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ABSTRACT
TheMemoryPoolSystem(MPS)is averygeneral,adaptable,�e x-
ible, reliable,andef�cient memorymanagementsystem.It permits
the�e xible combinationof memorymanagementtechniques,sup-
portingmanualandautomaticmemorymanagement,in-line alloca-
tion, �nalization, weakness,andmultiple concurrentco-operating
incrementalgenerationalgarbagecollections.It alsoincludesa li-
brary of memorypool classesimplementingspecializedmemory
managementpolicies.

The MPS representsaboutthirty person-yearsof development
effort. It containsmany innovative techniquesand abstractions
which have hithertobeenkept secret.We arehappy to announce
that RavenbrookLimited is publishingthe sourcecodeanddoc-
umentationunder an open sourcelicence. This papergives an
overview of thesystem.

Categoriesand SubjectDescriptors
D.2.3[SoftwareEngineering]: CodingToolsandTechniques;D.3.3
[Programming Languages]: Languageconstructsandfeatures—
dynamicstorage management; D.3.4[Programming Languages]:
Processors—memorymanagement; D.4.2 [Operating Systems]:
StorageManagement

GeneralTerms
Algorithms,Design,Reliability

Keywords
Garbagecollection,memorymanagement,softwareengineering

1. INTRODUCTION
TheMemoryPoolSystem(MPS)is a �e xible, extensible,adapt-

able,androbustmemorymanagementsystem,now availableunder
anopensourcelicencefrom RavenbrookLimited.

Between1994and2001,HarlequinLimited (now GlobalGraph-
ics SoftwareLimited) investedaboutthirty person-yearsof effort
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developing the MPS. It containsmany innovative techniquesand
abstractionswhichhavehithertobeenkeptsecret.In 1997,Richard
Brooksby, themanagerandchiefarchitectof theproject,andNicholas
Barnes,a seniordeveloper, left Harlequinto form their own con-
sultancy company, RavenbrookLimited, andin 2001,Ravenbrook
acquiredtheMPStechnologyfrom GlobalGraphics.

Our goalsin goingopensourcearethatasmany peopleaspos-
siblebene�t from thehardwork thatthemembersof the(now de-
funct) MemoryManagementGroupput in to theMPSdesignand
implementation.Wealsohopeto developtheMPSfurther, through
commerciallicensingandconsultancy.

This papergivesan overview of the MPS, with particularem-
phasison innovative thingsthatit does.

2. BACKGROUND

2.1 History
Theoriginal MemoryManagementGroup,setup in 1994,con-

sistedof RichardBrooksbyandP. TuckerWithington.Richardhad
previouslyworkedin theML GroupandimplementedtheMLWorksTM

memorymanagerandgarbagecollector. Tuckerjoinedfromtheail-
ing SymbolicsInc, wherehemaintainedtheLisp Machine's mem-
ory systems.

Theinitial brief of thegroupwasto provide a memorymanager
for Harlequin'snew Dylansystem.Harlequinwasalsointerestedin
a broadersetof memorymanagementproducts,andin absorbing
the memorymanagersof other products,suchas ScriptWorksTM

(thehigh-endPostScriptR
�

languagecompatiblerasterimagepro-
cessor),LispWorksTM , and MLWorksTM . Initial prototypingand
designworkconcentratedona�e xiblememorymanagementframe-
work whichwouldmeetDylan'srequirementsbut alsobeadaptable
to otherprojects,andform astand-aloneproduct.

Richard'sconcernsaboutthesubtletyof agenericmemoryman-
agementinterface,the pain of debuggingmemorymanagers,and
thecomplexity of theDylan implementation,led him to pushfor a
fairly formal requirementsspeci�cation. This setthe tonefor the
group's operations,andled to extensive useof formal softwareen-
gineeringtechniquessuchasinspections.At its height,thegroup
wasoperatingaCapabilityMaturity Modellevel 3 process[12]. As
a result,theMPSwasvery robustandhada very low defectrate.
This enabledthegroupto concentrateondevelopment.

TheMemoryManagementGroupcollaboratedwith theLabora-
tory for the Foundationsof ComputerScienceat Edinburgh Uni-
versity, with thegoalof formally verifying someof thealgorithms
[16].

TheMPSwasincorporatedinto therun-timesystemof Harlequin's
DylanWorksTM compileranddevelopmentenvironment(now avail-



ableasFunctionalDeveloperfrom FunctionalObjects,Inc). Later,
it replacedthe highly optimizedmemorymanagerin Harlequin's
ScriptWorksTM , improving performanceandreliability to this day
aspartof GlobalGraphics'HarlequinRIP R

�

.

2.2 Requirements
The MPS had a fairly large and complex set of requirements

from thebeginning.TheHarlequinDylanprojectwasformedfrom
highly experiencedLisp systemdeveloperswho knew what they
wanted[10]. Therequirementsof ScriptWorksTM wereevenmore
complex [8]. On top of this, we werealwaysstriving to anticipate
futurerequirements.

Thissectiondescribestheoverall architecturalrequirementsthat
guidedall aspectsof thedesign[11]:

Adaptability The MPS hasto be easyto modify to meetnew
requirements.ThismakestheMPSsuitablefor new applica-
tionsandensuresit haslongandusefullife.

