The Memory Pool System

Thirty person-years of memory management development goes Open Source

Richard Brookshy
Ravenbrook Limited
PO Box 205
Cambridge, United Kingdom

rb@ravenbrook.com

ABSTRACT

TheMemoryPoolSystem(MPS)is averygeneraladaptable e x-
ible, reliable,andef cient memorymanagemergystem.lt permits
the e xible combinationof memorymanagemertechniquessup-
portingmanualandautomatianemorymanagementn-line alloca-
tion, nalization, weaknessand multiple concurrentco-operating
incrementaenerationajarbagecollections. It alsoincludesa li-
brary of memorypool classesmplementingspecializedmemory
managemerpolicies.

The MPS representaboutthirty person-year®f development
effort. It containsmary innovative techniquesand abstractions
which have hitherto beenkept secret. We are happy to announce
that RavenbrookLimited is publishingthe sourcecodeand doc-
umentationunder an open sourcelicence. This papergives an
overview of thesystem.
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1. INTRODUCTION

TheMemoryPoolSystem(MPS)is a e xible, extensible adapt-
able,androbustmemorymanagemergystempnow availableunder
anopensourcelicencefrom RavenbrookLimited.

Betweenl994and2001,HarlequinLimited (now GlobalGraph-
ics Software Limited) investedaboutthirty person-yearsf effort
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developingthe MPS. It containsmary innovative techniquesand
abstractionsvhich have hithertobeenkeptsecret.ln 1997,Richard
Brooksbythemanageandchiefarchiteciof theproject,andNicholas
Barnes,a seniordeveloper left Harlequinto form their own con-
sultangy compary, RavenbrookLimited, andin 2001,Ravenbrook
acquiredthe MPStechnologyfrom Global Graphics.

Our goalsin goingopensourcearethatasmary peopleaspos-
sible bene t from the hardwork thatthe memberof the (now de-
funct) Memory ManagemenGroupputin to the MPS designand
implementationWe alsohopeto developthe MPSfurther, through
commercialicensingandconsultang.

This papergives an overviev of the MPS, with particularem-
phasison innovative thingsthatit does.

2. BACKGROUND
2.1 History

The original Memory ManagemenGroup,setup in 1994, con-
sistedof RichardBrooksbyandP. Tucker Withington. Richardhad
previouslyworkedin theML GroupandimplementedheMLWorks™
memorymanageandgarbageollector Tuckerjoinedfromtheail-
ing Symbolicsinc, wherehemaintainedhe Lisp Machines mem-
ory systems.

Theinitial brief of the groupwasto provide amemorymanager
for Harlequins new Dylan system Harlequinwasalsointerestedn
a broadersetof memorymanagemenproducts,andin absorbing
the memorymanagersf other products,suchas ScriptWorks™
(the high-endPostScripR languagecompatiblerasterimagepro-
cessor),LispWorks™, and MLWorks™. Initial prototypingand
desigrnwork concentratedna e xible memorymanagemerftame-
work whichwould meetDylan'srequirementsut alsobeadaptable
to otherprojects,andform a stand-alongroduct.

Richards concernsboutthe subtletyof agenericnemoryman-
agemeninterface, the pain of dehuggingmemorymanagersand
the compleity of the Dylanimplementation|ed him to pushfor a
fairly formal requirementspeci cation. This setthe tonefor the
groups operationsandled to extensve useof formal softwareen-
gineeringtechniquesuchasinspections.At its height,the group
wasoperatinga CapabilityMaturity Modellevel 3 procesg12]. As
aresult,the MPSwasvery robustandhada very low defectrate.
This enabledhegroupto concentrat®n development.

The MemoryManagemenGroupcollaboratedvith the Labora-
tory for the Foundationsof ComputerScienceat Edinkurgh Uni-
versity, with the goal of formally verifying someof thealgorithms
[16].

TheMPSwasincorporatednto therun-timesystenof Harlequins
DylanWorks™ compileranddevelopmentervironment(now avail-



ableasFunctionalDeveloperfrom FunctionalObjects|nc). Later,
it replacedthe highly optimizedmemorymanagelin Harlequins
ScriptWorks™, improving performanceandreliability to this day
aspartof GlobalGraphics'HarlequinRIPR .

2.2 Requirements

The MPS had a fairly large and complex set of requirements
from the beginning. TheHarlequinDylan projectwasformedfrom
highly experiencedLisp systemdeveloperswho knenv what they
wanted[10]. Therequirement®f ScriptWorks™ wereevenmore
comple [8]. Ontop of this, we werealwaysstriving to anticipate
futurerequirements.

This sectiondescribeshe overall architecturatequirementshat
guidedall aspect®f thedesign[11]:

Adaptability The MPS hasto be easyto modify to meetnew
requirementsThis makesthe MPSsuitablefor new applica-
tionsandensurest haslong andusefullife.

Flexibility TheMPSmust t into a numberof differentproducts
andmeetdiffering requirementsn diverseervironments. It
mustdo this with aslittle modi cation as possible,so that
it canbe deplgred at low cost. Flexibility givesthe MPS
broadapplication,andreduceghe needto maintainspecial
versionsof the MPS for differentclients. Codere-usealso
leadsto rohustnesshroughusetesting.

