codeof copy- wor d, shawvn earlierin the pa-
per We first aguethatif the collector executesthe first return
statementhenthe copyingoperationis correct. Call the muta-
tor action of writing * p mp, and likewise mq for writing * g.
Call the collectoractionsrp, rq, andwq, for reading* p and* g
and writing * q, respectiely. The collector actionsconsistof
oneor more<rp, wg> pairsfollowed by afinal rp. Mutatorac-
tionsfor a single updateconsistof an <mp, mg> pair, but mul-
tiple mutatorupdatescancome,oneafter another(but notinter-
leaved!). Our goalis thatoncea collectorsequencés complete,
andary mutatorsequencéegun beforethe collector sequence



ends*q == forward(*p).

Considerthe possibleinterlearings of mutatorand collector
actionson a given slot. The <rp, wg> and <mp, mg> pairs
may executewithout interleaving, or we may have one of the
following orders:

e <rp, mp, wg, mg>: This givesthe right outcomewith
no further work; the mutationoccurslogically after the
copying. However, when the collector doesthe second
rp, it will seethatp changedandwill harmlesslyrecopy
which canoccureitherbeforeor aftermg.

e <rp, mp, mqg,wqg>: In this casethelogically earliercopy
operationclobbersthe logically laterupdateof q. But the
secondrp will detecta differenceandredo the copying,
with thenew value.

e <mp, rp, wg, mg> or <mp, rg, mg, wg>: Thecopyoc-
curslogically afterthe updatewqg andmgq write the same
value,andthe secondp will seenochange.

If anotherupdatecomesalongafterthemq,the collectormaygo
throughanothercycle of copyingandchecking. Sincethis can
happerindefinitely, the codesequencswitcheso anatomicup-
datestrat@y. This involvesactionsrp, rq (readingq), andcsq
(compareandswapon q), which givesthesepossibleinterleas-
ings:

e <rg, mp, mq, rp, csg>, <rq, mp, rp, mq, cs¢>, <rq, rp,
mp, mq, cs¢>, <mp, rq, mq, rp, csg>, or <mp, rq, rp,
mq, csg>: The compare-and-swafails, leaving the log-
ically later valuefrom the mq (unlessthe updatedid not
actuallychangethevalue,in which casethe compare-and-
swapwill succeedbut notchangethevalueeither).

e <rg, mp, rp, csg, mg> or <mp, rq, rp, ¢sq, mg>: The
compare-and-swagucceedsdnstallingthelogically never
value.Thelatermqgwritesthatsamevalueagain.

e <rqg,rp, mp,csq,mg>: Thecompare-and-swagucceeds,
installingthelogically oldervalue. Thelatermginstallthe
correctfinal value.

Note thatwhenthe compare-and-swagucceedsanothemu-
tator updatecannothave begun (the mq happensfter the csq).
Whatcouldpossiblyallow a csqto succeedvhenit shouldhave
failed?If, afterthecollectorsrqandrp therearefurtherupdates
that(a) setq to the valuereadby therq (i.e., updateboth p and
q) andthen (b) updatep to somenew value (but the write to q
hasnot yet happened)thenthe csqwill succeed.But the final
mq cannothave happenedeforethe csq(or the csqwould have
failed), henceghemqwill happeraterandq will endup with the
correctvalue.

The compare-and-swalpasedcopyingsequenceipdates) in
thesameorderasp, whereaghe othersequencenay not update
g in the sameorder (but will give a correctfinal valuewhenit
terminates).This is not of greatimport here,sincemutatorsdo
notreadq until afterthis phases complete.

Note thatwe rely on Java locking semanticgo resol\e possi-
ble raceconditionsbetweenmutators. In particular we assume
thereis no interleaving of <mp, mg> updatepairsfrom differ-
entthreads.For consideratiorof Java volatile variables seethe
relatedappendix.