Flexibility TheMPSmust�t into a numberof differentproducts
andmeetdiffering requirementsin diverseenvironments.It
mustdo this with as little modi�cation aspossible,so that
it can be deployed at low cost. Flexibility gives the MPS
broadapplication,andreducesthe needto maintainspecial
versionsof the MPS for differentclients. Codere-usealso
leadsto robustnessthroughusetesting.

Reliability Memory managementdefectsarevery costly. In de-
velopmentthey are dif�cult to �nd and �x, and oncede-
ployedthey arevirtually impossibleto reproduce.TheMPS
maybeshippedto third andfourthparties,furtherincreasing
thecostof adefect.Reliability is thereforevery importantto
theviability of theMPS.

Ef�ciency Ef�ciency will alwaysberequiredby clients;afterall,
memorymanagementis abouttheef�cient utilization of re-
sourcesto meet requirements.However, the tradeoffs be-
tweenthoserequirementswill differ from applicationto ap-
plication, hencethe needfor adaptabilityand�e xibility . A
generallyef�cient systemwill make it easierto meetthese
requirements.

3. ARCHITECTURE
TheMPSconsistsof threemainparts:

1. theMemoryPoolManager(MPM)

2. thepool classes,and

3. thearenaclasses.

SeeFigure1.
Eachpoolclassmaybeinstantiatedzeroor moretimes,creating

a pool. A pool containsmemoryallocatedfor theclient program.
The memory is managedaccordingto the memorymanagement
policy implementedby its pool class. For example,a pool class
may implementa type of garbagecollection,or managea partic-
ular kind of objectef�ciently . Eachpool canbe instantiatedwith
differentparameters,creatingvariationson thepolicy.

Thearenaclassesimplementlarge-scalememorylayout. Pools
allocatetractsof memoryfrom the arenain which they manage
client data. Somearenaclassesusevirtual memorytechniquesto
givecontrolovertheaddressesof objects,in ordertomakemapping
from objectsto otherinformationvery ef�cient (critically, whether

an objectis not white). Otherarenaclasseswork in real memory
machines,suchasprintercontrollers.

TheMPM co-ordinatestheactivitiesof thepools,interfaceswith
theclient,andprovidesabstractionsonwhichthememorymanage-
mentpoliciesin thepoolsareimplemented.

This architecturegivesthe MPS �e xibility , its primary require-
ment,by allowing anapplicationof thememorymanagerto com-
bine specializedbehaviour implementedby pool classesin �e xi-
ble con�gurations. It alsocontributesto adaptabilitybecausepool
classesarelesseffort to implementthana completenew memory
managerfor eachnew application.Reliability is enhancedby the
fact that the MPM codecan be maturecodeeven in new appli-
cations. However, ef�ciency is reducedby the extra layer of the
MPM betweenthe client codeandthe memorymanagementpol-
icy. This problemis alleviatedby carefulcritical pathanalysisand
optimizationof theMPM, andby providing abstractionsthatallow
theMPM to cachecritical information.

4. IMPLEMENT ATION
TheMPSis about62Kloc of extremelyportableISOstandardC

[1]. Exceptfor afew well-de�nedinterfacemodules,it is freestand-
ing (doesn't dependon externallibraries1). We have beenknown
to port to a new operatingsystemin lessthananhour.

Thecodeis writtento strictstandards.It is heavily asserted,with
checkson importantand subtle invariants. Every datastructure
hasa run-time type signature,and associatedconsistency check-
ing routineswhicharecalledfrequentlywhentheMPSis compiled
in “cool” mode2. Much of the codehasbeenput throughformal
codeinspection(at 10 lines/minuteor less)by betweenfour and
six experiencedmemorymanagementdevelopers[15]. It wasde-
velopedby a teamworking at approximatelyCapabilityMaturity
Model level 3 [CMMI1.02]. As a result,it is extremelyrobust,and
hasa very low defectrate.

The MPS is designedto work ef�ciently with threads,but is
not currentlymulti-threaded.Fastallocationis achievedby a non-
locking in-line allocationmechanism(seesection5.2).

5. KEY FEATURES AND ATTRIB UTES

5.1 Flexible combination of memory manage­
ment techniques

The most importantfeatureof the MPS is the ability to com-
bine memorymanagementpoliciesef�ciently . In particular, mul-
tiple instancesof differing garbagecollection techniquescan be
combined.In theHarlequinDylan system,for example,a mostly-
copying main pool is combinedwith a mark-sweeppool for han-
dling weakkey hash-tables,a manually-managedpool containing
guardiansimplementinguser-level weaknessand�nalization, anda
mark-sweeppool for leaf objects.Thesamecodebaseis usedwith
a verydifferentcon�gurationof poolsin theHarlequinR

�

RIP3.
An overview of theabstractionsthatallow �e xible combination

canbefoundin section6.
�

Ironically, a lot of clever designwent into the interfaces(MPM
andtheplinth) to make robustandef�cient binary interfacesfor a
closed-sourceMPSlibrary.

�

TheMPScanbecompiledwith various�ags to give differentva-
rieties. The“cool” varietiesareintendedfor debuggingandtesting.
The“hot” varietiesarefor delivery. Somelevel of internalconsis-
tency checkingis presentin all varieties.