Reliability Memory managementdlefectsarevery costly In de-
velopmentthey aredif cult to nd and x, andoncede-
ployedthey arevirtually impossibleto reproduce The MPS
maybeshippedo third andfourth parties furtherincreasing
thecostof adefect.Reliability is thereforevery importantto
theviability of the MPS.

Ef ciency Ef ciency will alwaysberequiredby clients;afterall,
memorymanagemernis aboutthe ef cient utilization of re-
sourcesto meetrequirements. However, the tradeofs be-
tweenthoserequirementsvill differ from applicationto ap-
plication, hencethe needfor adaptabilityand e xibility. A
generallyefcient systemwill malke it easierto meetthese
requirements.

3. ARCHITECTURE

The MPSconsistof threemainparts:

1. theMemoryPoolManage(MPM)
2. thepoolclassesand

3. thearenaclasses.

SeeFigurel.

Eachpool classmaybeinstantiatedzeroor moretimes,creating
apool. A pool containsmemoryallocatedfor the client program.
The memoryis managedaccordingto the memory management
policy implementedby its pool class. For example,a pool class
may implementa type of garbagecollection,or managea partic-
ular kind of objectefciently. Eachpool canbe instantiatedwith
differentparameters;reatingvariationson the policy.

The arenaclassesmplementlarge-scalenemorylayout. Pools
allocatetracts of memoryfrom the arenain which they manage
client data. Somearenaclassesisevirtual memorytechniqueso
givecontrolovertheaddressesf objectsjn orderto make mapping
from objectsto otherinformationvery ef cient (critically, whether

anobjectis not white). Otherarenaclassesvork in realmemory
machinessuchasprintercontrollers.

TheMPM co-ordinatesheactvities of the pools,interfaceswith
theclient,andprovidesabstractionenwhichthememorymanage-
mentpoliciesin the poolsareimplemented.

This architecturegivesthe MPS e xibility, its primary require-
ment,by allowing an applicationof the memorymanageto com-
bine specializedbehaiour implementedoy pool classesn e xi-
ble con gurations. It alsocontrikutesto adaptabilitybecausegool
classesarelesseffort to implementthana completenev memory
manageirfor eachnew application. Reliability is enhancedy the
fact that the MPM code can be maturecode even in new appli-
cations. However, efciency is reducedby the extra layer of the
MPM betweenthe client codeand the memorymanagemenpol-
icy. This problemis alleviatedby carefulcritical pathanalysisand
optimizationof the MPM, andby providing abstractionshatallow
the MPM to cachecritical information.

4. IMPLEMENT ATION

TheMPSis about62 Kloc of extremelyportablelSO standardC
[1]. Exceptfor afew well-de nedinterfacemodulesit is freestand-
ing (doesnt dependon externallibraries). We have beenknown
to portto anew operatingsystemin lessthananhour.

Thecodeis writtento strictstandardsilt is heavily assertedwith
checkson importantand subtle invariants. Every datastructure
hasa run-time type signature,and associatedonsisteng check-
ing routineswhich arecalledfrequentlywhenthe MPSis compiled
in “cool” modé. Much of the codehasbeenput throughformal
codeinspection(at 10 lines/minuteor less)by betweenfour and
six experiencednemorymanagementevelopers[15]. It wasde-
velopedby a teamworking at approximatelyCapability Maturity
Modellevel 3 [CMMI1.02]. As aresult,it is extremelyrobust,and
hasavery low defectrate.

The MPS is designedto work ef ciently with threads,but is
not currentlymulti-threaded Fastallocationis achieved by a non-
locking in-line allocationmechanisn{seesection5.2).

5. KEY FEATURES AND ATTRIBUTES

5.1 Flexible combination of memory manage-
ment techniques

The mostimportantfeatureof the MPS is the ability to com-
bine memorymanagemenpoliciesef ciently. In particular mul-
tiple instancesof differing garbagecollection techniquescan be
combined.In the HarlequinDylan system for example,a mostly-
copying main pool is combinedwith a mark-sweeppool for han-
dling weakkey hash-tablesa manually-managegool containing
guardiansmplementinguserlevel weaknesand nalization, anda
mark-sweeppool for leaf objects. The samecodebasés usedwith
avery differentcon guration of poolsin theHarlequinR RIP®.

An overview of theabstractionshatallow e xible combination
canbefoundin section6.

Ironically, a lot of clever designwentinto the interfaces(MPM
andthe plinth) to make robustandef cient binaryinterfacesfor a
closed-sourc®PSlibrary.

The MPScanbe compiledwith various ags to give differentva-
rieties The“cool” varietiesareintendedor deluggingandtesting.
The“hot” varietiesarefor delivery. Somelevel of internalconsis-
teng/ checkingis presentn all varieties.

Thedetailsof theHarlequinR RIP con gurationandthetheRIP-
speci ¢ pool classimplementationgrecon dential, andnot avail-
ableunderanopensourcelicence.
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Figure 1: The MPS Ar chitecture.