C. JAVA MONIT OR LOCKS

TheJavaprogrammindanguagendvirtual machineoffer means
to obtainexclusive accesso individual objects yia monitorlocks
associatedvith (some)objects. Virtual machineimplementa-
tionstypically acquirea monitor lock by performingan atomic
memoryoperationon someword associatedvith the synchro-
nizedobject,whichwe termthelock word. If mutatorsrun dur
ing collection,andthe lock word of a copiedobjectmoves,we
mustinsurethat mutatorsalwaysdirecttheir locking relatedop-
erationgo the appropriatenemoryword.

Our designbuilds on the thin lock protocol[2]. In thatproto-
col, themostcommonlock statesarerepresentethy lock values
thatfit in thelock word of thesynchronizeabject.Lesscommon
statesrequirea fat lock, a group of wordsallocatedin memory
which we call a lock object To this modelwe add the notion
of aforwardedlock word: thelock word of an O copy forwards
lock operationgo the lock word of the N copy, which may it-
self be thin or fat. Thusour lock wordshave four states:thin,
fat, forwarded,and meta-lockedwhile in the original protocol
they have only three.In bothprotocolsoneusesthe meta-locked
stateto accomplishatomic transitionsbetweenmore complex
lock states.Whenalock word is meta-lockedptherreadersaand
writersof theword spinuntil the holderof themeta-lockreleases
it, by writing alock word valuethatis not meta-locked.

To “move” alock from anO copytoits N copy, we acquirethe
meta-lockon the O copylock word, write the old lock valueinto
the N copy, andwrite a forwardinglock valueinto the O copy
lock word. If themovedlock is fat, we alsoupdatethefat lock’s
back pointerto the synchronizedbjectto referto the N copy,
while holding the meta-lock. This designwasrelatively simple
to addto the existing thin lock implementationof our JVM. It
alsokeepdocksthin almostasoftenasbefore.

We allocatelock objectsin a non-maving spacebut we could
copy them, by acquiringthe meta-lockso asto gain exclusive
accesdo thelock datastructure.

D. VOLATILE FIELDS

Java has a featurewherebyone can annotatea field as being

volatile. Similar to the semanticof C andC++, this meanghat

eachlogical read(write) of the volatile field in the sourcecode

mustturninto exactly onephysicalread(write) of thefield when

executedat run time. Volatile fields thushave differentmemory

synchronizatiorpropertiesfrom ordinaryfields: ordinaryfields

needonly besynchronizedvith memoryateachsynchronization
point. Sapphiretakesadvantageof the “loose” synchronization
of ordinaryfields.

Assumethat volatile readsand writes must appearto be to-
tally orderedwe discussveakmemoryacces®rderinglater). A
simpleapproachto implementingvolatile readsandwritesis to
mimic ordinaryreadsandwrites. Unfortunatelythis fails during
someSapphirephasesFor example,supposeve have a volatile
field X in oneobject,anda (non-wlatile) counterC in someother
object,andwe alwaysupdateC via synchronizednethods.Say
that the object containingX hasbeencopied, so we have two
copiesof X, namelyXo and Xn. SupposehreadT1 is in the
middle of updatingX, andhaswritten Xo but not Xn. At this
point, T2 comesalong andreadsthe new valuein Xo andthen
increment<C. ThenT3 incrementsC andreadsxn, obtainingthe
old valueof X, but atatime (indicatedby the counterC) clearly
after T2's readof the new value. ThreadsT2 and T3 have per
ceived memoryupdateeventsin inconsistenbrders.How do we



avoid suchinconsistencies?

First, we note that the problemonly comesup during those
phasesn which thereare (a) two copiesof anobject,and(b) at
leastone mutatorcan accesghe old copy and at leastone the
new copy. Similar to monitor locks, we insurethat accessefo
ary givenvolatile field are ultimately orderedby accesse$o a
specificmemoryword. Herearethe detailsof the strateyy:

e Until anO copy of anobjectis forwarded,accesset its
volatile fieldshapperon the O copy.

e OnceanO copyhasanN copy(i.e., it is forwarded),ac-
cessehapperto theN copy.

e To makethe switch from O copy to N copy atomicand
consistent,the collector acquiresthe O copy meta-lock
(which it mustdo aryway) and copiesthe volatile fields
while holdingthe meta-lock.

e To insureordering betweenvolatile writes and collector
copying,duringtheReplicatePhasesapphireequiresnu-
tatorsto performvolatile writes to unforwardedO copies
by first acquiringthe O copy meta-lock. Note also that
writesto volatile pointerfields mustalsoperforma write
barrier notshavn in the codebelon soasnotto distract.

e During the ReplicatePhaseyolatile readsmustcheckthe
lock field to seeif the objectis forwarded. If it is for-
warded they readthe N copy, and(for pointerfields)un-
forward thevalueread(sinceduringthis phasehey should
seeonly O referencesandN copy volatile pointerfields
may containN references).