�

Thedetailsof theHarlequinR
�

RIPcon�gurationandthetheRIP-
speci�c pool classimplementationsarecon�dential, andnot avail-
ableunderanopensourcelicence.
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Figure1: The MPS Ar chitecture.

5.2 Ef�cient in­line allocation
The MPS achieves high-speedmulti-threadedallocationusing

theabstractionof allocationpointsbackedbyallocationbuffers[9].
Theallocationpointprotocolalsoallowsgarbagecollectionto take
placewithoutexplicit synchronizationwith themutatorthreads.

An allocationpoint (AP) consistsof threepointers:init , al-
loc , andlimit . Beforeallocation,init isequalto alloc . The
threadowningtheAP reservesablockby increasingalloc by the
sizeof theobject.If theresultexceedslimit , it callstheMPSto
completethereservation,but otherwiseit caninitialize theobjectat
init . Oncetheobjectis initialized, thethreadcommitsit, by set-
ting init equalto alloc , checkingto seeif limit is zero,and
calling theMPSif it is. At this point theMPSmayreturna �ag in-
dicatingthattheobjecthasbeeninvalidated,andmustbeallocated
andinitialized again.Both thereserve andcommitoperationstake
very few instructions,andcanbeinlined.

The exact implementationof the AP protocol dependson the
pool from which the threadis allocating. Somepoolsmay guar-
anteethat an object is 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
(seesection5.5)containingreferencesthatneedtracingbyagarbage
collection. The MPS knows that objectsup to init have been
initialized andcanthereforebescanned.It alsoknows thatanob-
ject that is half-initialized (somewherebetweenreserve andcom-
mit) whena �ip occurs(seesection6.7)can't bescanned,andmay
thereforecontainbadreferences,thatis, referenceswhichhavenot
been�x ed(seesection6.5). Hencethecommitcheck,andthere-
allocationprotocol. Thechancesof a �ip occurringbetweena re-
serve andcommitarevery low, andre-allocationrarelyhappensin

practice.
The AP protocol relies on atomic orderedaccessto words in

memory, andsomecaremustbetakento preventsomeprocessors
from re-orderingmemoryaccesses.

Thedesignof allocationbufferswasinspiredby theSymbolics
Lisp Machineallocator, which supportsa similar protocol in mi-
crocode,but requiresatomicinitializationof objects.

5.3 A library of pool classes

5.3.1 A: Allocateonly
A simplepool classwhich only supportsin-line allocation.This

is useful when objectsneedto be allocatedrapidly then deleted
together(by destroying thepool). Allocationis veryfast.Thispool
is not currentlyin theopensources.

5.3.2 AMC : AutomaticMostlyCopying
Themostcomplex andwell-developedpool class,this wasorig-

inally designedas the main pool for Harlequin's implementation
of Dylan, but is a generalpurposemoving pool. It implementsa
generationalmostly-copying algorithm[5].

5.3.3 AMS: AutomaticMark Sweep
This is the general-purposenon-moving counterpartof AMC.

Not generational.

5.3.4 AWL : AutomaticWeakLinked
A specializedpooloriginally designedto supportweakkey hash

tablesin Dylan. In a weakkey hashtable,thevalueis nulled out
when the key dies (seesection6.4). The pool implementsmark
sweepcollectionon its contents.

5.3.5 LO : LeafObject



This pool storesleaf objects(objectsnot containingreferences).
It wasoriginally designedfor usewith theDylan foreign function
interface(FFI), guaranteeingthat theobjectswill not beprotected
by theMPSundera hardwarereador write barrier, becauseinter-
actionswith foreigncodewould beunpredictable.

5.3.6 MFS: ManualFixedSmall
A simplepool which allocatesobjectsof �x ed (regular) small

(muchlessthana page)size,thougheachinstanceof thepool can
hold a differentsize.Not garbagecollected.Usedinternallyto the
MPSfor themanagementof someof its own dynamicstructures.

5.3.7 MRG: ManualRankGuardian
This pool is usedinternally in theMPSto implementuser-level

�nalization of objectsin otherpools. Sometechniquesfrom [14]
wereusedin its design.

5.3.8 MV : ManualVariable
A manuallymanagedpool for variablesizedobjects.This is the

pool classusedinternallyby theMPSasthecontrolpool for many
MPS datastructures. It is designedto be very robust, and, like
many otherMPSpools,keepsall of its datastructuresaway from
theobjectsit manages.It is �rst-�t, with theusualeagercoalescing.

5.3.9 MV2 : ManualVariable2
An un�nishedmanuallymanagedpoolfor variablesizedobjects,

usingbitmapsandcrossingmaps.Designedfor high-performance
freelistswith subtletheoryof block reuse. MVFF is basciallya
light versionof thesamethatjustusesthehighperformancefreelist
and�rst �t.

5.3.10 MVFF : ManualVariableFirstFit
A general-purposemanually-managedpoolfor variablesizedob-

jects,implementingaddress-ordered�rst-�t, but with in-line worst-
�t allocation. It is optimizedfor high performancewhenthereis
frequentdeallocationin variouspatterns.