5.2 Efcient in-line allocation

The MPS achieres high-speedmulti-threadedallocation using
theabstractiorof allocationpointsbacledby allocationbuffers|[9].
Theallocationpoint protocolalsoallows garbagecollectionto take
placewithout explicit synchronizatiorwith the mutatorthreads.

An allocationpoint (AP) consistf threepointers:init , al-
loc ,andlimit . Beforeallocation,init isequaltoalloc .The
threadowningthe AP reservesblock by increasingalloc  bythe
sizeof theobject. If theresultexceeddimit , it callsthe MPSto
completetheresenration,but otherwisdt caninitialize theobjectat
init . Oncetheobjectis initialized, thethreadcommitsit, by set-
tinginit equaltoalloc , checkingto seeif limit  is zero,and
callingthe MPSIf it is. At this pointthe MPSmayreturna ag in-
dicatingthatthe objecthasbeeninvalidated, andmustbe allocated
andinitialized again.Both theresere andcommitoperationgake
very few instructionsandcanbeinlined.

The exact implementationof the AP protocol dependson the
pool from which the threadis allocating. Somepools may guar
anteethat an objectis never invalidated,for example,andso the
commitcheckcanbeomitted. MostpoolsimplementAPsby back-
ing them with allocation buffers, fairly large contiguousblocks
of memoryfrom which they canallocatewithout ever calling the
MPS.

The AP protocolallows in-line allocationof formattedobjects
(seesections.5)containingreferencethatneedracingby agarbage
collection. The MPS knows that objectsup to init  have been
initialized andcanthereforebe scannedlt alsoknows thatan ob-
ject thatis half-initialized (somevherebetweerreserne and com-
mit) whena ip occurs(seesection6.7) cant bescannedandmay
thereforecontainbadreferencesthatis, referencesvhich have not
been x ed (seesection6.5). Hencethe commitcheck,andthere-
allocationprotocol. Thechancef a ip occurringbetweerare-
sene andcommitarevery low, andre-allocatiorrarely happensn

practice.

The AP protocol relies on atomic orderedaccesso words in
memory andsomecaremustbe taken to prevent someprocessors
from re-orderingmemoryaccesses.

The designof allocationbuffers wasinspiredby the Symbolics
Lisp Machineallocator which supportsa similar protocolin mi-
crocode but requiresatomicinitialization of objects.

5.3 Alibrary of pool classes

5.3.1 A: Allocateonly

A simplepool classwhich only supportsn-line allocation. This
is useful when objectsneedto be allocatedrapidly then deleted
together(by destrying the pool). Allocationis veryfast. This pool
is notcurrentlyin theopensources.

5.3.2 AMC: AutomaticMostly Copying
Themostcomplex andwell-developedpool class this wasorig-
inally designedasthe main pool for Harlequins implementation
of Dylan, but is a generalpurposemoving pool. It implementsa
generationainostly-copying algorithm[5].

5.3.3 AMS: AutomaticMark Sweep
This is the general-purpos@on-maing counterpartof AMC.
Not generational.

5.3.4 AWL: AutomaticWeakLinked

A specializegool originally designedo supportweakkey hash
tablesin Dylan. In a weakkey hashtable,the valueis nulled out
whenthe key dies (seesection6.4). The pool implementsmark
sweepcollectiononits contents.

5.3.5 LO: LeafObject



This pool storedeaf objects(objectsnot containingreferences).
It wasoriginally designedor usewith the Dylan foreign function
interface(FFI), guaranteeinghatthe objectswill not be protected
by the MPS undera hardwarereador write barrier becausenter
actionswith foreign codewould be unpredictable.

5.3.6 MFS: Manual FixedSmall

A simple pool which allocatesobjectsof x ed (regular) small
(muchlessthana page)size,thougheachinstanceof the pool can
hold a differentsize. Not garbagecollected.Usedinternallyto the
MPSfor the managementf someof its own dynamicstructures.

5.3.7 MRG: ManualRankGuardian

This poolis usedinternallyin the MPS to implementusetlevel
nalization of objectsin otherpools. Sometechniquesrom [14]
wereusedin its design.

5.3.8 MV : ManualVariable

A manuallymanagedgool for variablesizedobjects.Thisis the
pool classusedinternally by the MPS asthe control pool for mary
MPS datastructures. It is designedto be very robust, and, like
mary otherMPS pools, keepsall of its datastructuresaway from
theobjectst managesilt is rst- t, with theusualeageicoalescing.

5.3.9 MV2: ManualVariable 2

An un nishedmanuallymanagegboolfor variablesizedobjects,
usingbitmapsandcrossingmaps. Designedor high-performance
freelistswith subtletheory of block reuse. MVFF is basciallya
light versionof thesamethatjustusegshehigh performancédreelist
and rst t.

5.3.10 MVFF : ManualVariable Fir st Fit

A general-purposmanually-managepoolfor variablesizedob-
jects,implementingaddress-orderedst- t, butwith in-line worst-
t allocation. It is optimizedfor high performancevhenthereis
frequentdeallocatiorin variouspatterns.