If the objectis not forwarded,we canperforma volatile
readon the O copy. This may appearto be a racecon-
dition, but if the objectis forwardedand later written,
thereadis legally serializedbeforethe forwarding,sothe
valuereadis consistentvith alegal orderingof accesses.

Hereis pseudo-codéor ReplicatePhasevolatile accesses:

/1 Replicate Phase Vol atile Read
I p refers to an O copy
/1 f isafield
repl-vol -read(p, f) {
t op:
| = p->l ock;
if (netal ocked(l)) goto top;
if (not forwarded(l))
return vol -read(p->f);
p = forward(p);
v = vol -read(p->f);
/1 v MAY refer to N space
return unforward(v);

/ Replicate Phase Volatile Wite

/ p refers to an object

/ f isafield

/ vV is the val ue

epl -vol -wite(p, f, v) {

if (forwarded(p)) {
p = forward(p);
v = forward(v);
vol -write(p->f,
return;

v);

}
p = acquire-netal ock(p->l ock);

/1 note: forwards to N copy, if any
if (pisinN v = forward(v);
vol -write(p->f, v);
rel ease- net al ock( p- >l ock);

E. WEAK ACCESSORDERING

Pugh[14] indicatesthat the Java memory model as described
in the original JVM specification([12]) is problematic.In are-
centproposal15] hesuggestamodelin whichvolatile accesses
mustbe sequentiallyconsistentwith eachotherandwith certain
synchronizatiorevents.On a systemthatenforcegotal ordering
of all storesandconsisteng of loadswith thatorderat eachpro-
cessorwe neednot do much. However, we wereconcerneavith
supportingthe 1A-64's acquire-releasereak orderingmodel. It
turns out that for ordercritical accessegvolatiles and monitor
locks), we shouldreplaceloadswith load-acquiresstoreswith
store-releasesndin betweena store-releasandthe next load-
acquire,we shouldinserta memory-fence.lt is straightforward
to apply thesetransformationgo copy- wor d, etc.,andobtain
correctbehaior of Sapphiran theacquire-releasmodel. Like-
wise, it is straightforwardto determinecorrectplacesto insert
memoryfencesfor otherweakorderingmodels.

The point is that Sapphires approachto monitor locks and
volatilesstill ordersaccessethroughasingleword—theobjects
lock field—andonesimply applieswhatever technique®neoth-
erwiseneeddo insureadequaterderingto supporthelanguage
memorymodel.In short,Sapphird@ntroduceso new issues.

F. ALIASING

Onemightbeconcernedhat,duringthe Flip phase®f Sapphire,
having distinctpointersreferto whatis logically the sameobject
presentsiew issuef aliasesandaliasanalysiso compilersand
hardwarelf theupdateof the“other” copyis deferredwe might
have anissueat the hardwardevel. For example,if we wrotea
field via pointerp in O spaceandreadit via pointergin N space,
thereadmightnotreflectthewrite. Thus,werequirethatathread
completeupdatego bothO andN spacebeforeproceedindo the
next field reador write that might possiblytouchthe samefield.
Notethatinterferencdrom otherthreaddss notanissue because
Java synchronizatiomulesrequirelocking in suchcasegseethe
relatedappendixfor discussiorof volatile fields). If we follow
the rule of updatingboth spaceseforeaccessingossiblycon-
flicting fieldsin the samethread,thenhardwarealiasdetection
mechanismsvill work correctly The possibility of two physical
copiesof the samelogical objectdoesnot affect compileralias
analysis:.we couldhave distinctp andq referringto copiesof the
samelogical objectonly whenp andq could refer to the same
physicalcopy. However, if the compilerinsertsrun-time tests
of pointerequalityto conditionalizecodebasedn aliasing then
thoseequalitytestsmustallow for the possibility of physically
distinctcopiesof the samelogical object,i.e., the compilermust
emit codefor themorecomplex equalitytest.