5.4 Support for location dependency
Somedatastructuresandalgorithmsusethe addressof an ob-

ject. This canbea problemif thememorymanagermovesobjects
around. The MPS providesan abstractioncalledlocation depen-
dency(LD) which allows client codeto dependon thelocationsof
moving objects.

Thedesignof LDs wasinspiredby theSymbolicsLisp Machine
whichhashardwaresupportfor somethingsimilar, andanevolution
of analgorithmdevelopedby P. Tucker Withingtonfor simulating
theLispM hardwareonstockhardwarewhenwriting theLisp Ma-
chineemulator.

5.5 Client object formats
Garbagecollectorsalwayshave someinformationaboutthefor-

matof the objectsthey manage.For example,a non-conservative
garbagecollectormustbeableto �nd andinterpretreferenceswithin
theobjectsit manages.A garbagecollectormustbeableto com-
pute the sizeof an objectgiven a referenceto that object. If the
objectallocationis entirely handledby the client (asin the MPS;
seesection5.2), the size information is encodedsomehow in the
objectformat.

Thisformatinformationis usuallyentangleddeeplyin thesource
codeof the collector, for instancein the innermostscan/�x loop.
Adaptingsucha collectorto a new objectformatmay bedif�cult
andmayintroducesomeverycomplex defects.

TheMPSincludesnoobjectformatinformation;ratherit allows
eachMPSclient to specifyoneor moreobjectformats,by provid-
ing a smallsetof methodswhich operateon piecesof memory.

Whena client createsa pool of a formattedpool class,it speci-
�es anobjectformatfor theobjectsallocatedin thatpool. Thepool
classis thenableto invoke thesemethodsasnecessaryto perform
format-speci�coperations.In particular, thescanand�x methods
of thepool classinteractcloselywith theformatmethods(seesec-
tion 6.5).

Different pool classeswill useformatsin different ways. For
example,a copying garbage-collectedpool mayneedmethodsto:

� calculatethesizeof anobject;
� copy anobject;
� scananobject;

� replacean object with a “broken heart” (containinga for-
wardingpointer).

A non-moving mark-and-sweeppool, on the other hand,may
only needmethodsto calculatethesizeof anobjectandto scanan
object.

Theformatmethodsincludethefollowing[4]:

skipSkipsa pointerover anobject.

copyMakesa copy of theobjectin anotherlocation. Objectsare
usuallycopiedbyteby byte,but someuncommonobjectfor-
matsmight containrelative pointersthathave to be�x edup
whentheobjectis moved.

pad Fills a block of memorywith a dummyobject. This should
work just like a realobjectin all theothermethods,but con-
tain no data. This methodis usedby theMPSto �ll in odd
cornersthatneedto bescannable.

fwd Replacesan objectwith a “broken heart” of the samesize,
containinga forwardingpointer. It is usedwhen the MPS
hasmovedanobjectto a new locationin memory.

isfwd distinguishesbetweena broken heartanda realobject,re-
turningtheforwardingpointerof abrokenheart.

scanlocatesall referencesin a contiguoussetof objectsandtells
the MPS wherethey are. The objectsmay includedummy
objectsandbrokenhearts.

align is an integer value de�ning the alignmentof objectsallo-
catedwith this format.

Note that a singleclient may usemorethanoneobject format,
evenwithin thesamepoolclass.A clientmaychooseto havemany
formattedpools,specializingformatmethodsto thekind of object
which is allocatedwithin a givenpool.

5.6 Multiple arenas
Memory managers,and garbagecollectorsespecially, usually

work well with exactly oneclient. They take over thewholemem-
ory infrastructureof a processandprovide a singleinstanceof an
abstractionto a singleclient. For instance,they oftenassumethat
they have total controlover memoryprotectionandmemorymap-
pings.

In today's modularsoftwareworld, suchanapproachhasobvi-
ousdrawbacks.How do you link togethertwo components,possi-
bly written in differentlanguages,with differentmemorymanage-
mentinfrastructures?



The designof the MPS avoids suchassumptionsaboutthe en-
vironmentin which it runs. It abstractsits entireinterfacewith a
client into anarenaobject. Thereis no “global state”of theMPS
(apartfrom thesetof arenas).Separatearenasaremanagedentirely
independently. All MPSoperations(e.g.,allocation,pool creation,
garbagecollection)areper-arena.

Thereis morethanoneway to provide theunderlyingmemory
which the MPS manages:it may be a dynamicamountobtained
from a virtual memorysubsystem,or it may be a �x ed amount
of client memory(for instance,in an embeddedcontroller or an
applicationwhich needsa constantmemoryfootprint). Theseare
implementedas distinct arena classes. Note that the MPS may
managearenasfrom morethanonearenaclasssimultaneously.

For testingpurposes,thereis alsoan arenaclasswhich obtains
memoryfrom theC standardlibrary malloc function.