5.4 Support for location dependency

Somedatastructuresand algorithmsusethe addresf an ob-
ject. This canbe a problemif the memorymanagemavesobjects
around. The MPS provides an abstractioncalledlocation depen-
dency(LD) which allows client codeto dependon thelocationsof
moving objects.

Thedesignof LDs wasinspiredby the SymbolicsLisp Machine
whichhashardwaresupportfor somethingimilar, andanevolution
of analgorithmdevelopedby P. Tucker Withington for simulating
theLispM hardwareon stockhardwarewhenwriting the Lisp Ma-
chineemulator

5.5 Client objectformats

Garbagecollectorsalwayshave someinformationaboutthefor-
mat of the objectsthey manage.For example,a non-conserative
garbageollectormustbeableto nd andinterpretreferencesvithin
the objectsit managesA garbagecollectormustbe ableto com-
pute the size of an objectgiven a referenceo that object. If the
objectallocationis entirely handledby the client (asin the MPS;
seesection5.2), the sizeinformationis encodedsomehw in the
objectformat.

Thisformatinformationis usuallyentangledieeplyin thesource
codeof the collector for instancein the innermostscan/ x loop.
Adaptingsucha collectorto a nen objectformat may be dif cult
andmayintroducesomevery comple defects.

The MPSincludesno objectformatinformation;ratherit allows
eachMPSclientto specifyoneor moreobjectformats,by provid-
ing a smallsetof methodsvhich operateon piecesof memory

Whena client createsa pool of a formattedpool class,it speci-

es anobjectformatfor theobjectsallocatedn thatpool. Thepool

classis thenableto invoke thesemethodsasnecessaryo perform

format-speci coperations.In particular the scanand x methods
of thepool classinteractcloselywith the formatmethodqseesec-
tion 6.5).

Different pool classeawill useformatsin differentways. For
example,a copying garbage-collectedool mayneedmethodso:

calculatethe sizeof anobject;
copy anobject;
scananobject;

replacean objectwith a “broken heart” (containinga for-
wardingpointer).

A non-maing mark-and-sweepool, on the other hand, may
only needmethodgo calculatethe size of anobjectandto scanan
object.

Theformatmethodsncludethefollowing[4]:

skip Skipsa pointerover anobject.

copyMakesa copy of the objectin anothedocation. Objectsare
usuallycopiedbyte by byte, but someuncommorobjectfor-
matsmight containrelative pointersthathave to be x edup
whenthe objectis moved.

pad Fills a block of memorywith a dummy object. This should
work just like arealobjectin all the othermethodshut con-
tain no data. This methodis usedby the MPSto Il in odd
cornershatneedto be scannable.

fwd Replacesan objectwith a “broken heart” of the samesize,
containinga forwarding pointer It is usedwhenthe MPS
hasmovedanobjectto anew locationin memory

isfwd distinguishesetweena broken heartanda real object, re-
turningthe forwardingpointerof abroken heart.

scanlocatesall referencesn a contiguoussetof objectsandtells
the MPS wherethey are. The objectsmay include dummy
objectsandbrokenhearts.

align is an integer value de ning the alignmentof objectsallo-
catedwith thisformat.

Note that a single client may usemorethanone objectformat,
evenwithin thesamepoolclass.A clientmaychoosedo have mary
formattedpools,specializingformatmethodso the kind of object
whichis allocatedwithin agivenpool.

5.6 Multiple arenas

Memory managersand garbagecollectorsespecially usually
work well with exactly oneclient. They take over thewholemem-
ory infrastructureof a processandprovide a singleinstanceof an
abstractiorto a singleclient. For instancethey often assumehat
they have total control over memoryprotectionandmemorymap-
pings.

In today's modularsoftwareworld, suchan approachthasobvi-
ousdravbacks.How do you link togethertwo componentspossi-
bly writtenin differentlanguageswith differentmemorymanage-
mentinfrastructures?



The designof the MPS avoids suchassumptionsboutthe en-
vironmentin which it runs. It abstractsts entireinterfacewith a
clientinto anarenaobject. Thereis no “global state”of the MPS
(apartfrom the setof arenas)Separatarenagremanageantirely
independentlyAll MPS operationge.g.,allocation,pool creation,
garbagecollection)areperarena.

Thereis morethanoneway to provide the underlyingmemory
which the MPS manages:it may be a dynamicamountobtained
from a virtual memory subsystemor it may be a x ed amount
of client memory (for instance,in an embeddecdtontrolleror an
applicationwhich needsa constantimemoryfootprint). Theseare
implementedas distinct arena classes Note that the MPS may
managearenafrom morethanonearenaclasssimultaneously

For testingpurposesthereis alsoan arenaclasswhich obtains
memoryfrom the C standardibrary malloc function.

6. THE TRACER

TheTracerco-ordinateshegarbageollectionof memorypools.