G. GENERATIONAL WRITE BARRIERS

In agenerationatollector, to avoid scanninghe (usuallylarge)
oldergenerationsvhencollectingyoungemenerationsonetracks
mutatorwrites usinga write barrier Specifically whenobjectp
is modifiedto referto objectq, if pisin anoldergeneratiorthan
g, we rememberthat fact. Somewrite barrier schemesecord



somethingaboutevery pointerwrite. For example,cardmark-
ing recordsthe region that was modified (the region containing
p). Later the informationis filtered to determineif one actu-
ally createdan olderto-youngermointer andsuchpointersmay
be rememberedicrosscollections,etc. The importantthing to
noteaboutthe Sapphireschemas that, unlike mostgenerational
schemesin Sapphirewe mustapply the write barrierto stores
thatinitialize pointerfieldsof newly allocatedobjects.Thisdoes
not arisefrom the agerelationshipsof generationatollection,
but ratherwith thefactthatnewly allocatedobjectsarenotplaced
in the C region andwe needto know aboutreferencedo C ob-
jectsfrom outsidethe C region. However, we can arrangethe
agesof regionsso thata generationalvrite barrierwill remem-
berthe pointersthat needto be rememberedasfollows. Make
the (logical) ageof the nurseryolderthanthatof the O region, so
thatwe will recordreferenceso O objectsfrom nurseryobjects.
In orderto end up with the desiredrememberegbointersat the
endof collection,arrangefor the ageof the N region to be older
thanthenursery

While one may do more generationalwrite barrier work in
Sapphirethanin a collectorthatincludesthe nurseriesn every
collection,it is hardto guarantegerminationif oneincludesthe
nurseriesin C. Also, one shouldexpectthat a concurrentcol-
lectorwill do moretotal work (acrossall CPUs)thana stop-he-
world collector What oneis gainingwith Sapphireis minimal
disruptionandbettersystemutilization.

H. REFINEMENTS TOMARKING FROM
STACKS

Marking requiresfinding S pointersto O objects,i.e., scanning
threadstacks.The collectorbriefly suspends threadto scanthe
stack(andregisters)for referencego white (unmarked)objects
andto invoke the mark phasewrite barrieron them. Hereare
someusefulrefinementdo this process.

We neednot processan entirestackat once. We canprocess
registers thetop frame,andzeroor moreadditionalframes pro-
cessingherestafterresumingthe mutator in the style of gener
ationalstackcollection[6]. This mayfurthershortenpauses.

This refinementequiresthe mutatorandthe collectorto syn-
chronize. In particular the collectorcannotprocessa framein
whichthe mutatoris running,or aframefrom which themutator
hasreturned.Hence for the collectorto work on framesbelov
a certainpoint in a threadstack, the collector shouldinstall a
stackbarrier Onecanimplementbarriersby “hijacking” there-
turn addressnto the frame, makingthe return addresgoint to
a routinethatwill synchronizewith the collectorappropriately
(This way the mutator doesnot needcodeto checkexplicitly
for neededsynchronization.)rhecollectorwill remove thestack
barrierwhenit is donescanningor canmove the barrierdovn
the stackincrementally one or moreframesat a time, asit fin-
ishesscanningramesfor pointersto white (unmarked)pbjects.

The collector processesuspendedhreads. It may be possi-
ble to rememberO-to-N object mappings,andto updatelong-
suspendethreaddessoften, or just at they areawakened.The
ideahereis to avoid repeatedscanningof the stacksof threads
thataresuspendedbr alongtime. We would needto remember
or updatethe O-to-N mapsfor objectsreferredto by suspended
threadsIt mayturnoutto benotonly simplerbut asfastor faster
justto recordthelocationsof asuspendethreads non-nullstack
referencesindto updatethemaspartof eachcollection.
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