6. THE TRACER
TheTracerco-ordinatesthegarbagecollectionof memorypools.
The Traceris designedto drive multiple simultaneousgarbage

collectionprocesses,known astraces, andthereforeallows several
garbagecollectionsto berunningsimultaneouslyonthesameheap.
Eachtraceis concernedwith re�ning a referencepartition (section
6.1)usinga � ve-phasegarbagecollectionalgorithmthatallows for
incrementalgenerationalnon-moving write-barriertypecollection
(possiblywith ambiguousreferences)combinedwith incremental
generationalmoving read-barriertype collection, while simulta-
neouslymaintaininggenerationalandinter-pool rememberedsets.
Furthermore,theTracerco-ordinatesgarbagecollectionacrosspools.
A tracecanincludeany setof pools.TheTracerknows nothingof
thedetailsof theobjectsallocatedin thepools.

Thissectiondescribestheabstractionsusedto designsuchagen-
eral system.Thede�nitions areratherabstractandmathematical,
but leadto someverypracticalbit twiddling. ThecurrentMPSim-
plementationdoesn't make full useof theseabstractions.Nonethe-
less,they werecritical in ensuringthethattheMPSalgorithmswere
correct.It is ourhopethatthey will beof greatuseto futuredesign-
ersof garbagecollectionalgorithms.

6.1 ReferencePartitions
The MPS was originally basedon a theoryof referenceparti-

tions, which we developedto generalizethe familiar ideaof “tri-
colour marking” [13]. Subsequentlythe MPS wasre�ned to in-
cludemorevariedbarriertechniques[19],but we presentthebasic
theoryhereto give a �a vourof theMPS.

A referencepartition is a colouringof the nodesin a directed
graphof objects.Everyobjectis either“black”, “grey”, or “white”
in any referencepartition. A partition ���	��
���
�� of a directed
graphis a referencepartition if andonly if thereareno nodesin

� which have a referenceto any nodein 
 , that is, nothingblack
canreferto anything white.

An initial partition is onewith no blacknodes: ������
���
�� . All
initial partitionsaretrivially referencepartitions.

A �nal partitionis onewith nogrey nodes: ���	������
�� .
For a predicate� , we saysomereferencepartition ������
���
��

is a referencepartitionwith respectto � if andonly if everything
with � is in 
 , thatis, ������������� 
 .

If wecandeterminea�nal referencepartitionsuchthattheclient
processroots are containedin � then 
 is unreachableby the
mutator, cannotaffect futurecomputation,andcanbereclaimed.

Tracingis a way of �nding �nal referencepartitionsby re�ne-
ment. We startout by de�ning an initial referencepartition with
respectto a “condemned”property, suchasbeinga memberof a
generation.Wethenmovereachableobjectsfrom 
 to � , preserv-

ing thereferencepartition invariantby moving objectsfrom 
 to

 wherenecessary, until weendupwith a�nal referencepartition.

The key observation hereis that any numberof partitionscan
exist for a graph,andsothere's no theoreticalreasonthatmultiple
garbagecollectionscan't happensimultaneously.

A secondimportantobservation is thatbecausereferenceparti-
tionscanbede�ned for any property, onecouldhave,for example,
a referencepartitionwith respectto a certainsizeof objects.The
MPS usesthe referencepartition abstractionto implementsome-
thing equivalent to “rememberedsets” [20] by maintainingrefer-
encepartitionswith respectto areasof addressspacecalledzones.
This is describedfurtherin section6.2.

Referencepartitionscanbeusefullycombined.If � and ! are
referencepartitions,thenwe cande�ne referencepartitions �#"$!

as ���&%�'��)(*�+�,
-%�".
-(/�102�,
3%."�
3(4����
3%�".
2(5� and �3'6!

as ��� % "7� ( �+�,
 % "7
 ( �80#��� % "$� ( ����
 % '9
 ( � .

6.2 Induced graphs
Givena directedgraphandanequivalencerelationon thenodes

wecande�ne anequivalence-classinducedgraphwhosenodesare
theequivalenceclasses.If there'sanedgebetweentwo nodesin the
graph,thenthere's anedgebetweentheequivalenceclassesin the
inducedgraph. We cande�ne referencepartitionson the induced
graph,anddore�nementonthosepartitionsin justthesamewayas
for theoriginalgraph.Wecangarbagecollecttheinducedgraph.

In fact,you canthink of conventionalgarbagecollectorsasdo-
ing this all the time. Considera languagein which anobjectmay
havesub-objects(inlinedwithin its representationin memory),and
an objectmay refer directly to sub-objectsof otherobjects. You
can representthe sub-objectrelationshipwith implicit references
betweensub-objects.Thenthereis a graphon thesub-objects,in-
cluding both the usualreferencesandtheseimplicit referencesas
edges.Thegraphof objectswe normallydiscussis inducedfrom
this graph,theequivalenceclassesbeingthesetsof sub-objectsof
separateobjects.Theoreticallywecouldgarbagecollectindividual
sub-objectsby tracingthis lower level graph,andreclaimthemem-
ory occupiedby partsof objects! The MPS is generalenoughto
supportthis, thoughwe have not implementeda pool classwhich
doesit.

Giventwo equivalencerelations: and ; ona directedgraph 
 ,
we cande�ne an equivalence-classrelation inducedby : and ; ,
whichis abinaryrelationbetweentheequivalenceclassesof : and
theequivalenceclassesof ; . ��:.��������;<��=>�?� is in therelationif the
graphincludesanedgefrom � to = in thegraph.