The Traceris designedo drive multiple simultaneougarbage
collectionprocessesknown astraces andthereforeallows several
garbageollectiongto berunningsimultaneouslynthesameheap.
Eachtraceis concernedvith re ning arefeeencepartition (section
6.1)usinga ve-phaseyarbagecollectionalgorithmthatallows for
incrementalgenerationahon-mwing write-barriertype collection
(possiblywith ambiguouseferencesgombinedwith incremental
generationaimoving read-barriertype collection, while simulta-
neouslymaintaininggenerationaandinter-pool rememberedets.

FurthermoretheTracerco-ordinategarbageollectionacrosgools.

A tracecanincludeary setof pools. The Tracerknows nothingof
thedetailsof the objectsallocatedn the pools.

Thissectiondescribesheabstractionsisedo designsuchagen-
eral system.The de nitions areratherabstracand mathematical,
but leadto somevery practicalbit twiddling. ThecurrentMPSim-
plementatiordoesnt male full useof theseabstractionsNonethe-
less they werecritical in ensuringhethattheMPSalgorithmswere
correct.lt is ourhopethatthey will beof greatuseto futuredesign-
ersof garbagecollectionalgorithms.

6.1 ReferencePartitions

The MPS was originally basedon a theory of refeenceparti-
tions which we developedto generalizethe familiar ideaof “tri-
colour marking” [13]. Subsequentlfhe MPS wasre ned to in-
cludemorevariedbarriertechniques[19]but we presenthe basic
theoryhereto give a a vour of the MPS.

A refeencepartition is a colouring of the nodesin a directed
graphof objects.Every objectis either“black”, “grey”, or “white”
in ary referencepartition. A partition of a directed
graphis a referencepartition if andonly if thereareno nodesin

which have areferencdo ary nodein |, thatis, nothingblack
canreferto arything white.

An initial partitionis onewith no blacknodes: A
initial partitionsaretrivially referencepartitions.

A nal partitionis onewith nogrey nodes:

For a predicate , we saysomereferencepartition
is areferencepartitionwith respecto if andonly if everything
with isin ,thatis, .

If we candeterminea nal referencepartitionsuchthattheclient
processroots are containedin -~ then  is unreachableéby the
mutator cannotaffect future computationandcanbereclaimed.

Tracingis away of nding nal referencepartitionsby re ne-
ment. We startout by de ning aninitial referencepartition with
respectto a “condemned”property suchasbeinga memberof a
generationWe thenmove reachablebjectsfrom to , preserv-

ing the referencepartitioninvariantby moving objectsfrom  to
wherenecessaryntil we endupwith a nal referencepartition.
The key obseration hereis that ary numberof partitionscan
exist for agraph,andsotheres no theoreticareasorthatmultiple
garbagecollectionscant happersimultaneously
A secondmportantobseration is thatbecauseeferenceparti-
tionscanbede ned for ary property onecould have, for example,
areferencepartition with respecto a certainsize of objects. The
MPS usesthe referencepartition abstractiorto implementsome-
thing equivalentto “rememberedsets”[20] by maintainingrefer
encepartitionswith respecto areasof addresspacecalledzones
Thisis describedurtherin section6.2.
Referencepartitionscanbe usefullycombined.If and are
referenceartitions,thenwe cande ne referencepartitions
as and
as

6.2 Induced graphs

Givenadirectedgraphandan equialencerelationon thenodes
we cande ne anequivalence-clasducedgraphwhosenodesare
theequivalenceclasseslf theresanedgebetweertwo nodesn the
graph,thentheres an edgebetweerthe equivalenceclassesn the
inducedgraph. We cande ne referencepartitionson the induced
graph,anddore nementonthosepartitionsin justthesameway as
for theoriginal graph.We cangarbagecollecttheinducedgraph.

In fact, you canthink of cornventionalgarbagecollectorsasdo-
ing this all thetime. Considera languagen which anobjectmay
have sub-objectginlined within its representatiom memory),and
an objectmay refer directly to sub-objectsof otherobjects. You
canrepresenthe sub-objectrelationshipwith implicit references
betweensub-objectsThenthereis a graphon the sub-objectsin-
cluding both the usualreferencesandtheseimplicit referencess
edges.The graphof objectswe normally discusss inducedfrom
this graph,the equivalenceclasseseingthe setsof sub-objectof
separat®bjects.Theoreticallywe couldgarbageollectindividual
sub-objectdy tracingthislower level graph,andreclaimthemem-
ory occupiedby partsof objects! The MPS is generalenoughto
supportthis, thoughwe have not implementeda pool classwhich
doesit.

Giventwo equivalencerelations and onadirectedgraph
we cande ne anequivalence-claseelationinducedby and
whichis abinaryrelationbetweertheequivalenceclasse®f and
the equivalenceclasseof is in therelationif the
graphincludesanedgefrom to inthegraph.

TheMPSdividesaddresspacento largeareagalledzones The
setof zoness called . Thenumberf zoness equalto thenumber
of bits in the target machineword, so ary setof zones(subsetof

) canbe representedby a word. Given an equvalencerelation

, theequivalence-classelationinducedby and is calledthe
summaryof eachequialenceclassof Roughly speaking,it
summarizeghe setof zonesto which that classrefers. This is a
BIBOP-liketechniqueadaptedrom the SymbolicsLisp Machines
hardwareassistedjarbagecollection[18].