TheMPSdividesaddressspaceinto largeareascalledzones. The
setof zonesiscalled @ . Thenumberof zonesisequalto thenumber
of bits in the target machineword, so any setof zones(subsetof

@ ) canbe representedby a word. Given an equivalencerelation
: , theequivalence-classrelationinducedby : and @ is calledthe
summaryof eachequivalenceclassof : . Roughly speaking,it
summarizesthe setof zonesto which that classrefers. This is a
BIBOP-liketechniqueadaptedfrom theSymbolicsLisp Machine's
hardwareassistedgarbagecollection[18].

The Tracergroupsobjectsinto segments, andmaintainsa con-
servative approximationof thesummaryof eachsegment.By do-
ing this, it is maintaininga referencepartitionwith respectto each
zone. Segmentswhich don't have a zone in their summaryare
“black” for thatzone,segmentswhichdoare“grey” if they aren't in
thezone,and“white” if they are.TheTracerusesthis information
to re�ne tracesduringphase1 of collection;seesection6.7.

6.3 Segments
TheTracerdoesn't dealwith individual client programobjects.



All detailsof objectallocationandformatis delegatedto thepool.
The Tracerdealswith areasof memoryde�ned by pool classes
calledsegments. Thesegmentdescriptorcontainsthese�elds im-
portantto tracing:

white Thesetof tracesfor whichthesegmentis white. A superset
of the union of the tracewhitenessof all the objectsin the
segment.More precisely, if a traceis not in theset,thenthe
segmentdoesn't containwhiteobjectsfor thattrace.

greyThesetof tracesfor whichthesegmentis grey. (See“white”
above.)

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

ranks A supersetof theranksof all thereferencesin thesegment
(seesection6.4).

In addition, the Tracermaintainsa set of tracesfor which the
mutatoris grey (andassumesit' s black for all other traces),and
a summaryfor the mutator. The mutatoris a graphnodewhich
consistsof the processorregisters,andany referencesin memory
that can't be protectedagainsttransfersto andfrom the registers.
This is not usuallythesameastheroot set.

Memory barriers4 areusedto preserve the referencepartitions
representedby thetracesin the faceof mutationby theclient pro-
cess.Theseinvariantsaremaintainedby theMPSat all times:

� Any segmentwhosegrey tracesetis not a subsetof themu-
tator's grey tracesetis protectedfrom readsby themutator.
Thispreventsthemutatorfrom readingareferenceto awhite
objectwhenthe mutatoris black. If the mutatorreadsthe
segment,theMPScatchesthememoryexceptionandscans
thesegmentto turn it blackfor all tracesin thedifferencebe-
tweenthesets.(An theoreticalalternative would be to “un-
�ip”, makingthemutatorgrey for theunionof thesets,but
this wouldseriouslysetbacktheprogressof a trace.)

� Any segmentwhosegrey traceset is not a supersetof the
mutator's grey tracesetis protectedfrom writesby themu-
tator. Thispreventsthemutatorfrom writing areferenceto a
white objectinto a blackobject. If themutatorwritesto the
segment,theMPScatchesthememoryexceptionandmakes
the segmentgrey for the union of the sets. (An alternative
would be to “�ip”, makingthemutatorblack for thediffer-
encebetweenthesets,but thiswouldgenerallybepremature,
pushingthecolletion's progressalongtoo fast.)

� Any segmentwhichhasasummarywhichis notasupersetof
themutator'ssummaryis protectedfrom writesby themuta-
tor5. If themutatorwrites to thesegment,the MPScatches
thememoryexceptionandunionsthesummarywith themu-
tator's summary, removing theprotection.Abstractly, this is
the sameinvariantasfor the grey traceset(seeabove), be-
causethe summariesrepresentreferencepartitionswith re-
spectto zones. The barrier preventsthe mutatorwriting a
pointerto awhiteobject(thezone)into ablackobject(which
doesn't referto thezone).

A

TheMPSusesmemoryprotection(hardwarememorybarrier)for
this, but couldeasilybe adaptedto a softwarebarrier(if we have
controlover thecompiler).TheMPSabstractionof memorybarri-
ersdistinguishesbetweenreadandwrite barriers,even if thespe-
ci�c environmentcannot.

B

The currentimplementationof the MPS assumesthat the muta-
tor hasa universalsummary. In otherwords, it assumesthat the
mutatorcouldreferto any zone.This couldbeimproved.

6.4 Reference Ranks for Ambiguity , Exact­
ness,Weakness,and Finalization

The rank of a referencecontrolsthe order in which references
aretracedwhile re�ning the referencepartition. All referencesof
lower numberedrank arescannedbeforeany referencesof higher
rank.ThecurrentMPSimplementationsupportsfour ranks:

1. ambiguousAn ambiguousreferenceis a machineword which
mayor maynot bea reference.It mustbetreatedasa refer-
enceby theMPSin that it preservesits referentif it' s reach-
able from the client processroots, but can't be updatedin
caseit isn't a reference,andso its referentcan't be moved.
Ambiguousreferencesare usedto implementconservative
garbagecollection[7].

2. exactAn exact referenceis de�nitely a referenceto anobject
if it pointsinto a pool. Dependingon the pool, the referent
maybemoved,andthereferencemaybeupdated.

3. �nal A �nal referenceis just like an exact reference,except
that a message(sometimescalleda “near deathnotice”) is
sentto theclient processif theMPS�nds no ambiguousor
exact referencesto the referent.This mechanismis usedto
implement�nalization [17, 14].

4. weak A weakreferenceis just like anexact reference,except
thatit doesn't preserve its referentevenif it is reachablefrom
theclient processroots. So, if no reachableambiguous,ex-
act,or �nal referencesarefound,theweakreferenceis sim-
ply nulledout. This mechanismis usedto implementweak-
ness.

Notethatthepoolwhichownsthereferencemayimplementad-
ditional semantics.For example,whena weakreferenceis nulled
out, theAWL poolnullsoutanassociatedstrongreferencein order
to supportweakkey hashtables.

Ranksareby no meansa perfectabstraction.Partsof theTracer
have to know quitea bit aboutthespecialsemanticsof ambiguous
references.TheTracerdoesn't take any specialactionfor �nal and
weakreferencesotherthanto scanthemin theright order. It' s the
poolsthat implementthe �nal andweaksemantics.For example,
theMRG pool classis onewhich implementsthesendingof near
deathnoticesto theclientprocess.

Thecurrentimplementationof theTracerdoesnot supportseg-
mentswith morethanonerank,but is designedto beextendedto
doso.

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

6.5 Scanningand Fixing
In order to allow pools to co-operateduring a tracethe MPS

needsa protocol for discovering references.This protocol is the
mosttime critical part of theMPS,asit may involve every object
that it is managing.TheMPSprotocolis bothabstractandhighly
optimized.

Eachpool classmay implementa scanand�x method. These
areusedto implementagenericscanandgeneric�x methodwhich
dispatchto thepool's methodasnecessary. Thescanmethodmaps
the generic�x methodover the referencesin a segment. The �x
methodpreservesthereferentof a reference(exceptwhenit is ap-
plied to weakreferences),moving it out of thewhite setfor oneor
moretraces.



Themostimportantoptimizationispartof thegeneric�x method
whichis inlinedinto thescanmethods.Thegeneric�x method�rst
looksupthereferencein theinterestingset(seesection6.7),which
takesaboutthreeinstructions.This eliminatesalmostall irrelevant
references,suchas referencesto generationswhich aren't being
collected,or referencesto objectsnotbeingmanagedby theMPS.

A secondlevel optimizationin thegeneric�x methodchecksto
seeif thereferenceis to a segmentmanagedby theMPS,andthen
whetherthe segmentis white for any of the tracesfor which the
referenceis being�x ed.This eliminatesmany morereferences.

Only if a referencepassesthesetestsis the pool's �x method
called.

A pool neednot implementboth scanand�x methods.A pool
which doesn't contain references,but doescontaingarbagecol-
lectedobjects,will havea“�x” methodbutno“scan”method.Note
thatsuchobjectsareeitherblackor white. A pool which contains
referencesinvolved in tracing,but not garbagecollectedobjects,
will havea “scan”methodbut no “�x” method.Sucha poolwould
be a pool of roots, its objectseithergrey or black. A pool with
neithermethodis not involved in tracing,for example,a manually
managedpoolstoringstrings.

6.6 Roots
Rootsareobjectsdeclaredto the MPS by the client processas

beinga priori alive. Thepurposeof tracingis to discover objects
which aren't referencedby transitive closurefrom the roots and
recycle thememorythey occupy.

TheMPSsupportsvariouskindsof roots.In particular, a thread
canbedeclaredasa root, in which caseits stackandregistersare
scannedduringa collection.

Rootshave “grey” and“summary”�elds just like segments,and
may be protectedfrom readsandwrites by the mutatorusingthe
samerules. However, roots are never white for any trace,since
their purposeis to bealive.

6.7 Fivephasecollection
The Tracerrunseachtracethrough� ve phasesdesignedto al-

low pools to co-operatein the sametraceeven thoughthey may
implementverydifferentkindsof garbagecollection.

6.7.1 Phase1: Condemn
Thesetof objectswe want to try to recycle, thecondemnedset

is identi�ed, andanewly allocatedtraceis addedto thewhite trace
setfor thesegmentscontainingthem.

At this stage,all segmentscontainingany references(even the
white ones)areassumedto begrey for thetrace,becausewe don't
know whetherthey containreferencesto objectsin the white set.
The roots are madegrey for the trace,becausethey are a priori
alive. Themutatoris alsoassumedto begrey for thetrace,because
it hashadaccessto all thegrey data.Thuswe startoutwith avalid
initial referencepartition(seesection6.1).

Wethenuseany existing referencepartitionsto reducethenum-
ber of grey segmentsfor the traceasmuchaspossible,usingthis
rule: Let � be thesetof referencepartitionswhosewhite setsare
supersetsof thenew white set. Any nodewhich is in theunionof
the black setsof � cannotrefer to any memberof the new white
set,andsois alsoblackwith respectto it.