The Tracergroupsobjectsinto sggments and maintainsa con-
senative approximationof the summaryof eachsegment. By do-
ing this, it is maintaininga referenceartitionwith respecto each
zone. Segmentswhich don't have a zonein their summaryare
“black” for thatzone segmentswvhichdoare“grey” if they arentin
thezone,and“white” if they are. The Tracerusesthis information
to re ne tracesduringphasel of collection;seesection6.7.

6.3 Segments

The Tracerdoesnt dealwith individual client programobjects.



All detailsof objectallocationandformatis delegatedto the pool.
The Tracerdealswith areasof memoryde ned by pool classes
calledsggments The sggmentdescriptorcontainsthese elds im-
portantto tracing:

white Thesetof tracedor whichthe segmentis white. A superset
of the union of the tracewhitenessof all the objectsin the
segment.More precisely if atraceis notin the set,thenthe
segmentdoesnt containwhite objectsfor thattrace.

grey Thesetof tracedor whichthe segmentis grey. (See‘white”
above.)

summary A summary(seesection6.2)of all thereferencesn the
segment.

ranks A supersebf theranksof all thereferencesn thesegment
(seesection6.4).

In addition, the Tracermaintainsa setof tracesfor which the
mutatoris grey (and assumest's black for all othertraces),and
a summaryfor the mutator The mutatoris a graphnodewhich
consistsof the processoregisters,andary referencesn memory
that cant be protectedagainsttransfersto and from the registers.
Thisis not usuallythe sameastheroot set.

Memory barrier§ are usedto presere the referencepartitions
representedby thetracesin the faceof mutationby the client pro-
cess.Theseinvariantsaremaintainedby theMPS atall times:

Any sggmentwhosegrey tracesetis not a subsebf the mu-
tator's grey tracesetis protectedrom readsby the mutator
This preventsthemutatorfrom readingareferenceo awhite
objectwhenthe mutatoris black. If the mutatorreadsthe
segment,the MPS catcheshe memoryexceptionandscans
thesegmentto turnit blackfor all tracesn thedifferencebe-
tweenthe sets. (An theoreticalalternatve would be to “un-

ip”, makingthe mutatorgrey for the union of the sets,but
this would seriouslysetbackthe progresof atrace.)

Any segmentwhosegrey tracesetis not a supersebf the
mutators grey tracesetis protectedrom writes by the mu-
tator. This preventsthe mutatorfrom writing areferenceo a
white objectinto a black object. If the mutatorwritesto the
segment,the MPS catcheghe memoryexceptionandmakes
the segmentgrey for the union of the sets. (An alternatve
would beto “ip”, makingthe mutatorblack for the differ-
encebetweerthesets put thiswould generallybepremature,
pushingthecolletion's progressalongtoo fast.)

Any sgmentwhich hasasummarywhichis notasupersebf
themutators summaryis protectedrom writesby the muta-
tor®. If the mutatorwrites to the sggment,the MPS catches
thememaoryexceptionandunionsthe summarywith themu-
tator's summaryremoving the protection.Abstractly thisis
the sameinvariantasfor the grey traceset(seeabove), be-
causethe summariegepresenteferencepartitionswith re-
spectto zones. The barrier preventsthe mutatorwriting a
pointerto awhite object(thezone)into ablackobject(which
doesnt referto thezone).

The MPSusesmemoryprotection(hardwarememorybarrier)for
this, but could easilybe adaptedo a software barrier (if we have
controlover the compiler). The MPS abstractiorof memorybarri-
ersdistinguishedbetweerreadandwrite barriers,evenif the spe-
ci ¢ ervironmentcannot.

The currentimplementatiorof the MPS assumeshat the muta-
tor hasa universalsummary In otherwords, it assumeshat the
mutatorcouldreferto ary zone.This couldbeimproved.

6.4 Reference Ranks for Ambiguity, Exact-
nessWeaknessand Finalization

The rank of a referencecontrolsthe orderin which references
aretracedwhile re ning the referencepartition. All referenceof
lower numberedank arescannedeforeary reference®f higher
rank. The currentMPSimplementatiorsupportsour ranks:

1. ambiguousAn ambiguousefeenceis a machineword which
mayor may not be areferencelt mustbetreatedasarefer
enceby the MPSin thatit preseresits referentif it'sreach-
able from the client processroots, but cant be updatedin
caseit isn't areferenceandsoits referentcant be moved.
Ambiguousreferencesare usedto implementconserative
garbagecollection[7].

2. exactAn exactrefelenceis de nitely areferenceo anobject
if it pointsinto a pool. Dependingon the pool, the referent
maybemoved, andthereferencenaybe updated.

3. nal A nal refeenceis just like an exact reference gxcept
that a messagdsometimescalled a “near deathnotice”) is
sentto the client procesdf the MPS nds no ambiguousor
exactreferencedo the referent. This mechanisnis usedto
implement nalization [17, 14].