In practicalterms,we work out thesetof zonesoccupiedby the
white set. We call this the interestingset. We canthenmake any
segmentor rootwhosesummarydoesn't intersectwith theinterest-
ing setblackfor thenew trace.This is justabitwiseAND between
two machinewords. A pool will usuallyarrangefor a generation
to occupy a single zone,so this re�nement stepcan eliminatea

largenumberof grey segments.This is how theMPSimplements
rememberedsets.

In a similar way, the MPS could alsousethe currentstatusof
other tracesto re�ne the new trace. Imaginea large slow trace
which is performinga copying collectionof threegenerations.A
fast small tracecould condemnthe old spaceof just one of the
generations.Any objectwhich is black for the large traceis also
black for the small trace. Suchre�nement is not implementedin
theMPSat present.

Note that thesere�nement stepscould be appliedat any time:
they are just re�nementsthat preserve referencepartitions. The
MPScurrentlyonly appliesthemduringthecondemnstep.

6.7.2 Phase2: Grey Mutator Tracing
This phasemostresemblesa write-barriernon-moving garbage

collector[2]. Any segment“blacker” thanthemutatoris write pro-
tected(seesection6.3).

At this point themutatoris grey for the trace.Note that,at any
stage,the mutatormay be grey or black for different tracesinde-
pendently. In addition,newly allocatedobjectsaregrey, because
they arebeinginitializedby themutator.

An objectcanbemovedprovidedthatit is whitefor any tracefor
whichthemutatorisblack,becausethemutatorcan't seereferences
to thatobject.[What aboutambiguousreferences?]

During phases2 and4 the Tracermakesprogressby scanning
segmentswhicharegrey for oneor moretraces(seesection6.5) in
orderto make themblack. Thuswe make progresstowardsa �nal
referencepartition(seesection6.1).

6.7.3 Phase3: Flip
Flipping for a setof tracesmeansturning themutatorblack for

thosetraces. This may entail scanningthe client processthread
registersandany unprotectabledata.Themutatorcan't berunning
while this is happening,sotheMPSstopsall mutatorthreads.

This is alsothepointat which theMPSsetsthelimit �elds of
any formattedallocationpointsto zero,so that unscannablehalf-
allocatedobjectsareinvalidated(seesection5.2).

6.7.4 Phase4: Black MutatorTracing
Thisphasemostresemblesaread-barrierpossibly-moving garbage

collector[6]. Any segment“greyer” thanthemutatoris readpro-
tected(seesection6.3).

At thispoint themutatoris blackfor thetrace.In addition,newly
allocatedobjectsareblack,anddon't needto bescanned.

6.7.5 Phase5: Reclaim
Whenthegrey setfor atraceis emptyafter�ip thenit represents

a�nal referencepartition.TheTracerlooksfor segmentswhichare
white for the traceandcalls theowning pool to reclaimthespace
occupiedby remainingwhiteobjectswithin.

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

7. FUTURE DIRECTIONS
TheMemoryManagementGroupatHarlequinwaswhittledaway

to nothingasHarlequinslid into �nancial trouble.Partsof thesys-
temareincompleteor haveunclearstatus.A largeamountof design
documentationexists,but it is fairly disorganizedandincomplete.
We would like to organizeall this informationto make theMPSa
moreusefulresource.

The MPS wasdesignedaroundmany abstractionsthat make it
very adaptable,but it is not very well packagedandis unlikely to
work in new applicationswithout somemodi�cation. We would



like to improve theMPSto make it easierto applywithout modi�-
cation.

TheMPSis currentlycommerciallylicensedto GlobalGraphics
SoftwareLimited for usein theHarlequinRIP R

�

, andto Con�gura
SverigeAB for usein their Con�gura R

�

businesssystem.We are
seekingfurtherlicenseesandconsultancy.

8. AVAILABILITY
The MPS project tree is available on the web at <http://

www.ravenbrook.com/project/mps/> . It includesall of
the non-con�dentialsourcecodeanddesigndocumentation.This
is a mirror of the treein Ravenbrook's con�guration management
repository, so it will continueto re�ect the developmentof the
MPS.

9. RELATED WORK
TheMPSresemblestheCustomisableMemoryManagement(CMM)

framework for C++ [3] andsharessomeof its designgoals. The
MPSwasnot designedfor C++, but asa memorymanagerfor dy-
namic languagerun-timesystems.In fact, it wasspeci�cally de-
signednot to requireC++.

TheMemoryManagementReferenceBibliographycontainsall
thepapersthatwecollectedduringtheproject,andcanbefoundon
thewebat<http://www.memorymanagement.org/bib/ >.

10. CONCLUSIONS
During our stayat Harlequinwe wereoftenfrustratedby con�-

dentiality. We werenot ableto reveal ideasandtechniqueswhich
we believed wereboth innovative anduseful. The MPS contains
many suchideas– the resultsof hardwork by many people(see
11). Now, at last,we canrevealalmostall.

The MPS is a highly portable,robust, extensible,and �e xible
systemfor memorymanagement,basedon very powerful abstrac-
tions. It containsmany moreusefulconceptsandabstractionsnot
coveredin this paper.

We hopethat the ideas,techniques,andcodeof the MPS will
be useful. We alsohopethat companieswill licensethe MPS or
engageusto extendanddevelopit further.
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