4. weak A weakrefeenceis just like an exactreferencegxcept
thatit doesnt presere its referentevenif it is reachablérom
the client procesgoots. So,if no reachablembiguousex-
act,or nal referencesarefound,theweakreferences sim-
ply nulled out. This mechanisnis usedto implementweak-
ness.

Notethatthe pool which ownsthereferencanayimplementad-
ditional semantics For example,whena weakreferences nulled
out,the AWL pool nulls outanassociatedtrongreferencen order
to supportweakkey hashtables.

Ranksareby no meansa perfectabstractionPartsof the Tracer
have to know quite a bit aboutthe specialsemanticof ambiguous
referencesThe Tracerdoesnt take ary specialactionfor nal and
weakreferencestherthanto scanthemin theright order It'sthe
poolsthatimplementthe nal andweaksemantics.For example,
the MRG pool classis onewhich implementsthe sendingof near
deathnoticesto theclient process.

The currentimplementatiorof the Tracerdoesnot supportsey-
mentswith morethanonerank, but is designedo be extendedto
doso.

ThecurrentMPSorderingputsweakafter nal, andis equivalent
to Java's “phantomreferences”. It would be easyto extend the
MPSwith additionalranks,suchasaweak-before- nal(like Java's
“weak references”).

6.5 Scanningand Fixing

In orderto allow poolsto co-operateduring a tracethe MPS
needsa protocolfor discovering references.This protocolis the
mosttime critical partof the MPS, asit may involve every object
thatit is managing.The MPS protocolis both abstraciand highly
optimized.

Eachpool classmay implementa scanand x method. These
areusedto implementagenericscanandgenericx methodwhich
dispatchto the pool's methodasnecessaryThe scanmethodmaps
the generic x methodover the referencesn a sgment. The x
methodpreseresthereferentof areferencgexceptwhenit is ap-
plied to weakreferences)moving it out of the white setfor oneor
moretraces.



Themostimportantoptimizationis partof thegenericx method
whichisinlinedinto thescanmethodsThegenericx method rst
looksupthereferencen theinterestingset(seesection6.7),which
takesaboutthreeinstructions.This eliminatesalmostall irrelevant
referencessuchas referencedo generationsvhich arent being
collected,or referenceso objectsnot beingmanagedy the MPS.

A secondevel optimizationin thegeneric x methodchecksto
seeif thereferencas to a sggmentmanagedy the MPS,andthen
whetherthe segmentis white for ary of the tracesfor which the
referencas being x ed. This eliminatesmary morereferences.

Only if a referencepasseghesetestsis the pool's x method
called.

A pool neednot implementboth scanand x methods.A pool
which doesnt containreferencesput doescontaingarbagecol-
lectedobjectswill havea“ x” methodbutno“scan”method.Note
thatsuchobjectsareeitherblack or white. A pool which contains
referencesnvolved in tracing, but not garbagecollectedobjects,
will have a“scan”methodbut no“ x” method.Sucha poolwould
be a pool of roots, its objectseithergrey or black. A pool with
neithermethodis notinvolvedin tracing,for example,a manually
managedgool storingstrings.

6.6 Roots

Rootsare objectsdeclaredto the MPS by the client processas
beinga priori alive. The purposeof tracingis to discover objects
which arent referencedby transitve closurefrom the roots and
reg/cle thememorythey occupy.

The MPS supportsvariouskinds of roots. In particular athread
canbedeclaredasaroot, in which caseits stackandregistersare
scannedluringa collection.

Rootshave “grey” and“summary” elds justlike segmentsand
may be protectedfrom readsandwrites by the mutatorusing the
samerules. However, roots are never white for ary trace, since
their purposeis to bealive.

6.7 Fivephasecollection

The Tracerrunseachtracethrough ve phasedesignedo al-
low poolsto co-operatdn the sametraceeven thoughthey may
implementvery differentkinds of garbagecollection.

6.7.1 Phasel: Condemn

The setof objectswe wantto try to regycle, the condemnedet
isidenti ed, andanewly allocatedraceis addedo thewhite trace
setfor the sggmentscontainingthem.

At this stage,all segmentscontainingary referencegeven the
white ones)areassumedo be grey for thetrace,becauseve don't
know whetherthey containreferencego objectsin the white set.
The roots are madegrey for the trace,becausahey are a priori
alive. Themutatoris alsoassumedo begrey for thetrace because
it hashadaccesdo all thegrey data. Thuswe startout with avalid
initial referencepartition (seesection6.1).

We thenuseary existing referencepartitionsto reducethe num-
ber of grey segmentsfor the traceasmuchaspossible,usingthis
rule: Let  bethe setof referencepartitionswhosewhite setsare
superset®f the new white set. Any nodewhich is in the union of
the black setsof  cannotreferto ary memberof the newv white
set,andsois alsoblackwith respecto it.

In practicalterms,we work out the setof zonesoccupiedby the
white set. We call this theinterestingset We canthenmale ary
segmentor rootwhosesummarydoesnt intersectwith theinterest-
ing setblackfor thenew trace.Thisis justabitwise AND between
two machinewords. A pool will usuallyarrangefor a generation
to occupy a single zone, so this re nement stepcan eliminatea

large numberof grey segments.This is hov the MPS implements
rememberedets.

In a similar way, the MPS could also usethe currentstatusof
other tracesto re ne the new trace. Imaginea large slow trace
which is performinga copying collection of threegenerations A
fast small trace could condemnthe old spaceof just one of the
generations Any objectwhich is black for the large traceis also
black for the smalltrace. Suchre nementis not implementedn
theMPSatpresent.

Note that thesere nement stepscould be appliedat ary time:
they arejust re nementsthat presere referencepartitions. The
MPS currentlyonly appliesthemduringthe condemrstep.

6.7.2 Phase2: Grey Mutator Tracing

This phasemostresembles write-barriernon-maing garbage
collector[2]. Any segment‘blacker” thanthe mutatoris write pro-
tected(seesection6.3).

At this point the mutatoris grey for thetrace. Note that, at ary
stage the mutatormay be grey or black for differenttracesinde-
pendently In addition, newly allocatedobjectsare grey, because
they arebeinginitialized by the mutator

An objectcanbemovedprovidedthatit is white for ary tracefor
whichthemutatoris black,becaus¢hemutatorcan't seereferences
to thatobject.[What aboutambiguougeferences?]

During phases2 and 4 the Tracermales progresshy scanning
segmentswhich aregrey for oneor moretracegseesection6.5)in
orderto make themblack. Thuswe male progresgowardsa nal
referencepartition (seesection6.1).

6.7.3 Phase3: Flip

Flipping for a setof tracesmeansturning the mutatorblack for
thosetraces. This may entail scanningthe client processthread
registersandary unprotectablelata. The mutatorcant berunning
while thisis happeningsothe MPS stopsall mutatorthreads.

Thisis alsothepointatwhichthe MPS setsthelimit  elds of
ary formattedallocationpointsto zero, so that unscannabléalf-
allocatedobjectsareinvalidated(seesection5.2).

6.7.4 Phased: Bladk Mutator Tracing

Thisphasenostresemblesread-barriepossibly-meing garbage
collector[6]. Any segment“greyer” thanthe mutatoris readpro-
tected(seesection6.3).

At this pointthemutatoris blackfor thetrace.In addition,newly
allocatedobjectsareblack,anddon't needto bescanned.

6.7.5 Phaseb: Reclaim

Whenthegrey setfor atraceis emptyafter ip thenit represents
a nal referencepartition. The Tracerlooksfor segmentswhichare
white for the traceandcalls the owning pool to reclaimthe space
occupiedby remainingwhite objectswithin.

It' suptothepoolto decidewhetherto returnthereclaimedspace
to its own freelist, or to thearena.

7. FUTURE DIRECTIONS

TheMemoryManagemenGroupatHarlequinwaswhittled away
to nothingasHarlequinslid into nancial trouble.Partsof the sys-
temareincompleteor have unclearstatus A largeamountf design
documentatiorexists, but it is fairly disoiganizedandincomplete.
We would like to organizeall this informationto malke the MPS a
moreusefulresource.

The MPS was designedaroundmary abstractionghat male it
very adaptableput it is not very well packagedandis unlikely to
work in new applicationswithout somemodi cation. We would



like to improve the MPSto male it easierto applywithout modi -
cation.

TheMPSis currentlycommerciallylicensedo Global Graphics
SoftwareLimited for usein theHarlequinRIP R , andto Con gura
Swverige AB for usein their Con guraR businesssystem.We are
seekingfurtherlicenseesandconsultang.

8. AVAILABILITY

The MPS projecttree is available on the web at <http://
www.ravenbrook.com/project/mps/> . It includesall of
the non-con dentialsourcecodeanddesigndocumentation.This
is amirror of thetreein Ravenbrooks con guration management
repository so it will continueto re ect the developmentof the
MPS.

9. RELATED WORK

TheMPSresemblesheCustomisablélemoryManagemenfCMM)

framawork for C++ [3] andsharessomeof its designgoals. The
MPSwasnot designedor C++, but asa memorymanageffor dy-
namiclanguagerun-time systems.In fact, it wasspeci cally de-
signednotto requireC++.

The Memory ManagemenReferenceBibliographycontainsall
thepaperghatwe collectedduringtheproject,andcanbefoundon
thewebat<http://www.memorymanagement.org/bib/ >,

10. CONCLUSIONS

During our stayat Harlequinwe wereoften frustratedby con -
dentiality We werenot ableto revealideasandtechniquesvhich
we believed were both innovative and useful. The MPS contains
mary suchideas— the resultsof hard work by mary people(see
11). Now, atlast,we canrevealalmostall.

The MPS is a highly portable,robust, extensible,and e xible
systemfor memorymanagementasedon very powverful abstrac-
tions. It containsmary moreusefulconceptsandabstractionsot
coveredin this paper

We hopethat the ideas,techniquesand code of the MPS will
be useful. We also hopethat companiewill licensethe MPS or
engagausto extendanddevelopit further.
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